
N-Isopropylacrylamide Based Hybrid Microgels 

for Catalytic Degradation of Toxic Chemicals in 

Aqueous Medium  

A Thesis 

Presented to 

University of the Punjab 

 

by 

Muhammad Shahid 

In Partial Fulfillment 

of the Requirements for the Degree of  

Doctor of Philosophy in Chemistry 

Institute of Chemistry, University of the Punjab, Lahore, Pakistan 

2020 



ii 
 

 

DEDICATION 

 

Dedicated to 

The Love and Care of 

My respected Parents 

& 

My beloved wife & children 

 

 

 

 

 

 

 

 



iii 
 

Abstract 

Polymer microgels loaded with inorganic nanoparticles have gained much attention as catalytic 

systems for reduction of toxic chemicals. Enhanced catalytic properties of hybrid microgels 

are related to the stimuli responsive nature of microgels and extraordinary stability of 

nanoparticles within network of polymer microgels. Catalytic properties of hybrid microgels 

can be tuned very easily by slight variation in environmental conditions. Herein, we have 

summarized catalytic reduction of toxic chemicals such as nitroarenes and organic dyes in the 

presence of appropriate hybrid microgel catalytic systems under different operating conditions 

of reaction. Recent advancements in catalytic behaviour of hybrid microgels with special 

emphasis on their ability to catalytically degrade various toxic chemicals has been presented 

here. Poly(N-isopropylacrylamide-acrylamide-methacrylic acid) polymer microgels were 

prepared by free radical precipitation polymerization method. Silver nanoparticles were 

fabricated in the sieves of polymer network by chemical reduction using AgNO3 salt as a 

precursor of silver ions. Various techniques like dynamic light scattering (DLS), transmission 

electron microscopy (TEM), Fourier transform infrared microscopy (FTIR), and UV-Visible 

spectroscopy were used for characterization of pure and composite microgels. The diameter of 

AgNPs fabricated in polymeric network was found to be in the range of 10-15 nm. Stimuli 

responsive behavior of hybrid microgels was found to be same as that of pure microgels.  

Catalytic efficiency of the hybrid microgels was investigated by reducing 4-Nitroaniline into 

4-Aminoaniline using NaBH4 as reducing agent under different conditions of temperature of 

the medium, concentration of reducing agent, 4-Nitroaniline and hybrid microgels to explore 

the catalysis process. Kinetic and thermodynamic aspects of reduction of 4-Nitroaniline in the 

presence of catalyst were also discussed on the basis of values of Arrhenius and Eyring 
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parameters like pre-exponential factor, activation energy, enthalpy of activation and entropy 

of activation. Catalytic activity of the hybrid microgels was found to be thermally tunable in 

the temperature range of 25-70°C. The value of rate constant (kapp) for reduction of 4-NA was 

found to be minimum at 55°C which can be attributed to volume phase transition of the hybrid 

microgels. Stimuli responsive Ag-poly(N-isopropylacrylamide-acrylamide-methacrylic acid) 

Ag-p(NAM)  system was used as catalyst for reductive removal of toxic dyes including Methyl 

Orange (MO) and Congo Red (CR) from aqueous medium. Hybrid polymer microgels 

catalyzed reduction of dyes was carried out under different reaction conditions to explore the 

catalytic process of degradation. The hybrid polymer microgel catalytic system is recyclable 

and reusable with almost same catalytic activity up to four cycles. Microgels obtained by 

method of free radical precipitation polymerization were used as adsorbent for removal of toxic 

metal ions from aqueous medium. Adsorption of Co2+ ions was studied under various 

conditions of pH, concentration of metal ions and that of microgels. Different adsorption 

isotherms were applied to study mechanism of adsorption process. Kinetics and mechanism of 

the adsorption process was investigated by pseudo 1st order, pseudo 2nd order and intra-particle 

diffusion modeling. In situ reduction of Co2+ ions loaded into the polymer microgel was carried 

out to get hybrid system for catalytic degradation of 4-nitrophenol, Eosin and Methylene blue.  
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INTRODUCTION 

Polymer microgels loaded with inorganic nanoparticles have gained much attention as 

catalytic systems for reduction of toxic chemicals. Enhanced catalytic properties of hybrid 

microgels are related to the stimuli responsive nature of microgels and extraordinary 

stability of nanoparticles within network of polymer microgels. Catalytic properties of 

hybrid microgels can be altered very easily by small deviation in environmental conditions. 

Herein we have reviewed catalytic reduction of toxic chemicals such as nitroarenes and 

organic dyes in the presence of appropriate hybrid microgel catalytic systems under 

different operating conditions of reaction. Recent advancements in catalytic behavior of 

hybrid microgels with special emphasis on their ability to catalytically degrade various 

toxic chemicals has been presented here. 

1.1 Overview of catalytic systems based on hybrid microgels  

Nitroarenes are important chemicals of industries including explosives 1, pharmaceuticals 

2 and textiles 3. Nitroarenes are usually used as precursors for synthesis of pesticides 4, 

medicines 5 and dyes 6. Most of these chemicals are water soluble and are used in aqueous 

medium. Industrial waste containing above said chemicals is thrown into water bodies7, 8. 

High concentration of such chemical acts as organic pollutant and causes serious health 

problems to human beings, animals and plants 9, 10.  Accumulation of nitroarenes into body 

of living organisms disturbs their biological cycles. Dyes are another group of organic 

compounds frequently used in textile 11, food 12, cosmetic 13 and chemical 14 industries. 

Almost 15% of total production of dyes is lost during dying process. This waste is thrown 

into the water bodies which is major cause of water pollution. Due to these reasons, 

treatment of organic waste containing nitroarenes and organic dyes is gaining more 

importance day by day 15, 16.  
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Different techniques have been used historically for treatment of toxic chemicals including 

nitroarenes and dyes such as chemical methods i.e oxidation using O2, O3, NaOCl or H2O2 

17
, reduction using NaBH4 

18
, physical methods like adsorption, precipitation 19 and 

biological methods 20, 21. These approaches are not of great importance due to their high 

operating cost, high energy consumption and toxicity of resulting products 22. In 

comparison to these methods, catalytic treatment is fast, effective, low cost and energy 

saving procedure which is gaining more attention these days 23. 

Several nanocatalytic systems have been established for dealing with waste water 

comprising nitroaromatic compounds and organic dyes. This include metal 24, metal oxide 

25, metal sulphide 26, and bimetallic nanoparticles 27. Among aforementioned nanocatalytic 

systems, metal nanoparticles are widely used as catalysts. However the use of naked 

nanoparticles as catalysts for degradation of toxic chemicals is difficult because of their 

coagulation or aggregation during the progress of the reaction or their storage 28. In order 

to overcome these problems several stabilizing systems such as Microgels 29, Dendrimers 

30, Polyelectrolyte Brushes 31 and miceller systems have been developed 32, 33.  Microgels 

have various advantages over other stabilizing systems. For example hybrid microgels can 

be obtained using different facile methodologies including fabrication of inorganic 

nanoparticles in microgel dispersion, fabrication of polymeric network in nanoparticles 

dispersion and mixing of dispersion of microgels and nanoparticles 34-37. Inorganic 

nanoparticles are stabilized in microgel systems due to strong “donor-acceptor” 

collaboration between different functionalities of polymer network and inorganic 

nanoparticles 38. Size dispersal of inorganic nanoparticles is usually handled by monitoring 

the cross-linking density of polymeric network used for in-situ assembly of inorganic 

nanoparticles. Size of inorganic nanoparticles and size distribution of inorganic 

nanoparticles is very significant for their use in catalysis because catalytic activity of 
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nanoparticles is a function of their size and size distribution. Open network does not affect 

diffusion of reactants from majority area to exterior of nanoparticles and that of products 

from surface region to bulk region. The reactant molecules may approach easily the surface 

of nanoparticles without facing any significant diffusional barrier. Activity and selectivity 

can be easily tuned by changing external conditions of catalytic reaction 39-41. Hybrid 

microgels can be recycled by simple centrifugation. Such features of microgel stabilized 

nanoparticles make them fascinating candidates for their use in catalysis. In last decade, 

various hybrid microgel systems have been described for catalytic reduction of nitroarenes 

& organic dyes but recent research progress in this area has not been critically reviewed. 

Although many review articles are accessible on production, characterization and 

application of smart polymer microgels and hybrid microgels but to the finest of our 

information, there is no review article which covers the use of polymer microgel suspension 

based hybrid systems for catalytic and photocatalytic elimination of nitroarenes and organic 

dyes from aqua in detail. 

Karg et al 42 have reviewed microgels with respect to their synthesis, characterization and 

applications but this is a general review on microgels and hybrid microgels and does not 

include catalytic degradation of nitroarenes and dyes using hybrid microgels. Moreover it 

was published 10 years back. A lot of work on catalytic degradation of toxic chemicals by 

means of hybrid microgels has been described in last ten years which needs to be critically 

reviewed for further advancement in this area. Farooqi et al 43 have reviewed synthesis, 

characterization and catalytic applications of temperature responsive hybrid polymer 

microgels but detail discussion on catalytic degradation of different toxic chemicals have 

not been provided in this review. Zhang et al 44 reviewed various monometallic, bi- or 

multimetallic unsupported and supported heterogeneous nanocatalytic materials used for 

reductive reactions of nitroaromatics in aqua by NaBH4, reductant. They have discussed 
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catalytic systems on the basis of metallic nanocatalysts and their supports. Moreover 

reduction of 4-nitrophenol (4-NP) is focused in this review article. Several other 

nitroaromatics and organic dyes are being used in industries such as nitroanilines, 

nitrobenzene and azo dyes. Several/many works on catalytic reduction of these chemicals 

have been published in last decade which must be reviewed. Additionally, microgels are 

better systems as compared to nonresponsive supports for such nanoparticles because of 

their responsive nature, strength in extensive variety of temperature, less leaching of metals 

and tuning of catalytic properties. Naseem et al 45 have reviewed catalytic degradation of 

2-nitroaniline by means of diverse nanocatalytic organizations loaded in different 

stabilizing mediums. Hybrid microgels catalysed reduction of 2-NA has not been discussed 

in this review in detail. Moreover there are various other toxic nitroarenes and organic dyes 

which are discharged into the water bodies. Catalytic degradation of different nitroarenes 

and organic dyes in the occurrence of hybrid microgels still needs to be reviewed.  

In this chapter, we have focused on the catalytic reductive degradation of nitroarenes and 

organic dyes by the use of hybrid microgels. A brief introduction of the topic is given in 

section 1.1, Arrangement of catalytic schemes involved in degradation of nitroarenes and 

organic dyes has been described in section 1.3, Synthesis of hybrid microgels is part of 

section 1.5, Brief summary of techniques used for description of hybrid microgels reported 

as catalysts for reduction has been summarized in section 1.6, Catalytic reduction and photo 

catalytic degradation of dyes in the presence of hybrid microgels has been discussed in 

section 1.7.  

1.2 Hybrid microgels for reductive catalysis of toxic chemicals 

Chemical reduction of nitroarenes and organic dyes involves use of mild reducing agents 

while their photocatalytic degradation does not involve any reducing agent. These reactions 
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are usually thermodynamically favorable but kinetically unfavorable because of their 

sluggish kinetics. Therefore some suitable catalyst is necessary for making these reactions 

kinetically favourable. Catalytic systems based on hybrid microgels used for degradation 

of nitroarenes and organic dyes are classified on the basis of (a) nature of nanoparticles and 

(b) morphologies of polymer microgels. 

1.3 Classification of hybrid microgels on the basis of nanoparticles  

Smart polymer microgels loaded with metal 24, metal oxide 25 and  metal sulphide 

nanoparticles 26 have been reported  as catalytic systems for degradation of nitroarenes and 

organic dyes. Among aforementioned hybrid systems, metal nanoparticles present in the 

sieves of polymer microgel suspension have widely been used for reductive catalysis of 

nitroarenes and organic dyes. Only few reports are available on catalytic disintegration of 

nitroarenes and organic dyes in the existence of metal oxides and metal sulphides loaded 

microgels.  Metal nanoparticles loaded polymer microgels used for catalytic removal of 

dyes and nitroarenes have been discussed here.  

1.3.1 Gold nanoparticles loaded polymer microgels 

Responsive microgel suspensions loaded with gold nanoparticles for various applications 

have been widely described in literature 46-48. Current research development of production 

and characterization of Au nanoparticles loaded polymer microgels for different 

applications has been reviewed by some of us and readers are referred to this review 49. 

Only those microgels have been discussed here which belong to catalytic removal of 

nitroarenes and organic dyes.  Loading of gold nanoparticles into polymer microgels for 

reductive removal of organic dyes has been reported extensively in last decade 50 because 

of their high stability, easy fabrication,  inertness and excellent electronic, optical and 

catalytic properties 51. Gold nanoparticles are easily manufactured inside polymer network 
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by in-situ reduction method by means of some reductant such as NaBH4 
52 and gold salt as 

precursor 53. Size dependent catalytic action of gold nanoparticles laden into polymer 

network is among of the most attractive features of hybrid catalytic system. Size of gold 

nanoparticles can be controlled by optimizing synthetic conditions i.e concentration of 

precursor salt, reaction time and cross-linking density of microgel suspensions. 

Fe3O4/poly[N-isopropylacrylamide-co-2-(dimethylamino)ethyl methacrylate] composite 

has been used for in-situ fabrication of gold nanoparticles to obtain thermally tuneable 

catalytic system 47. This catalytic system was magnetically recyclable as well. Negatively 

charged gold nanoparticles were stabilized into positively charged responsive composite 

by electrostatic interaction. Reductive degradation of 4-nitrophenol was selected as ideal 

reaction for investigating catalytic efficiency of gold nanoparticle under different operating 

conditions of reaction. Pich et al 54 have synthesized poly[vinylcaprolactum-

acetoacetoxyethyl methacrylate] microgels and functionalized them with different amounts 

of gold nanoparticles for catalytic degradation of 4-nitrophenol in aqua. Efficiency of 

polymer suspension containing metal nanoparticles as catalyst was highly dependent on 

content of Au nanoparticles, microgels concentration and temperature. It was seen that 

velocity of catalytic reductive reaction of 4-NP raised with rise in Au content in microgels, 

microgel contents and temperature. Rise in temperature resulted in linear increase rate 

constant values in temperature range of 10-30oC. At elevated temperature 30 to 40oC, rate 

of reaction was increased dramatically due to exposure of Au nanoparticles resulted by 

shrinkage of polymer network. Gold nanoparticles decrease activation energy of reaction 

process by factor of 2 in case of hybrid microgel catalyst as compared to bare gold 

nanoparticles. Polymeric templates are providing better environment for mass transfer due 

to which better catalytic activity was observed. In another aspect, hydrophobic nature of 

microgel at higher temperature makes diffusion of organic molecules easy to nanoparticles 
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catalyst which makes reaction to occur faster. Moreover amount of hybrid microgels or 

number of Au particles in the polymer microgels also increase rate of reaction. 

Thermosensitive gold-PNA yolk shell system has been developed by Wu et al 55. They 

demonstrated catalytic efficiency of this yolk-shell system by studying reduction reaction 

of nitrobenzene and 4-nitrophenol. They concluded that rate of degradation of 4–

nitrophenol is faster at lower temperature but reduction of nitrobenzene is high at high 

temperature. This property makes this system highly selective if we have to reduce the 

mixture of nitrobenzene and 4-nitrophenol. Chen et al 56 have synthesized responsive Au-

polymer hybrid microgels by temperature induced and self cross-linking method. Polymer 

microgels were synthesized by addition fragmentation chain transfer polymerization. 

Dispersion of polymer microgels and gold nanoparticles were mixed and heated to form 

hybrid microgels. Hybrid microgels with almost 100% loading efficiency were obtained. 

These synthesized polymer microgel suspensions were tested as catalyst for reductive 

degradation of nitroarenes in aqua. Wu et al 57 synthesized gold polymer hybrid microgels 

by thermo-induced self-cross linking and  in situ reduction of gold precursor. Poly(2-

dimethylaminoethyl methacrylate-3-(trimethoxylyl) propyl methacrylate) were prepared 

by  reversible addition fragmentation chain transfer polymerization. Cross linking took 

place by hydrolysis and condensation of methoxilyl groups. Then reduction of gold 

precursor to obtain hybrid microgels was done by this polymer microgel. In this method, 

microgel served two purposes, as reductant and as stabilizer for gold nanoparticles. Gold 

nanoparticles show excellent catalytic activity. High selectivity of gold nanoparticles for 

degradation of toxic chemicals makes them very attractive catalysts.  

1.3.2 Palladium nanoparticles laden inside microgel network 

Pd nanoparticles have been also reported as catalyst for reductive degradation of 

nitroarenes and organic dyes 58-60. They are usually prepared by reducing palladium salt 
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with NaBH4 inside sieves of microgel network which is known as in-situ reduction method. 

Pd nanoparticles loaded into polymer microgels are important catalytic systems for 

numerous reactions such as reductive degradation of nitroarenes and organic dyes in 

aqueous medium. Mei at al 31 have synthesized Pd nanoparticles in “polyelectrolyte 

brushes” and thermo-responsive “core-shell” polymer microgels by reducing Pd salt using 

NaBH4 reductant, an in-situ reduction method. They used these two systems for catalytic 

degradation of 4-NP and compared their catalytic activity. Values of rate constant for 

reductive catalysis (kapp) proved that polyelectrolyte brushes were better catalysts compared 

to microgels system because in case of crosslinked network of polymer microgels, reactants 

require more time to diffuse which decreases reaction rate. It was hypothesized that nature 

of stabilizing system was greatly responsible for catalytic efficiency of our synthesized 

nanoparticles. Li et al 61 have used thermosensitive polyelectrolyte brushes for 

encapsulation of Pd nanoparticles in a biphasic system and used them as catalytic systems 

for hydrogenation reactions. Xu et al 62 have reported poly[(styrene)-N-(4-vinylbenzyl)-

N,N-dibutylamine hydrochloride] cage like system for incorporation of Pd nanoparticles 

inside by reducing Pd2+ ions with NaBH4 inside polymer network. This catalytic system 

was used for reduction of nitrobenzene to phenylamine by hydrogenation in aqueous 

medium otherwise in most of the reports, hydrogenation is carried out in organic solvents 

using hydrogen gas. Wen et al 63 have synthesized polyethyleninime nanogel and 

incorporated magnetic nanoparticles on the surface of nanogel by in situ reaction. They 

used these nanogels for selective adsorption of congo red in aqueous medium in presence 

of methylene blue. Furthermore, they used this hybrid nanogel for encapsulation of Pd 

nanoparticles. This polymer network containing nanoparticles was tested for reductive 

catalysis of nitrophenols using NaBH4. This system was having good catalytic activity for 
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reduction reaction. Due to the presence of magnetic oxide, it was easy to recycle and even 

ten times recycling resulted in no appreciable loss in catalytic activity.     

1.3.3 Platinum nanoparticles loaded polymer microgels 

Platinum nanoparticles have better catalytic activities due to their inertness under oxidation 

and reduction conditions 64, 65. Pt nanoparticles are stabilized by some stabilizing systems 

such as microgels to avoid aggregation of nanoparticles. Mostly these hybrid microgels are 

prepared by reducing Pt+2 ions by a suitable reductant such as NaBH4. Naseem et al 66 have 

reviewed Pt nanoparticles with respect to their synthesis, characterization and stability in 

various stabilizing systems. They have also summarized catalytic applications of Pt 

nanoparticles in various fields. Nakao et al 67 have synthesized Pt nanoparticles inside 

poly(N-isopropylacrylamide) responsive polymer network by reducing Pt2+ ions using in-

situ reduction with NaBH4. They have found that loading of Pt nanoparticles within 

microgels network depends upon concentration of precursor salt. Wang et al 68 have 

synthesized hyperbranched poly(ether amines) polymers for fabrication of Pt nanoparticles 

in polymer network by reducing Pt2+ ions using NaBH4 reductant. They employed this 

catalytic system for reductive degradation of 4-nitrophenol to 4-aminophenol in aqua. As 

microgel network was sensitive to temperature, catalytic activity of Pt nanoparticles was 

observed under various conditions of temperature. Kinetics showed that reaction followed 

pseudo first order kinetics and catalytic activity can be modulated by varying temperature 

of medium.   

Use of Pt, Pd or Au as catalyst in various reactions is common practice because of their 

high catalytic efficiency and stability. However, the synthetic cost is a major problem in 

their extensive use. Therefore, it is need of time to synthesize highly selective and cost 

effective catalysts for degradation of nitroarenes and organic dyes. 
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1.3.4 Silver nanoparticles loaded polymer microgels  

Ag nanoparticles loaded into smart microgels have gained a lot of attention as cost effective 

catalyst for reduction of nitroarenes and organic dyes 40, 69. Mostly preparation and 

stabilization of Ag nanoparticles is carried out by reducing silver ions within polymer 

microgels using some suitable reducing agent 70. In addition to reduction, sonochemical 71 

and photochemical irradiation 72 methods are also frequently used for this purpose. The 

catalytic systems based on silver nanoparticles present in the sieves of network of polymer 

microgel are of great importance in reduction of toxic chemicals because of their low cost 

and ease of availability of precursor salt in comparison to salts of other noble metals such 

as Au, Pt, Pd 73. Zhang et al 34 have manufactured Poly(N-isopropylacrylamide maleated 

carboxymethylchitosan) (PNA/MACACS) responsive microgels by precipitation 

polymerization and then incorporated Ag nanoparticles into the microgel system to study 

their catalytic properties towards reduction of nitroarenes. Excellent catalytic activity of 

hybrid system was observed for reduction of 4-nitrophenol in excess of NaBH4. Catalytic 

activity of this responsive catalyst was greatly temperature dependent. Poly(styrene-N-

isopropylacrylamide)silver (PS-PNA-Ag) core shell microgels have been synthesized by 

Lu et al 74 for catalytic application. Small and uniform sized Ag nanoparticles were 

incorporated in the shell of core-shell system and it was observed that catalytic efficiency 

is related to surface area of silver nanoparticles. Thermally tuneable catalytic behaviour of 

this core-shell system was also studied by varying temperature between 10-40οC. It was 

observed that temperature dependence of rate constant did not follow traditional Arrhenius 

plot. From this information, it can be concluded that such systems can be used to control 

highly explosive reactions in addition to catalytic reduction of nitroarenes. Silver 

nanoparticles loaded stimuli responsive homogeneous microgel system was designed and 

used for reductive catalysis of “methylene blue” in water by Shah et al 75.They 
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manufactured poly(N-isopropylacrylamide) polymer network by simple free-radical 

precipitation polymerization technique & then fabricated Ag nanoparticles into the polymer 

microgels by reducing Ag+1 using some suitable reductant. Ajmal et al 76 have synthesized 

poly(N-isopropylacrylamide-methacrylic acid) copolymer microgels by free radical 

precipitation polymerization technique. They loaded silver nanoparticles into this 

responsive microgel system and employed this system for reductive degradation of 4-NP. 

They reported that it is an excellent catalyst and show maximum reduction rate at 55οC. 

Poly(N-isopropylacrylamide-acrylic acid) (PNA-AA) system was synthesized by Farooqi 

et al 73 for reduction of nitrobenzene to aniline. It was observed that induction time and 

apparent rate constant of reaction can be controlled by varying mol percentage of acrylic 

acid feed content. In case of hydrophobic reactants like nitrobenzene, time for completion 

of reaction and induction time both were decreased by decreasing mol percentage of acrylic 

acid. These results revealed that hydrophobic/hydrophilic nature of microgel can also 

control rate of reaction because diffusion of reactants into the catalytic system is affected 

by hydrophilicity/hydrophobicity of reactant molecules.  Ag-poly[N-isopropylacrylamide-

co-allylacetic acid] hybrid catalytic system was developed by Khan et al 77 for reduction of 

nitrobenzene. Effect of concentration of nitrobenzene, NaBH4 and catalyst dosage on the 

values of rate constant of reduction of nitrobenzene was studied in this work and it was 

determined that this reductive catalysis obeys “Langmuir-Hinshelwood” mechanism. 

Which states that, substrate and reductant are adsorbed on nanoparticles surface before 

interaction with each other to form aniline. Aniline is desorbed and diffused out from 

polymeric network. Apparent rate constant and induction time were found dependent on 

amount of nitrobenzene in solution, reductant amount, amount of catalyst and temperature. 

Temperature dependence of velocity constant for reduction was also examined here. 
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Arrhenius and Eyring parameters were determined which showed that reaction is 

exothermic and entropy determined. 

1.3.5 Bimetallic nanoparticles and metallic compounds loaded polymer 

microgels 

Bimetallic nanoparticles seem to be more efficient catalysts compared to mono metallic 

nanoparticles due to their synergistic effects. This enhanced catalytic activity is attributed 

to alteration in electronic assembly or new active positions formed on surface of 

nanoparticles as a result of alloy formation 78. Bimetallic nanoparticles avoid excessive use 

of expensive noble metal nanoparticles which is a cost effective approach. Central core of 

bimetallic system is usually replaced by some less expensive paramagnetic material which 

makes its separation easier. Removal of these catalysts from reaction mixture becomes easy 

due to their magnetic behaviour 79. Lu et al 80 have embedded bimetallic nanoparticles into 

responsive microgel by two step procedure. In first step, they introduced gold nanorods into 

polymer network. Then platinum was deposited on gold nanorods to give dumbbell shaped 

bimetallic nanoparticles. It was clearly observed that this bimetallic catalytic system has 

better catalytic properties as compared to monometallic gold nanoparticles for degradation 

of nitroarenes.  Chu et al 81 have used polyelectrolyte multilayers for stabilization and 

synthesis of Au-Pt alloy nanoparticles by ion exchange and co-reduction process. They 

employed these catalytic systems for reductive catalysis of 4-NP and observed that this Au-

Pt alloy nanoparticle appeared better catalysts in comparison to separate Au or Pt 

nanocatalysts. In addition to monometallic and bimetallic nanoparticles loaded microgels 

systems, polymer microgels containing nanoscale metallic compounds like metal sulfide 

and metal oxide have been also developed for photocatalytic applications 82, 83.   
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Liu et al 84 have incorporated CdS quantum dots into polymer microgel system. They 

synthesized poly(N-isopropylacrylamide-acrylic acid) microgels by precipitation method 

and then incorporation of CdS was done by homogeneously dispersing Cd+2 ions in the 

sieves of polymer microgel and reacting with Na2S. This hybrid polymer suspension was 

employed as a catalytic system for photocatalytic degradation of rhodamine B. Jia et al 85 

have stabilized Cu2O nanoparticles in poly(N-isopropylacrylamide) microgels for 

photocatalytic degradation of methyl orange. They synthesized Cu2O nanocubes and used 

them as seed to fabricate polymeric network around them to design core-shell hybrid 

polymer suspensions system with Cu2O single cube core and poly(N-isopropylacrylamide) 

shell. Polymeric network around Cu2O nanocubes does not only protect it from further 

oxidation but also facilitates the migration of dye from majority area to the exterior of 

Cu2O.  

1.4 Classification on the basis of morphology 

Inorganic nanoparticles loaded polymer microgels with various morphologies have been 

reported in literature 70, 86 but our discussion is limited to morphology of only those hybrid 

microgels which have been involved in reductive degradation of benzene derivatives 

containing nitro group (Nitroarenes) and organic dyes. Four different morphologies of 

hybrid microgels tested as catalytic systems for degradation of nitroarenes and organic dyes 

have been discussed in the following sections.  

1.4.1 Polymer microgels with core-shell system filled with metal 

nanoparticles 

Core-shell microgel suspensions having non-responsive polymeric core surrounded by 

crosslinked stimuli responsive shell filled with inorganic nanoparticles is a subject of 
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current research 87, 88. Detailed discussion on core-shell polymer microgels for different 

applications can be found in a recent review article published by some of us 88. 

Diagrammatic representation of core-shell system is shown in Fig. 1.1. (a).  Such hybrid 

microgel particles involved in reductive catalysis of nitroarenes and organic dyes have been 

reported by our group and others 38, 87. Mei et al 31 have synthesized core-shell polymer 

suspension with solid polystyrene core surrounded by poly(N-isopropylacrylamide) shell 

by two step using technique free radical precipitation polymerization. Pd nanoparticles 

were incorporated into this microgel system by reducing [PdCl4]
2- within core-shell 

microgels. Reductive catalysis of 4-NP in water was done by using this catalytic system. 

This catalytic system is not cost effective system because of expensive metal precursor salt. 

Lu et al 74 have reported core-shell microgels for synthesis and stabilization of less 

expensive silver nanoparticles for reduction of nitroarenes. They controlled catalytic 

activity of system by temperature change because this catalytic system was temperature 

responsive and can show different catalytic activity above and below volume phase 

transition temperature of microgel. Another possibility of core-shell based hybrid polymer 

suspension is the fabrication of crosslinked polymeric network around a single metal 

nanoparticle to get core-shell hybrid microgels with metal core and polymeric shell. For 

example Xiao et al 89 have synthesized core-shell system in which core of gold was initially 

synthesized and then shell of poly(N-isopropylacrylamide) network around metallic core 

was developed carrying out process of precipitation polymerization in dispersion of already 

synthesized gold nanoparticles. Jia et al 85 synthesized core-shell system with nanosized 

cubic core of Cu2O and thermal responsive shell of poly(N-isopropylacrylamide). This 

shell protects Cu2O core from its oxidation to CuO for long time. This core-shell system 

was better catalyst compared to Cu2O nanocubes for photocatalytic degradation of methyl 

orange. Moreover photocatalytic activity of core-shell system was found to be thermally 
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tuneable.  Zhai et al 90 have synthesized core-shell nanoparticles having core of gold 

nanoaprticles and shell of responsive poly(N-isopropylacrylamide-metacrylic acid) 

polymer microgels. In the first stage of synthesis, they synthesized gold nanoparticles by 

reducing [AuCl4]
-1 with NaBH4 and then shell of cross-linked network around core was 

prepared by precipitation polymerization. This system was applied for catalytic reduction 

of 4-nitrophenol, nitrobenzene and hexacyanoferrate(III) by NaBH4 under nitrogen and 

CO2 environment and catalytic activity of gold nanoparticles was compared. Core-shell 

microgel systems having metallic core are usually photoresponsive. Wang et al 38 have 

synthesized core-shell system having core of Au nanorods coated with silica and shell 

consisted of poly(N-isopropylacrylamide-1-vinylimidazole). Then gold nanoparticles were 

homogeneously dispersed in shell region. This core-shell system was photoresponsive and 

reductive degradation of 4-NP was studied with and without laser beam using NaBH4 

reductant. This core-shell system was photoresponsive but this is not a cost effective 

approach because both metallic core and nanoparticle catalyst are made of gold which is 

an expensive metal. In this regard another system has been developed by Li et al 91. They 

also developed core of gold nanorods and then PNA shell around this gold rod to get 

photoresponsive core-shell system. In the next step of synthesis, they fabricated Ag 

nanoparticles by in-situ reduction method consuming NaBH4 reductant. This core-shell 

system having metal nanoparticles was tested as catalytic system in photocontrolled 

conditions using different intensities of laser light and found that effectiveness of core-shell 

catalytic hybrid system can be controlled by controlling intensity of laser light.   

1.4.2 Hollow microspheres containing metal nanoparticles 

Hollow microspheres may be obtained by removing core from core-shell polymer 

microgels. They consist of hollow space in the interior and cross linked polymeric shell 
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around the empty space. Usually core-shell microgels are used as microreactors for the 

fabrication of metal nanoparticles in the shell region in first step and then core is removed 

to get hollow microspheres loaded with inorganic nanoparticles in second step. Hollow 

microspheres are relatively superior catalytic systems than core-shell systems because of 

better diffusion of substrates and reductants towards the surface of nanoparticles. 

Moreover, swelling/deswelling ability of hollow sphere microgels is also better than that 

of core-shell microgels. General morphology of hollow microspheres is shown 

diagramatically in Fig 1.1. (b). Li et al 92 have synthesized temperature responsive hollow 

microspheres by two stage distillation precipitation polymerization. First of all core-shell 

microspheres with core of poly(methylmethacrylic acid) and shell of varying thickness was 

based on PNA. Then hollow microsphere was formed by selective removal of 

poly(methylmethacrylic acid) core. Hollow hybrid gold based nanospheres were prepared 

by  He et al 93 in two steps. In first step they synthesized silica core and then shell of poly(2-

(1-methylimidazolium 3-ethyl)-ethylmethacrylate chloride), (PDMAEMA) around silica 

core was introduced by surface initiated atom transfer radical polymerization. Then 

temperature responsive poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) brushes 

were incorporated around the shell. Gold nanoparticles were incorporated into shell of this 

core-shell system by reducing gold salt in the sieves of microgel suspensions using NaBH4 

reductant, an in-situ reduction method and finally silica core was removed using 

hydrofluoric acid to get hollow microspheres. Thus synthesized hollow hybrid temperature 

responsive microspheres were effective catalytic systems for catalytic reductive reaction of 

4-nitrophenol.    

In addition to core-shell and hollow microspheres there are several other classes of hybrid 

microgels such as microgels covered with nanoparticles, microgels filled with nanorods 

and microgels filled with nanoparticles which have been discussed below.    



CHAPTER NO 1 INTRODUCTION 
  

 

 
17 

 

Fig. 1.1. Classification of hybrid microgels (a) polymer microgels with Core-Shell system 

having nanoparticles in shell region (b) Hollow microspheres containing metal 

nanoparticles (c) Microgels covered with nanoparticles (d) Microgels filled with 

nanoparticles.   

1.4.3 Microgels covered with metal nanoparticles 

Polymer microgels covered with metal nanoparticles have been also described previously. 

Such kind of hybrid microgels can be synthesized by electrostatic interaction between 

charged groups of microgels and nanoparticles with opposite charge on them. Surface 

coverage of microgel particles depends upon different factors such as charge density of 

microgel particles. This charge density can be controlled by changing concentration of ionic 

radical initiators or charged co-monomers during process of polymerization. Several 

reports are available for synthesis, applications and characterization of the microgels 

covered with nanoparticles 94, 95. This hybrid system is shown in Fig. 1.1. (c).  Karg et al 96 

have reported PNA microgels coated with gold nanorods. There was some electrostatic sort 

of interaction between polymer microgels and gold nanorods in this composite material. In 

order to generate these electrostatic interactions, surface modification of microgel and gold 
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nanaorods was necessary. Microgels can be easily modified by increasing concentration of 

inorganic initiators or by introducing charged co-monomer into polymer network. Similarly 

gold nanorods should have charge opposite to the charge of surface functionalities of` 

microgel particles. For this purpose, polyelectrolyte bilayer was introduced which 

increased the colloidal stability of gold nanorods as well as created positive charge on the 

surface of gold nanorods. Mixing of negatively charged microgel particles and positively 

charged gold nanoparticles generated microgels covered with metal nanoparticles. Wong 

et al 97 have synthesized PNA based dual stimuli responsive microgels and modified them 

using magnetic nanoparticles. Magnetic nanoparticles were adsorbed on the exterior of 

polymer suspension by surface modification of microgel. Magnetic nanoparticles covered 

microgels surface due to electrostatic interaction. Karg et al 98 reported that co-polymer 

microgels with charged surface can be covered with gold nanorods with high surface 

coverage. They reported that charged microgels consisting of poly(N-isopropyl 

acrylamide-Allyl acetic acid) (PNA-AAA) have negatively charged surface at particular 

pH due to ionization of COOH group and can make strong electrostatic interaction with 

surface modified gold nanorods. Gold nanorods covering surface of microgels exhibited 

excellent optical properties which were also dependent upon stimuli.         

1.4.4 Microgels filled with nanoparticles 

This is a common class of hybrid polymer suspensions reported for reductive catalysis of 

nitroarenes and organic dyes 43, 99. It is easy to synthesize and characterize these hybrid 

systems as compared to other catalytic hybrid systems such as core-shell and hollow 

microspheres discussed in above sections. A large number of publication are accessible on 

production, characterization and applications of microgels filled with metal nanoparticles. 

Morphology of microgels filled with nanoparticles is given in Fig.1.1. (d). Zhang et al 34 
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prepared Poly(N-isopropylacrylamide)-(maleatedcarboxymethylchitossane) 

(PNA/MACACS) microgels by emulsion polymerization technique. This polymeric system 

was used to incorporate Ag nanoparticles within the crosslinked sieves generated by 

network of polymer suspension. Uniform dispersion of Ag nanoparticles within polymer 

network was successfully achieved for effective catalytic reduction of nitroarenes. Liu et 

al 100 have synthesized multi responsive polymer microgels by interpenetrating linear 

poly(acrylic acid) into crosslinked poly(N-isopropylacrylamide) network. Ag nanoparticles 

were homogeneously dispersed throughout the polymeric network by in situ reduction of 

silver ions. Thermo-sensitive hybrid microgels were manufactured by Zhou et al 101 using 

N-isopropylacrylamide as temperature responsive backbone and bis-imidazolium (VIM) 

ionic cross linker (PNA-VIM) and loaded these microgels with gold nanoparticles using 

method of in-situ reduction of ions. They synthesized various samples with diverse sizes 

of gold nanoparticles and with different concentrations of gold nanoparticles loaded 

microgels. This responsive hybrid microgel system was tested as catalytic systems for 

reductive degradation of nitroarenes in aqua using catalytic reductive degradation of 4-NP 

as ideal reaction and observed that reduction follows pseudo first order kinetics.    

1.5 Synthesis of hybrid microgels with different morphologies   

There are several routs for production of hybrid microgels reported for catalytic reductive 

degradation of nitroarenes and organic dyes. Route of synthesis depends upon type of 

hybrid microgel system and its morphology. Mostly metal nanoparticles are incorporated 

within the microgels using in-situ reduction of metal salt but methodology of fabrication of 

metal oxide and metal sulphide nanoparticles is slightly different from in-situ reduction 

method 34. Monomers and cross-linker may also be polymerized in the presence of 

dispersion of  nanoparticles but this approach is not common 36. Metal nanoparticles and 
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microgels can be mixed physically to get hybrid microgel system for reduction of 

nitroarenes and organic dyes 37. Synthesis of hybrid microgels with different morphologies 

have been reviewed in the following section. 

1.5.1 Synthesis of core-shell hybrid microgels 

Among other classes of microgels, core-shell microgels and hollow microspheres are 

significantly important. For synthesis of these microgels, some appropriate polymerization 

technique is used for synthesis of core of polymer particles 102 and then shell of usually 

some responsive material is grown on surface of this core by seed mediated polymerization 

technique 103. 

Emulsion polymerization technique has been applied by Yin et al 104 for synthesis of 

thermo-responsive core-shell poly(2-Vinylpyridine-N-isopropylacrylamide) (P2VP-PNA) 

microgels. In typical synthetic procedure, they dissolved 2-Vinylpyridine (2VP), NaOH, 

divinylbenzene (DVB) and Sodium dodecyl sulphate (SDS) in water at 60oC and nitrogen 

was purged for one hour to remove air. Potassium persulphate (KPS) was added to initiate 

the polymerization process and then reaction was proceeded for further 12 hours to 

complete polymerization process. They performed all the experiments below critical 

micelle concentration (CMC) value of sodium dodecyl sulphate (SDS) to avoid micelle 

nucleation. In the next step, cross-linked PNA shell was coated with different thickness by 

seed mediated emulsion polymerization method. Jiang et al 105 have reported a new route 

for synthesis of soft core/solid shell responsive microgel system by using one pot 

precipitation polymerization through phase separation. In most of the researches, PNA is 

prepared by aqueous polymerization techniques 106 but here they have reported 

polymerization process in toluene, an organic solvent. This study introduced a new route 

for co-polymerization of several comonomers with NA. No surfactant was used in this 
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method. Two monomers were soluble in toluene and polymerized PNA precipitated to form 

a core due to which phase separation took place between polymer chains and silicon. In 

typical synthesis, monomers were N-isopropylacrylamide and 3-methacryloyloxypropyl-

methyldiethoxysilane (MADS) while N,N'-methyenebisacrylamide (BIS) was used as 

crosslinker. Synthesis was carried out at 70oC in toluene and different samples were 

prepared by adjusting mol ratio of BIS, MADS to N-isopropylacrylamide. Thus 

synthesized core-shell system was collected and purified using toluene as solvent. Agrawal 

et al 107 have synthesized gold nanoparticles loaded into polymer microgels prepared by 

precipitation polymerization method. Thus synthesized core-shell hybrid system was an 

active catalytic system for reductive degradation of nitroarenes from aqua. For synthesis of 

microgels, they dissolved N-Vinylcaprolactum, (VCL), acetoacetoxyethylmethacrylate 

(AAEM), SDS and N,N'-methylenebisacrylamide (BIS) in water to obtain homogeneous 

mixture. This mixture was poured into three necked round bottom flask and purged with 

nitrogen to remove air with stirring at 70oC for 1 hour. Then initiator was added under 

stirring which resulted in formation of core particles initially due to fast consumption of 

AAEM. When reaction started then after few minutes (5 Minutes), acrylic acid (AA) was 

added and reaction was continued for further 8 hours. This added AA remains in shell 

region of microgels. After completion of reaction, microgel dispersion was purified. Then 

gold salt was reduced by in situ reductive process to obtain hybrid microgels. Very few 

reports are available for copolymerization of VCL and AA by precipitation polymerization. 

Major reason is hydrolysis of VCL under acidic conditions. In this work, anionic initiator 

2,2'-azobis[N-(2-carboxyethyl)-2-methylpropionamidine] was used to solve this problem 

because cationic initiator produces acidic conditions. Potassium persulfate (KPS) cannot 

be used for polymerization of VCL for the same reason. Brandel et al 108 have synthesized 

core-shell microgels with interesting properties. They have used poly(N-
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isopropylacrylamide-acrylic acid) as core material and poly(N-n-propylacrylamide) as 

shell material. This core-shell system carried responsive core and shell both with different 

VPTT with shell having low VPTT. In this way, they modulated thermal properties of core-

shell system in an interesting manner. Then they fabricated this core-shell system with Ag 

nanoparticles to get hybrid microgels used as catalyst for reductive catalysis of 4-

nitrophenol under numerous circumstances of temperature. Core-shell hybrid microgels 

with metallic core and polymeric shell have been also synthesized for reductive catalysis 

of nitroarenes. For example, Zhai et al 90 have synthesized CO2 sensitive polymer network 

comprising of core of Au and smart polymeric shell. In the first step of synthesis, HAuCl4, 

trihydrate citrate  and H2O were mixed in a round bottom flask and reacted with NaBH4 for 

4 hours and obtained yellowish red solution which was used as seed growth solution in next 

step. Then in second step of synthesis, they mixed HAuCl4, polyvinylpyrrolidone (PVP), 

L-(+)-ascorbic acid, potassium iodide and water in a flask and then mixed seed solution 

prepared in first step. Reddish brown gold nanoparticles were obtained at the end of this 

reaction, purified by centrifugation, washed with water and redispersed in water. Then shell 

around these gold nanoparticles was synthesized by adding SDS, N,N’-

methylenebisacrylamide and N-isopropylacrylamide in flask under N2 supply at 70oC. 2,2’-

azobis(2-methylpropionamide) dihydrochloride was added as initiator. Polymerization 

process was completed in three hours. Microgel particles were purified by method of 

centrifugation and dialysis. Thus synthesized core-shell polymer suspension was tested as 

efficient catalyst for reductive degradation of nitroarenes under CO2 environment. Wang et 

al 38 have synthesized photosensitive core-shell polymer suspension containing metal 

nanoparticles (hybrid system) for reductive degradation of 4-NP under different light 

intensities. They obtained gold nanorods coated with silica at the first stage of synthesis 

using HAuCl4 as precursor and NaBH4 as reductant in presence of CTAB. Then silica 
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coating was done in presence of CTAB which has great importance because its 

concentration will control thickness of silica around gold nanoparticles even if its 

concentration goes above CMC value of CTAB no silica layer will be formed. However by 

carefully controlling conditions of reaction silica layer of uniform thickness was formed 

over gold nanorods. Then stimuli responsive shell around these gold nanorods was 

developed using N-isopropylacrylamide as monomer, 1-vinylimidazole as comonomer and 

1,6-dibromohexane as cross-linking agent. Then in final stage, Au nanoparticles were 

homogeneously dispersed into shell region of polymeric network of microgel by 

electrostatic self-assembly method as shown in Fig. 1.2. (a). This core-shell system was 

photosensitive and was used for catalytic reduction of 4-NP. However major problem 

associated with this system is high cost because both core and nanoparticles are of Au 

which should be replaced by some cheap metal to reduce the cost of process and make 

catalyst economically worthwhile. In this regard an excellent effort has been made by Li et 

al 91 because they have developed a photoresponsive core-shell system having gold 

nanorods in the core and silver nanoparticles uniformly dispersed in shell region of core-

shell system for catalytic degradation of 4-NP as given in Fig. 1.2. (b). 

Core-shell morphologies of hybrid microgels is not only limited to metal nanoparticles 

loaded polymer microgels but core-shell polymer microgels with metal oxide core and 

polymeric shell have also been synthesized. The synthetic strategy is little bit different from 

aftermentioned synthetic methodologies. For example, Jia et al 85 have synthesized core-

shell hybrid polymeric system with cubic Cu2O as core as shown in Fig. 1.3., using CuCl2 

precursor, SDS, sodium ascorbate and NaOH. Orange coloured Cu2O cubes were obtained 

in solution. In the second step, poly(diallyldimethylammonium chloride) and 4-

styrenesulfonic acid sodium salt hydrate (NaSS) were adsorbed on the surface of nanocubes 

due to opposite charge on SDS stabilized nanocubes. The double bonds present in NaSS 
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polymerizes with N-isopropylacrylamide (NIPAM) to stabilize nanocubes otherwise most 

of Cu2O nanocubes aggregate quickly. Thus synthesized core-shell system stabilized Cu2O 

nanocubes and also served as efficient catalyst for photodegradation of methyl orange.            

 

  Fig. 1.2. Core-shell microgel photoresponsive system with (a) core of Au nanorods with 

responsive shell having Au nanoparticles catalyst (b) core of Au nanorods with responsive 

shell having Ag nanoparticles catalyst for catalytic reduction of nitroarenes and organic 

dyes from aqueous medium.    
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Fig. 1.3. Photocatalytic core-shell system with cubic Cu2O core and PNA responsive shell 

for photocatalytic reduction of organic dye.    

1.5.2 Synthesis of hollow microspheres containing nanoparticles  

Hollow microspheres are usually synthesized by dissolving core of core-shell system under 

appropriate conditions. Usually hollow microspheres are better catalysts in comparison to 

core-shell systems due to easy transfer of reactants toward the catalyst surface. Cacers et al 

109 have synthesized hollow PNA microgels and studied effect of cross-linking density on 

the thermo responsive properties of hollow microspheres. In the first step, they synthesized 

gold nanoparticles with diameter of 64 nm by seed mediated growth method. They reduced 

HAuCl4 by 3-butenoic acid in the cetyltrimethylammonium bromide (CTAB). Thus 

synthesized nanoparticles were purified and dispersed in water and obtained a colloidal 

dispersion. In the next step, PNA shell was constructed around the gold nanoparticles by 

polymerization process at 70oC under nitrogen flow. During polymerization process, 

different concentrations of cross-linker were added to obtain different samples of core-shell 

systems. Then in the final step, oxidation of gold nanoparticles was carried out to remove 

these particles. In this way hollow microspheres were obtained giving responsive 

behaviour. Xie et al 110 have synthesized hollow microspheres loaded with Ag 

nanoparticles, an efficient catalyst for reductive degradation of 4-nitrophenol in aqua. 

These hollow microspheres were manufactured using technique of free radical 
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polymerization. In this one pot synthesis, noncross-linked core of PNA was prepared and 

then shell of cross-linked PNA was prepared around this core. By decreasing temperature 

of reaction mixturre, core was removed by self-removing process at room temperature. 

Hollow microspheres thus obtained were fabricated with silver nanoparticles using AgNO3 

salt as precursor and KBH4 reductant. These synthesized hollow microspheres were 

efficient catalysts for reduction of nitroarenes in aqua. 

1.5.3 Synthesis of microgels covered with nanoparticles  

Hybrid microgels covered with metal nanoparticles are synthesized usually in two steps. 

Polymerization is carried out to get cross-linked network having charge on its surface and 

then nanoparticles with opposite charge are loaded on their surface. Hence electrostatic 

interactions generates hybrid microgels covered with nanoparticles. Karg et al 98 have 

synthesized multi stimuli responsive polymer microgels. They copolymerized N-

isopropylacrylamide and allyl acetic acid using free-radical precipitation polymerization 

method. In this synthetic procedure they polymerized monomer and co-monomer under 

nitrogen at 70oC. In next step, gold nanorods coated with polyelectrolyte brushes carrying 

high positive charge on their surface were obtained. Hybrid microgel particles obtained by 

adding these polyelectrolytes coated gold nanorods to aqueous solution of negatively 

charged responsive polymer microgels at pH ≥ pKa value of allylacetic acid. This 

electrostatic interaction generated hybrid microgels covered with nanoparticles.   

1.5.4 Synthesis of microgels filled with nanoparticles 

Fabrication of metal nanoparticles within the sieves of polymer microgel by in-situ 

reduction method is the most common method for synthesis of hybrid microgels. Schematic 

representation of synthetic procedure of fabrication of metal nanoparticles inside the 

microgels by in situ reduction method is presented in Fig. 1.4. 
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Fig. 1.4. Systematic depiction for production of hybrid polymer suspensions.   

 

Fig. 1.5. Synthesis of homogeneous microgels by free radical precipitation polymerization 

and their use as micro-reactors for fabrication of metal nanoparticles.    

Synthesis of microgels is usually carried out by free radical precipitation polymerization of 

monomers and crosslinker in homogeneous solution 111. N-isopropylacrylamide and 

vinylcaprolactum (VCL) are frequently used monomers for synthesis of responsive 

microgels. These water soluble monomers form particle nuclei which combine with other 

nucli or with growing polymer chain to reach a particular chain length called critical length. 

Stabilizers are used to get control over size and morphology of microgel particles. Initiator 

such as Ammonium persulphate (APS) 112 or potassium persulphate (KPS) 113 provides 
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electrons via free radicals to stabilize the microgels by giving electrostatic interactions. 

Multi-responsive microgels can also be made by copolymerization of aforementioned main 

monomers with ionic co-monomers 98. This technique is of vital importance for synthesis 

of homogeneous microgels. Procedure for synthesis of homogeneous microgels has been 

elaborated in Fig. 1.5. 

Metal nanoparticles were prepared inside the sieves of polymer microgels where microgels 

served as micro reactor for these metal nanoparticles. For this purpose, metal ions are 

incorporated into the polymer network and then reduced using some suitable reductant. 

Han et al 114 have stated production of poly(N-isopropylacrylamide-co-acrylic acid) 

microgels in aqua using free radical precipitation polymerization method. For this purpose, 

they mixed N-isopropylacrylamide and N,N'-methylenebisacrylamide (BIS), in a beaker to 

make their homogeneous mixture. Mixture was subjected to magnetic stirring and nitrogen 

purging to remove dissolved oxygen. Acrylic acid (AA) solution was poured into reaction 

mixture and temperature of the flask containing reactants was raised up to 70oC. The 

polymerization started after adding ammoniumpersulfate (APS) and reaction was permitted 

to continue for more 3 hours. Microgels obtained by this procedure were purified by one-

week dialysis for further use. They fabricated silver nanoparticles inside these polymer 

suspensions using technique of in situ reductive reaction of Ag+1 from AgNO3 by means of 

NaBH4 as reductant. Medeiros et al 115 synthesized stimuli responsive hybrid microgels 

with magnetic properties by precipitation polymerization. In a typical synthetic procedure, 

N-Vinylcaprolactum (VCL), itaconic acid (IA), and BIS crosslinker were dissolved in 

water. This solution was transferred to three neck round bottom flask and eradicated with 

N2 to eliminate dissolved oxygen. Then temperature of mixture was maintained at 70oC. 

Potassium persulphate (KPS) was dissolved in water in a separate beaker and prepared iron 

oxide nanoparticles were dispersed in this solution and poured into reaction mixture by a 
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syringe. Reaction was completed in 4 hours. Microgels and hybrid microgels were purified 

by dialysis and hybrid microgels with magnetic properties with different concentrations of 

magnetic nanoparticles were obtained.               

1.6 Characterization of hybrid microgels used in reductive removal of 

nitroarenes and organic dyes 

Few important characterization techniques reported for analysis of hybrid microgels used 

as catalysts for reduction of nitroarenes and organic dyes are Scanning electron microscopy 

(SEM) 116, Transmission electron microscopy (TEM) 91, Energy dispersive X-rays (EDX) 

80, X-ray diffraction (XRD) 117, Thermo gravimetric analysis (TGA) 47, Dynamic light 

scattering (DLS) 118, UV-Visible spectroscopy (UV-Vis) 119 and Fourier Transformed 

Infrared Spectroscopy (FT-IR) 120. Brief overview of few techniques is given in Table 1.1. 

Table 1.1: Summary of characterization techniques of hybrid microgels used in reductive 

removal of nitroarenes and organic dyes.   

Hybrid Microgels Characterizatio

n Techniques 

Purpose of the technique Reference 

 

Silver-poly(N-

isopropylacrylamide 

-acrylic acid-acrylamide)  

FTIR, DLS, UV-

Vis, TEM 

FT-IR analysis was involved in 

confirming numerous 

functional groups of microgel 

system. DLS was used for 

finding hydrodynamic 

diameter of microgels particles 

at diverse temperatures and pH 

values of the medium. ʎSPR of 

Ag nanoparticles present in 

sieves of polymer microgel 

was found by UV-Vis. 

Stability of Ag nanoparticles in 

121 
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the sieves of polymer microgel 

was also confirmed by this 

technique. TEM analysis was 

performed to determine size 

and size distribution of 

polymer microgel particles and 

Ag nanoparticles.  

Palladium-Chitosan 

Tannin  

FTIR, Raman 

Spectroscopy, 

SEM, TEM, 

XRD, TGA/DTA  

FT-IR analysis was used for 

confirmation of numerous 

functional groups of microgel 

system. Raman spectroscopy 

was used to find structural 

defects produced after 

incorporation of Pd 

nanoparticles into the polymer 

network. SEM was used to find 

surface morphology of CT 

support and Pd catalyst. TEM 

was used to find size and shape 

of Pd nanoparticles. Shape of 

Pd nanoparticles was found 

spherical having uniform size 

distribution. XRD was found 

effective to determine 

crystalline nature of CT and Pd 

nanoparticles. Size of 

58 
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nanoparticles was also 

determined by XRD. TGA was 

used to determine thermal 

durability of CT and Pd 

nanoparticles.   

Silver, Gold-Poly(N-

(Thiazol-2-yl - 

acrylamide), 

 

SEM, TEM, 

FTIR, TGA, 

DLS,  UV-Vis  

SEM was used to find surface 

morphology of polymer 

microgels. TEM was used to 

detect loading of metal 

nanoparticles in polymer 

network. Moreover it was also 

used to find size and shape of 

Ag and Au nanoparticles. TGA 

was used to determine thermal 

durability of polymer 

microgels and %age loading of 

nanoparticles into polymer 

microgels. DLS was used for 

finding hydrodynamic 

diameter of microgels particles 

at diverse pH values of the 

medium. UV-Vis helped in 

determining ʎSPR of Ag, Au 

nanoparticles loaded into 

polymer suspension. Catalytic 

122 
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behavior of Ag, Au 

nanoparticles within polymer 

suspension was also studied by 

UV-Vis spectroscopy. 

Silver-Poly(N-

isopropylacrylamide-co- 

2-hydroxyethyl acrylate)  

 

UV-Vis,  FE-

SEM, TEM, 

EDX 

UV-Vis was used for 

determination of ʎSPR of Ag 

nanoparticles loaded into 

microgels. Dependence of ʎSPR 

upon temperature of Ag 

nanoparticles within microgel 

was also studied by UV-Vis 

spectroscopy. SEM was used 

to find surface morphology of 

polymer microgels and 

nanoparticles loaded polymer 

microgels. TEM analysis was 

performed to determine size 

and size distribution of 

polymer microgel particles and 

Ag nanoparticles. Existence of 

Ag nanoparticles within 

network of microgel was 

confirmed by EDX. 

123 

Gold-Poly(N-

isopropylacrylamide)-  

DLS, HRTEM, 

UV-Vis 

DLS was used for finding 

hydrodynamic diameter of 

124 
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(N, N-

dimethylaminoethyl 

Methacrylat) 

microgels particles at diverse 

pH values. Optical properties 

of hybrid microgel were 

studied by UV-Vis. Effect of 

temperature on ʎSPR of gold 

nanoparticles loaded into 

microgels was also studied. 

HRTEM analysis was 

performed to determine size 

and size distribution of 

polymer microgel particles and 

Au nanoparticles. 

Silver, Gold-poly(N-

isopropylacrylamide) 

 

TEM, DLS, 

Static Light 

scattering (SLS), 

UV-Vis 

DLS was used for finding 

hydrodynamic diameter of 

microgels particles at altered 

temperatures values. UV-Vis 

was used for finding ʎSPR of 

metal nanoparticles loaded into 

microgels below and above 

LCST. Stability of metal 

nanoparticles within microgels 

was also studied by UV-Vis 

spectroscopy. TEM 

investigation was done to 

govern size and size 

125 
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distribution of polymer 

microgel particles and Au 

nanoparticles. SLS gave 

information of effect on 

internal structure of microgel 

structure due to metal 

nanoparticles because core and 

shell of polymer network have 

different cross linking density. 

Silver-Poly(N-

isopropylacrylamide-

acrylic acid) and 

 poly(N-

isopropylacrylamide- 

methacrylic acid)  

 

FTIR, 

SEM,DLS, UV-

Vis 

FT-IR analysis was used for 

confirmation of numerous 

functional groups of microgel 

system. DLS was used for 

finding hydrodynamic 

diameter of microgels particles 

at numerous pH values. UV-

Vis was used for finding ʎSPR 

of silver nanoparticles loaded 

into microgels. SEM was used 

to find surface morphology of 

polymer microgels and 

nanoparticles loaded polymer 

microgels. 

126 

Silver-Poly(N-

isopropylacrylamide- 

FTIR, DLS, 

TEM, UV-Vis 

FT-IR analysis was used for 

confirmation of numerous 

127 
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acrylamide-methacrylic 

acid)  

 

functional groups of microgel 

system. DLS was used for 

finding hydrodynamic 

diameter of microgels particles 

at pH values of the medium. 

UV-Vis was used to find ʎSPR 

of silver nanoparticles loaded 

into microgel. This technique 

was also useful in finding 

stability of Ag nanoparticles 

within network. TEM analysis 

was performed to determine 

size and size distribution of 

polymer microgel particles and 

Ag nanoparticles.  

Silver-Poly(N-

isopropylacrylamide-

acrylic acid) 

Photo correlation 

Spectroscopy, 

Atomic Force 

microscopy, 

TEM, UV-Vis.  

TEM analysis was performed 

to determine size and size 

distribution of polymer 

microgel particles and Ag 

nanoparticles. AFM confirmed 

core-shell structure in dry 

form. PCS showed swelling 

properties of core-shell system. 

ʎSPR and longtime existence of 

Ag nanoparticles within 

108 
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polymer network was 

confirmed by UV-Vis 

spectroscopy. 

Silver-poly(styrene-co-N-

isopropylacrylamide)/ 

poly(N-

isopropylacrylamide-co-

methacrylic acid)TiO2 

 

EDX,FTIR, 

XRD, TGA, UV-

Vis, TEM 

EDX confirmed presence of 

Ag nanoparticles in polymer 

microgels system. FT-IR 

confirmed presence of 

different functional groups in 

polymer microgel. XRD gave 

crystalline nature of 

nanoparticles. Size of 

nanoparticles was also 

determined. UV-Vis was used 

to find ʎSPR of silver 

nanoparticles loaded into 

microgels. TGA was used to 

determine thermal durability of 

polymer microgels and %age 

loading of nanoparticles into 

polymer microgels. TEM 

confirmed morphology of 

nanoparticles. 

41 

 

Hou et al 128 have used DLS, TEM and UV-Vis for characterization of poly(2-methoxyethyl 

acrylate-oligo-(ethylene glycol) methyl ether acrylate) microgels loaded with silver 
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nanoparticles used for catalytic reduction of 4-nitrophenol. Size distribution and thermo 

sensitivity of microgels and hybrid microgels was studied by DLS. Measurement of 

hydrodynamic diameter (Dh) and its distribution measured by DLS was also used to confirm 

the monodispersity of the polymer microgel system. Measurement of Dh values at various 

temperatures of the medium using DLS was used for investigation of effect of various 

parameters like crosslinking density and hydrophilic to hydrophobic group feed ratios on 

the value of volume phase transition temperature. Similarly, pH sensitivity of the microgels 

and hybrid microgel systems was also studied by measuring Dh values at diverse pH values 

of the medium using DLS. Integration of silver nanoparticles into polymer microgels 

system was confirmed by TEM whose results showed uniform distribution of nanoparticles 

within microgels. The values of surface Plasmon wavelength of silver nanoparticles found 

by UV-spectrophotometery also confirmed the presence of silver nanoparticles in microgel 

system. Wang et al 129 employed TEM, SEM, gel permeation chromatography, UV-Vis, 1H 

NMR and FTIR for characterization of silver nanoparticles loaded thermoresponsive 

nanofibrous hydrogels. 1H NMR spectra was used to find PNA/NMA mol ratio of resulting 

hydrogels. Molecular weight of the polymer hydrogels was estimated by gel permeation 

chromatography. In situ reduction of Ag+ ion was monitored by time dependent UV-spectra 

of aqueous dispersion. It was observed that with passage of time color of microgel changed 

and surface Plasmon appeared which showed formation of Ag nanoparticles in microgel 

network. SEM and TEM images showed that nanofibers were homogeneous in their 

diameter and silver nanoparticles were evenly distributed in fibrous structure. The change 

in morphology of fibrous hydrogels upon increase in silver nanoparticles concentration and 

their size was also studied by SEM. FTIR spectra were recorded for both pure PNN and 

Ag/PNN hybrid system to find collaboration between silver nanoparticles and different 

functional groups present in polymer network. Chen et al 130 have synthesized Au nanodots 
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based PNA hybrid microgels. Characterization of synthesized hybrid material was 

undertaken using UV-visible spectrometer, fluorescence spectrophotometer, TEM, 

HRTEM, energy dispersive X-rays (EDX), DLS and FTIR. From TEM images, it was 

confirmed that microgels have many gold nanodots in its structure.  Size of nanodots was 

measured by HRTEM which was 1.8± 0.2nm. EDX was used to confirm presence of gold 

nanodots in microgel network. Thermo-responsive behaviour of microgels and its hybrid 

was investigated by finding the Rh of both pure and hybrid system at various values of 

temperature of the system using DLS. Nature of interaction of gold nanodots with different 

functionalities of microgels was also investigated by FTIR. Different functional groups 

were confirmed by some characteristics peaks observed in FTIR spectra of prepared 

microgels. Ma et al 131 have synthesized pH and temperature responsive magnetic material 

for controlled release of dyes by loading Fe3O4 into poly(N-isopropylacrylamide- 

methacrylic acid- N,N'-methylene bisacrylamide) microgels. Formation of this hybrid 1D 

nanochain was confirmed by using TEM, SEM, TGA, vibrating sample magnetometery 

(VSM), UV-visible spectrophotometery, Powder X-ray differaction (XRD), FTIR and X-

ray photoelectron spectroscopy (XPS). Fibrous structure and incorporation of nanoparticles 

was confirmed by TEM and SEM. XPS was used to confirm the surface groups of 1D 

Fe3O4/(PNA-MAA-BIS) composite and presence of C, N, O was also confirmed by using 

this technique. TGA was used to find relative percentage of magnetic material in polymer 

network. Linkages and functional moieties were confirmed by using FTIR. FTIR, TEM and 

TGA have been employed by Wu et al 132 for characterization of PNA modified with 

Fe3O4/Au nanoparticles which exhibited both magnetic and thermal responsive behaviour. 

FTIR spectra showed all characteristics peaks for PNA stretching and bending vibrations. 

It was concluded that free PNA was removed by dialysis therefore these absorption peaks 

were for PNA modified on surface of Fe3O4@Au nanoparticles. Spherical shape and 
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morphology of nanoparticles was demonstrated from TEM images. Similarly, in order to 

find amount of inorganic residue in hybrid material, TGA was performed. Weight loss at 

two temperatures was observed. First minor decrease in weight was observed due to water 

expulsion and at higher temperature major weight loss was associated with removal of PNA 

by degradation process.             

1.7 Reduction of toxic chemicals  

Organic dyes and nitroarenes are important industrial chemicals associated to textile and 

pharmaceutical industries. They are thrown out in the form of aqueous waste from these 

industries in bulk amount. These chemicals produce several diseases in human being and 

cause serious health problems to aquatic animals and even plants. It is a need of time that 

these chemicals should be degraded to less toxic chemicals by using some appropriate 

technique. Use of hybrid microgels as catalysts for rapid conversion of dyes and nitroarenes 

into useful material is the best strategy for the treatment of industrial waste containing 

nitroarenes and organic dyes. Brief summary of few hybrid microgels used for reductive 

removal of nitroarenes and organic dyes in aqueous medium is given in Table 1.2.  

A brief overview on chemical reduction and photocatalytic degradation of nitroarenes and 

organic dyes respectively in the existence of hybrid polymer suspensions have been 

presented in the following subsections.  

1.7.1 Hybrid microgels catalysed reduction of nitroarenes 

Reductive degradation of nitroarenes into their respective arylamines has gained much 

courtesy of researchers because of industrial significance of reduction products 43, 45, 139. 

The reductive catalytic degradation of nitroarenes into arylamines in the environment of 

hybrid polymer suspensions is undertaken in aqua using some suitable reducing agent. 
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Table 1.2. Summary of hybrid microgels used in reductive elimination of nitroarenes and 

organic dyes.   

Name of Catalytic System Abbreviation 

of catalytic 

system 

Reductant Substrate Reference 

Gold-poly(styrene-co-5-(2-

methacryloylethyloxymethyl)- 

8-quinolinol)-b-poly(N-

isopropylacrylamide) 

Au-P(St-co-

MQ)-b-PNA 

NaBH4 p-

Nitrophenol 

133 

Silver-Poly(N-

isopropylmethacrylamide-co-

methacrylic acid) 

Ag- PNA-

Mac) 

NaBH4 p-

Nitrophenol 

40 

Silver-poly(N-

acryloylglycinamide) 

Ag-(PNAGA) NaBH4 4-

Nitrophenol 

134 

Silver-poly(N-

isopropylacrylamide-2-

hydroxyethylmethacrylate-

acrylic acid) 

Ag- PNA-

HEMA-AAc) 

NaBH4 4-

Nitrophenol 

135 

Fe3O4@polydopamine –Ag Fe3O4@PDA-

Ag 

NaBH4 Methylene 

blue, 

Rhodamine 

B 

136 
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Silver-Poly(N-

isopropylacrylamide-co-

methacrylic acid) 

Ag- PNA-co-

MAA) 

NaBH4 2-

Nitroaniline 

137 

Gold-poly(NIPAm-co-

glycidyl methacrylate) 

Au- PNA-

(GMA) 

NaBH4 4-

Nitrophenol 

48 

Silver-polystyrene-poly(N-

isopropylmethacrylamide-

acrylic acid) 

Ag-p[ST- 

PNA-(Acc) 

NaBH4 Rhodamine 

B, 

Methylene 

blue, 

Brilliant 

Blue 

87 

Silver-Poly(N-

isopropylacrylamide-co-

acrylic acid 

Ag- PNA-co-

(AA) 

NaBH4 p-

Nitrophenol 

138 

 

Frequently used reducing agent is NaBH4. Reductive catalytic degradation of nitroarenes 

with NaBH4 using hybrid polymer suspensions catalytic system have been broadly stated 

in literature 
120. Most of nitroarenes are coloured compounds and absorb in UV-Visible 

region giving maximum absorption at particular wavelength which is called their λmax. 

Therefore progress of the reaction can easily be monitored spectrophotometrically. 

Concentration of hybrid catalyst in reaction mixture is kept very small to avoid the 

interference of plasmonic resonance peak with measurement of concentration of 

nitroarenes at its λmax. Moreover reducing agent is added in surplus amount as equated to 

substrate concentration in most cases to make reductive catalytic degradation of nitroarenes 

pseudo first order. This strategy is applied to investigate the kinetics of reaction.  
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Under aforementioned conditions reduction of nitroarenes in the environment of hybrid 

microgels follows pseudo first order kinetic model which can be written as  

−
𝑑𝐶𝑡

𝑑𝑡
= 𝑘𝑎𝑝𝑝. 𝐶𝑡    (1.1) 

Integrating equation 1.1 we get following equation 1.2 

  ln (
𝐶𝑡

𝐶𝑜
) = −𝑘𝑎𝑝𝑝. 𝑡                     (1.2) 

Here “Ct” and “Co” are amount/L (concentration) of reactants at any time t and at t=0 

correspondingly whereas kapp is the rate constant for reduction for this pseudo first order 

reaction. For spectrophotometric monitoring of progress of catalytic reductive degradation 

of nitroarenes, Ct is replaced by At and Co by Ao respectively because absorbance of a 

substrate at its λmax is a linear function of its concentration according to Beer Lambert’s 

law. The kapp value of catalytic reductive degradation of  nitroarene is evaluated from the 

slope of plot of  ln (
𝐴𝑡

𝐴𝑜
)  vs time. 

In the following section we have explained catalytic reductive degradation of nitroarenes 

using hybrid microgel system with varying morphologies.  

1.7.2 Microgels filled with nanoparticles catalysed reduction of 

nitroarenes 

Microgels filled with nanoparticles are effective catalytic systems for reductive degradation 

of nitroarenes in aqueous medium due to easy diffusion of reactants and reducing agent to 

surface of nanoparticles. Iqbal et al 140 have reported poly(N-isopropylacrylamide-co-

methacrylic acid) microgels loaded with Ag and Au nanoparticles as catalysts for reduction 

of 4-NP and found that this reaction tracks pseudo 1st  order kinetics. They also concluded 

that Au nanoparticles showed better catalytic activity than Ag nanoparticles under similar 
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conditions. Shah et al 141 have used multiresponsive poly(N-isopropylacrylamide-vinyl 

acetic acid-acrylamide) polymer suspensions with diverse mol percentages of vinyl acetic 

acid loaded with silver nanoparticles for reductive degradation of 4-NP to 4-AP in water 

and reported that this reduction process followed pseudo first order kinetics. It is interesting 

that rate of catalytic reduction of 4-NP can be enhanced by increasing the content of vinyl 

acetic acid in polymer network. It was concluded that the value of kapp becomes double by 

increasing mol %age of vinyl acetic acid from 4% to 12% which may be attributed to 

increase in hydrophilicity of the network. Hydrophilic network facilitates the diffusion of 

hydrophilic substrate towards the catalytic surface as reported by Wu et al in case of yolk-

shell hybrid microgel system 55. Similarly effect of acrylic acid feed contents on 

hydrophilic, hydrophobic nature of polymer microgel also investigated by Farooqi et al 73 

using silver-poly(N-isopropylacrylamide-acrylic acid). They found that value of rate 

constant for reduction decreased and induction time of catalytic reductive degradation of 

nitrobenzene increased with increase in mol %age  of acrylic acid because hydrophilic 

nature of microgel increased with increase of acrylic acid mol %age due to which migration 

of hydrophobic nitrobenzene inside network became difficult which resulted in decrease in 

rate constant for reduction and rise in induction time of reductive degradation of 

nitrobenzene in aqueous medium by means of NaBH4 as reducing agent. 

1.7.3 Core-shell hybrid microgels catalysed reduction of nitroarenes 

Core-shell microgels loaded with nanoparticles as discussed above have been also utilized 

for catalytic reduction of nitroarenes in aqueous medium. Yang et al 142 have used core-

shell hybrid microgel system with polystyrene core and poly(N-isopropylacraylamide-co-

methacrylic acid) shell filled with Ag nanoparticles for catalytic reduction of hydrophobic 

nitrobenzene and hydrophilic 4-nitrophenol in aqueous medium. The most interesting 
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feature of their study was discriminating reduction of substrate under specific reaction 

conditions. T≤ VPTT favours 4-NP reduction while condition T≥VPTT favours NB 

reduction which may be attributed to difference of hydrophilicity of the polymeric network 

under different reaction conditions as discussed in last paragraph of section 1.7.2 Zhang et 

al 143 used P(St-PNA)/(PNA-MAA)/PPy-Ag core-shell hybrid polymer suspension for 

reductive degradation of 4-Nitrophenol into 4-AP for evaluating catalytic efficiency of 

synthesized microgel. It was observed that temperature dependency of kapp does not follow 

typical Arrhenius behaviour of the reaction which can be credited to volume phase 

transition of core-shell hybrid microgel system. Yan et al 41 have reported polymer-TiO2/Ag 

core-shell hybrid system with poly(styrene-N-isopropylacrylamide) core and poly(N-

isopropylacrylamide-methacrylic acid) shell containing TiO2 for reductive catalysis of 4-

NP in aqua. Polymer-TiO2 composite was responsive to temperature because of N-

isopropylacrylamide component in the polymeric composite. However thermo-responsive 

behaviour of polymer-TiO2 composite was found to be relatively poor than the pure 

polymeric system but introduction of TiO2 into shell region controlled size and size 

distribution of Ag nanoparticles. Even distribution of Ag nanoparticles favours better 

catalytic behaviour of core-shell system. They used this polymeric-TiO2/Ag composite 

catalyst for reductive degradation of 4-Nitrophenol using BH4
-1 reductant. They also 

examined efficiency of hybrid system as catalyst at various temperatures and found that 

catalytic reduction does not followed typical Arrhenius trend. Brandel et al 108 have 

synthesized acrylamide based core-shell microgel system having both core and shell 

responsive in nature with different VPTT and fabricated Ag nanoparticles for reductive 

degradation of nitroarenes. They used 4-nitrophenol reduction with NaBH4 as model 

reaction and found that reductive degradation followed pseudo 1st order kinetics and 

variation of temperature do not follow typical Arrhenius trends due to diffusional barrier 
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caused by shrinkage of polymeric network at T ≥VPTT. Control over catalytic properties 

of hybrid (core-shell) microgel by varying temperature of the medium is one of the 

interesting features of such catalytic systems because reduction of substrate may be carried 

out at required rate of reaction by adjusting the temperature of the medium at certain value. 

In addition to temperature of the medium there are other factors which control catalytic 

properties of our synthesized core-shell hybrid system. Core-shell system having sensitivity 

to a specific stimulus may be designed to develop tuneable catalytic system. For example 

some of us have prepared core-shell hybrid microgels with gold nanoparticle core and 

polymeric shell sensitive to CO2 
90. Using this core-shell system catalytic reductive 

degradation of 4-NP, NB and hexacyanoferrate(III) was performed under N2 and CO2 

environment separately and it was observed that catalytic reduction was more feasible in 

CO2 environment due to change of -COOM to -COOH of polymer network which resulted 

change in polymer nanoparticle interaction. Under these circumstances more surface of 

nanoparticle was available for reactants which increased rate of reaction compared to N2 

environment showing tuneability of core-shell microgel system under CO2/N2 

environment.   

Laser light tuneable reductive catalysis of 4-NP using core-shell hybrid microgels with gold 

nano rod core and ionic liquid microgel shell loaded with gold nanoparticles has been 

reported by Wang et al 38. They used gold nanorods coated with silica as core and thermo-

responsive shell based on N-isopropylacrylamide containing Au nanoparticles in shell 

region which served as catalyst for reductive degradation of 4-NP. Laser light tuneability 

of this core-shell system was related to gold nanorods which absorbed laser light radiations 

and release heat by radiation-less relaxation process. This heat caused shell shrinking 

resulted decrease in rate of reductive degradation of 4-NP because movement of reactants 

towards surface of catalyst was hindered. In this study, laser light served as switch to 
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control catalytic activity of core-shell hybrid microgel. Rate of reaction was higher in the 

absence of laser light but slower in presence of laser light. Similarly, Li et al 91 have also 

developed laser light sensitive core-shell system in which they used gold nanorods as core 

and PNA thermo-responsive shell carrying Ag nanoparticles in shell region serving as 

catalyst for reductive degradation of 4-NP using NaBH4 reductant. This system is superior 

to above one due to replacement of Au nanoparticles by Ag nanoparticles in cross-linked 

shell of core-shell system. Catalytic activity was tuned by laser light irradiation and it was 

observed that with irradiation of light, catalytic activity of hybrid system decreased due to 

shrinkage of shell which decreased surface area of nanoparticles and movement of reactants 

became difficult to nanoparticles surface. They also observed that catalytic activity was 

dependent upon power density (PD) of laser light at a particular wavelength. They observed 

that with increase in PD, rate of reaction first decreased due to shrinkage of responsive shell 

and then increased dramatically because some Ag nanoparticles came to surface of shell 

and interaction of reactants to surface of nanoparticles became easy.   

1.7.4 Hollow microspheres hybrid microgels catalysed reduction of 

nitroarenes  

Hollow microspheres serve as better catalysts for reduction of nitroarenes because 

migration of reactants and reducing agent to catalyst surface is easy due to presence of 

empty space in interior region of polymeric system. Xie et al 110 have used Ag-poly(N-

isopropylacrylamide) hybrid microspheres for catalytic reduction of 4-Nitrophenol. They 

used KBH4 as reductant for conversion of 4-NP to 4-AP. Reduction of 4-NP was observed 

under various reaction operating conditions and it was observed that kapp is dependent on 

various factors. It was also concluded that reaction did not followed typical Arrhenius trend.  
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 Chemical reductive degradation of 4-NP into 4-AP catalyzed by metal nanoparticles 

loaded polymer microgels with different morphologies have been reported by various 

researchers 31, 80, 144-146 and a lot of publications have been found in last five years. It is 

important to direct attention to reduction of nitroarenes other than 4-NP. Moreover most of 

the reports cited above just describe reduction of 4-NP monitored by spectrophotometry 

without separation and purification of the product. It is important to separate out and purify 

the products for its practical use. Amount of NaBH4 must be reduced to avoid its serious 

toxic effects on environment. An excellent effort in this regard has been made by Begum 

et al 147 who have used poly(N-isopropylacrylamide-co-acrylamide) hybrid system for 

conversion of a variety of nitroaernes into their respective arylamines in slight reaction 

circumstances by means of comparatively minor amount of NaBH4 (6-8 equvalent). They 

separated out and purified the products to determine their %age yield. Purified products 

were confirmed by 1H NMR, 13C NMR and mass spectrometry.       

1.7.5 Photocatalytic degradation of nitroarenes 

Nitroarenes are toxic chemicals and it is common practice to reduce these chemicals to less 

toxic chemicals using NaBH4 
148 reducing agent in presence of hybrid microgels of various 

morphologies in aqueous medium. However nitroarenes can be also degraded photo 

catalytically. For example Rave et al 149 have reported an inorganic material ZnS and an 

organic-inorganic Hybrid material ZnS-Bispy (4,4-Bipyridine) by using a simple 

solvothermal method for photocatalytic reduction of 4-nitrophenol. Photocatalytic 

reduction of 4-nitrophenol was carried out under UV light using sodium sulphite as hole 

scavengers. From reduction in absorbance at 400 nm it was found that organic-inorganic 

hybrid catalyst was more efficient than ZnS catalyst. Hybrid photocatalysts with high 

percentage of 4,4-bipyridine were found more efficient probably due to availability of 

electrons and high surface area. Under UV light irradiation photogenerated holes react with 
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sulphite ions and electrons are transferred to organic acceptor from ZnS surface 

(Conduction band -1.8V). These electrons were responsible for reduction of 4-nitrophenol 

to 4-aminophenol. Yoon et al 83 have also synthesized thin layer based responsive material 

for photodegradation of 4-NP. They have developed thin layers of gold of varying thickness 

and fabricated on their surface thermo-responsive N-isopropylacrylamide based polymeric 

network for incorporation and stabilization of ZnO nanoparticles. This responsive thin 

layered system was used as catalyst for photodegradation process under UV and visible 

light irradiation. Several factors affected catalytic activity such as temperature, thickness 

of film and light. For example thick layered catalyst did not showed catalytic activity under 

visible light irradiation because electrons generated at ZnO nanoparticles were unable to 

reach surface of Au layer. So low density of polymer and thin layer gave better results in 

this regard.           

1.7.6 Hybrid microgels catalysed reductive degradation of dyes 

Organic dyes are important industrial chemicals because of their large use in textile industry 

150, paper production industry 151, leather industry 152, food industry 14, agriculture 153, hair 

colouring 154 and photoelectrochemical cells 155. Dyes are commonly categorized 

depending upon chromophoric groups present in them. Most of the industrial dyes contain 

azo (-N=N-) group in them. However derivatives anthraquinone, xanthenes, sulphur and 

phthalocyanine are also important 156.  

Large amount of synthetic organic dyes is thrown as waste in form of industrial effluents. 

Appearance of water and clarity is disturbed by the presence of these reactive dyes. Even 

low concentration of dye (1mg/dm3) causes visible colouration in water. Presence of 

synthetic dyes in water can cause serious health risks to aquatic animals and human beings. 

Several scientists have been studying toxicity and impact of these pollutants and their 

removal had been a great challenge for environmental scientists 157.  
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It is also known fact that dyes are stable organic chemicals and cannot be easily removed 

from aqueous medium. Even sun light, microbes and temperature only cannot remove these 

dyes from waste water. Research related to the elimination of these dyes from aqua have 

gained a lot of interest in last decade 158-164. Several methods such as physico-chemical 

methods, chemical methods 164, advanced oxidation processes 165, microbial treatment 166, 

enzyme decomposition 167 and electrochemical methods 168 have been developed for 

elimination of dyes from aqua. Some important methods have been summarized in Fig. 1.6. 

Chemical reduction of organic dyes using nanocatalytic systems have gained importance 

due to their good efficiency, high stability and reusability. A variety of metallic 169, 

bimetallic 170 and metal oxide 171 based nanoparticles were tested as catalytic systems for 

reductive removal of organic dyes. Now a day’s efficiency of these catalysts is being 

controlled by using stabilizers such as polymer matrix 172, microgels 173, dendimers 174, 

which avoid aggregation of nanoparticles and make their removal easy after waste 

treatment. 

 

Fig. 1.6.  Methods for removal of dyes from waste water.   

Inorganic nanoparticles loaded into smart polymer microgels for reductive removal of 

organic dyes from aqueous medium is one of the main subjects of this review. A lot of 
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advancements have been made in this area 175.  Tang at al 176 have used Ag nanoparticles 

loaded into poly(N-isopropylacrylamide-2-(dimethylamino)ethylmethacrylate) polymer 

suspension as catalytic system for reductive degradation of methylene blue in aqua. 

Kinetics followed pseudo 1st order kinetic model described in section 1.7.1 The constant 

for catalytic reductive reactions was determined at different values of temperature of the 

medium to explore the process of catalysis. This catalyst was very affective for reductive 

degradation of methylene blue in water. Shah et al 177 have reported poly(N-isopropyl 

acrylamide-co-methacrylic acid-co-hydroxyethyl methacrylate) microgels loaded with Au 

and Ag nanoparticles for reductive catalytic degradation of congo red and methylene blue 

dyes in aqua. Both dyes are coloured and have their ʎmax values fall in UV-Visible region. 

Therefore their catalytic reduction can be monitored easily spectrophotometrically. NaBH4 

in the presence of catalyst reduced dye efficiently due to reduction of azo (N=N) group to 

NH-NH in aqueous medium. They found that microgels covered with metal nanoparticles 

were better catalysts as compared to microgels filled with nanoparticles which may be 

attributed to easy access of metal nanoparticles by reactant molecules in case of microgels 

covered by nanoparticles based catalysts in comparison to microgels filled with metal 

nanoparticles based catalysts. Catalytic reduction of methylene blue was found to be more 

facile as compared to that of congo red. Reason is related to enhance electronegative 

character of methylene blue due to which it easily accepts electrons from metal 

nanoparticles which accepts electrons from BH4
-1 through electron relay mechanism. Shah 

et al 141 just described Ag nanoparticles loaded temperature responsive microgels composite 

for reductive degradation of methylene blue. They observed that reduction of dye followed 

typical Langmuir-Hinshelwood mechanism. Adsorption of borohydride ions from NaBH4 

takes place on the exterior of nanoparticle catalyst and leave hydrogen atoms on surface of 
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catalyst. In next step, methylene blue from its aqueous solution is adsorbed on surface of 

catalyst and is reduced by hydrogen atoms already attached with Ag surface.  

Naseem  at al 175 have reviewed catalytic reduction of Congo red using NaBH4 as reductant 

using various nanocatalysts. In this review article, different catalytic systems with respect 

to support and stabilizing systems have been classified. Polymer stabilized nanocatalysts, 

inorganic supports for stabilization of nanocatalysts, biologically stabilized catalysts and 

synthetic organic systems for stabilization of nanocatalysts have been discussed in this 

review article. However this review is limited to catalytic reduction of congo red. In present 

review, we have focused on reduction of niroarenes and organic dyes by hybrid microgels 

in aqueous medium using NaBH4 reductant. Moreover photocatalytic reduction of organic 

dyes in the presence of hybrid microgels has been discussed in present review. Naseem at 

al 178 have used Ag-polystyrene-poly(N-isopropylmethacrylamide-acrylic acid) core shell 

system for catalytic reduction of Congo red dye under various reaction conditions and 

observed that reduction reaction was dependent upon various reaction conditions and 

follows pseudo first order kinetics. The catalyst was found to be recyclable due to presence 

of polystyrene core which makes this catalytic system easily separable by centrifugation 

under low RPM.  

1.7.7 Photocatalytic degradation of dyes under UV/Visible light 

Photocatalysis under UV/Visible irradiation have gained a lot of attention since few years 

due to good efficiency and non-toxicity of the process 179-181. It is considered that 

photocatalysis is an effective method of removal of organic dyes from aqueous medium 

because no additional reducing agent is needed in this reduction process. Photocatalytic 

reduction usually involves oxidation reduction reactions which are responsible for 
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degradation of toxic chemicals. Mechanism of photocatalysis have been discussed several 

times 182 as shown in Fig. 1.7. 

It has been observed that metals, metal oxides and metal sulphides such as Ag, Au, ZnS, 

TiO2 serve as efficient photocatlysts for degradation of several dyes and nitroarenes in 

aqueous medium 183. General mechanism of catalysis shows that there is generation of 

conduction band electrons and valance band holes if light irradiated on catalyst having 

greater energy than band gap of the material. There are two possibilities for these 

photogenerated electrons i.e they can reduce the organic pollutant or they are absorbed by 

some electron acceptor specie such as O2 adsorbed on catalyst surface or dissolved in water. 

This oxygen is reduced to superoxide radical anion O2*
-. Similarly photogenerated holes 

can oxidize organic substrate directly or react with OH- or H2O to oxidize them to 

hydroxide free radical.  

 

Fig. 1.7.  Mechanism of photocatalysis by UV irradiation.    

Thus generated highly oxidizing species are responsible for degradation of toxic organic 

substrates 184. Similarly if samples are irradiated by visible light instead of UV radiation 
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the reported mechanism shows that this mechanism is somewhat different from that 

observed under UV irradiation 185. Krieger et al 186 have synthesized a pH responsive 

system based on cationic porphyrin and anionic poly(amidoamine) to give a supramolcular 

system which is photoresponsive in addition to pH responsive. They used this material for 

photodegradation of methyl orange under UV/Vis conditions. They reported that 

porphyrine generated singlet oxygen which oxidized the dye. It was also found that this 

reaction follows first order kinetics. A new light sensitive and thermosensitive hybrid 

material was reported by Wang et al 187 based on PNA-MAH-β-CD. This material was used 

for removal of methyl orange by photcatalytic degradation. They observed decrease in 

absorbance even before start of catalytic reaction possibly due to adsorption of dye on 

hybrid system. It was observed that in case of responsive hydrogel/TiO2-MWCNTs 

adsorption was more efficient compared TiO2-MWCNTs. Progress of reaction showed that 

TiO2 was less efficient catalyst than TiO2-MWCNTs and hydrogel/ TiO2-MWCNTs. 

Hybrid systems removed dye almost 100% but pure TiO2 degraded dye upto 73%. This 

enhanced photocatalytic activity was attributed to electron transfer between TiO2 and 

MWCNTs. Similarly incorporation of thermo-responsive material increased adsorption 

capacity of material showing its enhanced catalytic activity. Thus photocatalytic 

degradation of dyes using responsive material by adsorption phenomenon was an efficient 

process. Wen et al 188 have synthesized poly(N,N'-methylenebisacrylamide-acrylic acid) 

nanofibres loaded with silver nanoparticles. They reported pH responsive nature of hybrid 

material due to presence of carboxylic group of acrylic acid. These nanofiberous responsive 

material appeared very efficient for adsorption of methylene blue dye at various pH values. 

Similarly presence of silver nanoparticles made them an efficient photo catalyst for 

reduction of methylene blue. Experimental results showed that at pH 7 photocatalytic 

activity was maximum compared to at pH 2.2. Hence photocatalytic efficiency of hybrid 
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nanofibers can be tuned by pH variation. A thermo responsive hybrid fibrous ZnO/PNA 

material was synthesized by Yu et al 189 using electrospinig method. They also observed 

photocatalytic activity of this hybrid material above and below LCST of PNA. Rhodamine 

B was designated as ideal dye for observing catalytic efficiency of hybrid material. Hybrid 

material showed maximum efficiency for photocatalytic degradation of Rhodamine B 

above LCST but below LCST of PNA gel was in shrunken state and did not show an 

appreciable catalytic efficiency. It was also observed that hybrid ZnO was more efficient 

catalyst as compared to pure ZnO nanoparticles. photocatalytic efficiency was tuned by 

temperature of reaction. Jia et al 85 used core-shell hybrid microgels with Cu2O cubic core 

and poly(N-isopropylacrylamide) shell for photocatalytic degradation of methyl orange in 

water. Photocatalytic activity of Cu2O-PNA core-shell system was found to be 450 times 

higher than that of pure Cu2O under similar reaction conditions. Moreover photocatalytic 

activity of the core-shell hybrid system may be modulated by varying the temperature of 

the medium because of thermo-responsive nature of PNA network surrounded Cu2O cubes. 

Liu et al 84 have reported poly(N-Isopropylacrylamide-acrylic acid) microgels loaded with 

CdS to photocatalytically degrade rhodamine B dye. They observed that upto 20% of dye 

was removed from aqueous solution by absorption/adsorption in 3 hours but irradiation 

under UV radiation showed higher removal efficiency and almost all dye was degraded in 

3 hours. Products of photo degradation were detected by mass spectrometry. They further 

observed decrease in catalytic efficiency of hybrid microgels after 5 cycles of its use 

because upto 60% of dye was removed in 3 hours. This was related to degradation of CdS 

and leaching of CdS nanoparticles from microgel network after 5 recycles. Zou et al 190  

synthesized poly(N-hydroxymethyl acrylamide)-Ag/AgCl composite material for photo 

catalytic degradation of methyl orange under visible light irradiation. They observed that 

high AgCl content increased catalytic efficiency because greater %age removal was 
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observed. Moreover photocorrosion resulted in decrease in catalytic efficiency after 3 

cycles of catalysis.        

1.8 Summary of chapter and future prospects  

In this chapter, we have presented recent literature analysis reported on catalytic and 

photocatalytic reduction of nitroarenes and organic dyes in the presence of smart polymer 

microgels loaded with inorganic nanoparticles in a systematic way as given in Fig 1.8. 

This critical survey gives brief overview of synthesis, classification and characterization of 

smart polymer hybrid microgels used for catalytic reduction of nitroarenes and organic 

dyes. Such hybrid microgels may be categorized on the basis of inorganic nanoparticles 

loaded into polymer microgels and morphology of resulting hybrid microgel systems. 

 

Fig. 1.8.  Summary of chapter showing synthesis, characterization and catalytic properties 

of hybrid microgel catalytic systems. 
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 Kinetics and mechanism of catalytic and photocatalytic reduction of nitroarenes and 

organic dyes catalysed by hybrid microgels have been reviewed critically. Reduction 

process catalysed by microgels filled with nanoparticles, core-shell hybrid microgels, 

hollow hybrid microgels and hybrid microgels covered by inorganic nanoparticles has been 

discussed here. Hybrid, microgels are efficient catalysts due to their stability, recyclability, 

reusability and ease of separation.  

Different metal nanoparticles such as Ag, Au, Cu have been incorporated into microgels 

and their catalytic behavior towards reduction of dyes and nitroarenes have been evaluated. 

This review describes that good control over size of nanoparticles, their uniform 

distribution into microgel and stable existence into microgel network are important factors 

which should be well controlled to get best catalytic systems in this regard. Interaction 

between microgel and nanoparticles should be explored completely which is major factor 

for stabilization of nanoparticles. It has been summarized that pH, temperature and ionic 

strength of the medium are among factors that can control catalytic behaviour of hybrid 

microgels. The problems associated to hybrid microgels catalysed reduction which have 

not been properly addressed in literature are given in the form of future directions at the 

end of review. We believe that present chapter will be interesting for researchers working 

in this area to explore the hidden aspects of this research domain.  

This literature review reveals that smart polymer microgels loaded with nanoparticles of 

noble Au, Pt, Pd, Rh and Ag have been described for catalytic and photocatalytic reduction 

of dyes and nitroarenes. Noble metal nanoparticles may be replaced by cheap metal 

nanoparticles to reduce the cost of reduction process. Similarly new synthetic strategies 

should be designed to get good control over size, shape and morphology of catalytic 

systems which are necessary for improvement of catalytic activity of hybrid systems. 

Sometimes efficiency of catalyst decreases after only one or two cycles of catalytic process. 
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This could be attributed to leakage of nanoparticles from microgel network or poisoning of 

catalyst due to some retarding agents. There is need to explore those factors which cause 

reduction in their catalytic activity. For this purpose, complete mechanisms of reactions 

and interaction between nanoparticles and microgels should be explored. Most of the 

studies dealing reductive degradation of nitroarenes involves NaBH4 reductant which itself 

is a toxic substance. Alternate reducing agents may be found and utilized for reduction of 

nitroarenes and organic dyes to make the process green. Moreover it is more better to 

introduce reducing moieties as permanent components of the polymeric systems during 

their synthesis to eliminate the use of any external reducing agent.  

Most of the hybrid microgels catalysed reduction process just deal model reaction without 

a extensive scope of the substrate. It is important to extend catalytic activity of hybrid 

microgel systems toward reduction of nitroarenes having different functionalities on their 

benzene rings. This literature survey also reveals that only decolouration of the organic dye 

in the presence of hybrid microgels have been discussed in reported publications.  The 

reduction products should be separated out and should be characterized to find their 

toxicity. 

This literature survey reveals that recycling of hybrid microgels may be done by simple 

centrifugation and is re-useable for several times for the same reaction or any other reaction 

but leaching of inorganic nanoparticles from polymer microgels and changes occurring in 

their morphologies during/after catalysis have not been reported in the most of the 

publications. The recycled hybrid microgels should be analysed using spectroscopic and 

microscopic analysis to investigate the changes occurred in microgel structure and 

morphologies of nanoparticles as well as microgel particles.     
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1.9 Thesis organization  

Critical review of literature and brief introduction to the chapter has been given in chapter 

#1. Chapter #2 contains material and methods of synthesis and application of catalytic 

behavior. Instrumental details have also been specified in this chapter #2. Results of study 

have been divided into three chapters. Results and argument about production, 

characterization and catalytic behavior of Ag-poly(N-isopropylacrylamide-acrylamide-

methacrylic acid) towards reductive degradation of 4-nitroaniline are present in chapter #3. 

Similarly, chapter # 4 includes synthesis characterization and catalytic application of Ag-

p(NAM). Synthesis, characterization and adsorptive removal of metal ions from water and 

catalytic properties of Co-p(NAM) have been given in chapter # 5. Results concluded from 

research done here have been summarized here along-with future direction. Articles 

published form this work are have been also attached at the end. 
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EXPERIMENTAL 

We are going to discuss chemicals and method used for synthesis of Poly(N-

isopropylacrylamide-acrylamide-methacrylic acid) [p(NIPa-AAm-Ma)], Ag-Poly(N-

isopropylacrylamide-acrylamide-methacrylic acid) [Ag-p(NIPa-AAm-Ma)] and Co-

p(NAM)  here. Requirement of instruments involved in characterizing polymer dispersions 

and hybrid polymer dispersions is discussed here. Procedure for reductive catalysis of 

nitroarenes, organic dyes and adsorption of heavy metal ions from water has also been 

explained here. 

2.1 Apparatus 

Important apparatus used for production of polymer particle dispersion and hybrid polymer 

dispersions is as follows 

 Three-necked round bottom flask 

 Hot plate with stirrer 

 Nitrogen gas inlet and thermometer 

 Oil bath 

2.2  Chemicals 

 N-isopropylacrylamide (NIPa, 99%), ammonium per sulfate (APs, 99%), acrylamide 

(AAm, 98%) and sodium borohydride (NaBH4, 99%) were imported from Sigma Aldrich, 

Germany while sodium dodecyl , sulfate (SDs, 98%) and methacrylic acid (Ma) were bought 

from Merk. 4-NA was purchased from Alfa Aesar while N, N-methylene bis acrylamide 

(BiS, 99%) was got from Amresco. Congo red, Cobalt acetate, 4-nitrophenol, Eosin, 

Methylene blue and methyl orange were purchased from sigma Aldrich. All chemicals were 
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used as such and were not further processed for purification. Deionized water was used 

during experimental work.  

2.3  Preparation of Polymer Microgels 

 p(NIPa-AAm-Ma) microgel particles were prepared by precipitation polymerization 

method as stated in past 137. For this synthetic procedure, 1.03g NIPa (91mol%), 0.0213g 

AAm (3mol%), 0.046g BiS (3mol%) and 0.05g SDs were dissolved in 95mL deionized 

water in a 250mL three necked round bottom flask. Reaction mixture was stirred for 

20minutes to dissolve solid reagents properly. Then 26µL Ma (3mol%) was added into the 

reaction mixture at room temperature. Temperature of the reaction mixture was raised up 

to 76°C and heating and stirring was kept continue under nitrogen supply for 30minutes to 

remove dissolved oxygen while a 76°C temperature was sustained for this reaction mixture. 

5mL aqueous APs (0.1M) was poured in reaction mixture to initiate the process of 

polymerization. Clear solution of reaction mixture was turned turbid after few minutes of 

addition of APs. Reaction was further continued under constant N2 supply for 4hours to 

complete the polymerization process. Prepared microgel dispersion was kept at room 

temperature for cooling purpose and purification by dialysis for one week using spectra 

pore macromolecular porous membrane tubing having cut off value of 12,000-14,000 at 

room temperature to was done eliminate initiator, surfactant & un-reacted monomers. 

2.4  Synthesis of Ag loaded Hybrid Polymer Microgels 

 Hybrid polymer dispersions were prepared by reducing Ag ions inside p(NIPa-AAm-

Ma) polymer network at room temperature using in-situ reduction method reported 

previously by us and others 121, 191. 14mL microgel dispersion was mixed with 36mL 

ultrapure aqua in a three necked round bottom flask and stirring continued for 20minutes 

under gentle N2 supply to remove dissolved oxygen from aqueous dispersion. Then, 0.4mL 
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of AgNO3 (0.1M) solution in deionized water was mixed with stirring into the reaction 

mixture under nitrogen purging. Stirring of reaction mixture was carried out for 30minutes 

under continuous N2 purging and 5mL NaBH4 (0.052mM) was added in the reaction 

mixture. Reaction was continued further for 90minutes. The hybrid polymer dispersion was 

dialyzed for 1hour using porous membrane to remove unreacted species as reported 

previously 121. 

2.5 Synthesis of cobalt loaded polymer microgels 

Microgel loaded with cobalt nanoparticles was prepared by reducing cobalt ions loaded 

into the sieves of p(NAM) particles. To do this, 14 mL of microgel dispersion was dissolved 

in 36 mL doubly deionized water and 0.5 mL of 0.05 mM cobalt acetate solution was mixed 

with constant stirring for 25 minutes in a flask under N2 environment for removal of air 

from aqueous medium. Then 5 mL NaBH4 solution (0.50 mM) was poured into the solution 

with constant stirring under N2 supply and stirring was continued for further 70 minutes. 

Change in color of polymer microgel confirmed formation of cobalt nanoparticles inside 

the polymer network. Unreacted reactants were removed by dialysis of hybrid microgel for 

55 minutes against distilled water.  

2.6 Characterization 

 For Fourier transform-IR (FT-IR) analysis, powdered samples of pure and composite 

microgels were scanned on RXI FT-IR spectrometer “(Perkin Elmer)” in wavenumber 

ranging between of 4000 to 650cm-1. UV D-3500 (Labomed, Inc., USA) spectrophotometer 

was used to scan UV-Visible spectra of polymer suspension and its hybrid. FESEM JSM-

7500F “(JEOL limited USA)” operating at 60kV was used to capture TEM images of pure 

and hybrid microgels. For TEM analysis, dilute dispersion was positioned on carbon coated 

copper grids and air dried before measurements. Dynamic Light scattering (DLs) analysis 



CHAPTER NO 2 EXPERIMENTAL 
  

 

 
62 

was carried out on BI-200SM, Brookhaven Instrument Corp., USA at 90° using standard 

He-Ne laser (632.8nm) as light source. 

2.7  Study of Catalytic Efficiency of Hybrid System 

Catalytic efficiency of Ag-p(NIPa-AAm-Ma) composite polymer dispersion was examined 

by adopting the catalytic reduction of 4-NA, Rhodamine-B and Methylene Blue as model 

reactions. Here we are going to discuss procedure adopted to investigate catalytic activity 

of this catalytic system. 

2.7.1 Reductive degradation of 4-Nitroaniline (4-NA)  by Ag-p(NIPa-

AAm-Ma) catalyst 

Catalytic efficiency of Ag-p(NIPa-AAm-Ma) composite polymer dispersion was examined 

by adopting the reductive catalytic reaction of 4-NA as a model reaction. Effect of reaction 

conditions like temperature of the medium, catalyst dose, concentration of reducing agent 

and 4-NA was also studied. To investigate the consequence of concentration of reducing 

agent, its concentration was changed from 3.35 to 10.06mM while amount of catalyst & 4-

NA was kept constant at 0.012mg/mL and 0.067mM respectively. Catalyst dose was varied 

from 0.012 to 0.060mg/mL to investigate its outcome on the value of rate constant of 

reduction (kapp) for reductive reaction of 4-NA using 6.70mM BH4
-1 and 0.067mM 4-NA. 

Similarly, amount of 4-NA was altered from 0.030 to 0.060mM to study its effect on kapp 

values for reductive degradation of 4-NA using 6.70mM sodium borohydride and 

0.012mg/mL hybrid polymer dispersion at 23°C. Efficiency of hybrid polymer suspension 

as catalyst at various values of temperature was also investigated by varying its value from 

25 to 70°C by keeping other conditions same for reaction. The required amounts of 4-NA, 

BH4
-1 and catalyst were taken in a quartz cuvette and progress of reaction was monitored 
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by scanning time dependent UV-Visible spectra of reaction mixture in the wavelength 

range of 200-500nm using UV-D3500 spectrophotometer. 

2.7.2 Reductive degradation of dyes by Ag-p(NAM) catalyst 

Catalytic efficiency of Ag-p(NAM) hybrid system towards reductive degradation of CR 

and MO was monitored under different reaction conditions in aqueous medium. Catalysis 

by reduction of dyes was investigated by changing concentrations of BH4
-1, Ag-p(NAM) 

and substrate under constant temperature conditions. To explore the effect of change in 

NaBH4 concentration upon value of rate constant (kapp), its concentration was changed from 

3.6 mM to 14.4 mM keeping Ag-p(NAM) catalyst and CR concentration fixed at 0.44 

mg/mL and 0.072 mM correspondingly. Catalyst amount was altered in the range from 0.22 

mg/mL to 2.2 mg/mL keeping NaBH4 amount constant at 3.6 mM and that of CR at 0.072 

mM to explore the result of catalyst amount change on rate constant of reduction reaction. 

Amount of CR was varied between 0.06 mM and 0.08 mM keeping NaBH4 and Ag-

p(NAM) concentration at constant values of 3.6 mM and 0.44 mg/mL correspondingly to 

discuss the consequence of substrate amount rate constant of the reduction. All catalysis 

experiments were performed at constant temperature of 25oC. Similarly, reductive 

degradation of methyl orange was also studied by varying conditions for reductive catalytic 

reaction. Effect of NaBH4 concertation on MO reduction was observed by varying its 

amount between 3.6 mM and 12.6 mM keeping catalyst dose and methyl orange 

concentration at 0.44 mg /mL and 0.072 mM respectively. Catalyst dose was altered from 

0.44 mg/mL to 2.64 mg/mL keeping NaBH4 and methyl orange at 3.6 mM and 0.072 mM 

respectively. Methyl orange concentration was altered from 0.044 mM to 0.072 Mm 

keeping sodium borohydride and Ag-p(NAM) dose at 3.6 mM and 0.44 mg/mL 

respectively.  
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2.7.3 Catalytic reduction of nitroarene and organic dyes by Co-p(NAM) 

Catalytic potential of Co-p(NAM) hybrid system was explored by carrying out 

reduction/degradation of 4-nitrophenol, Eosin and Methylene blue by BH4
- in the presence 

of Co-p(NAM). For 4-nitrophenol reduction, reaction mixture (2.50 mL) containing 0.072 

mM 4-NP, 12 mM NaBH4 and 0.56 mg/mL Co-p(NAM) was taken in a quartz cuvette and 

then subjected to time dependent UV-Visible spectrophotometric scanning in wavelength 

range of 200-500 nm. Time dependent UV-Visible spectra of reaction mixture (2.5 mL) of 

a dye (0.10 mM), NaBH4 (12 mM) and 0.56 mg/mL was scanned in 200-750 nm 

wavelength range in order to monitor catalytic reduction of Eosin and methylene blue at 

room temperature.  

2.8 Adsorption study  

Adsorption of metal ions into p(NAM) microgels was studied under different conditions 

like p(NAM) dose, Co+2 metal ions dose, pH of the medium and agitation time for 

extraction of Co+2 ions. For this purpose, 10 mL of 50.0 mg/L cobalt acetate solution taken 

in a conical flask was subjected to agitation for 90 minutes at 125 RPM with varying 

p(NAM) microgel content in range of 0.26-2.1 mg/mL in order to optimize adsorption dose 

at ambient temperature. Microgel particles loaded with cobalt ions were extracted from 

mixture by simple centrifugation at 15,000 rpm for one hour. Then metal ion concentration 

in solution was determined by atomic absorption spectrophotometer. Co+2 ions 

concentration was changed from 10 to 80 mg/L by keeping p(NAM) at 1.1 mg/mL and time 

of agitation at125 RPM for one hour and 30 minutes. Similarly, pH of the medium was 

varied from1.43 to 11.25 to study percentage removal of Co+2 ions from water as a function 

of pH by keeping p(NAM) and Co+2 ions content at 1.1 mg/mL and 50 mg/L respectively 

at agitation speed of 125 RPM for 90 minutes. The pH value of solution was regulated 
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using one molar HCl and NaOH solution. Time for agitation was also changed from 0 to 

105 minutes to study effect of agitation time on extraction of Co+2 ions while p(NAM) and 

ion concentration were kept at 1.1 mg/mL and 50.0 mg/L respectively. The %age removal 

of Co+2 was calculated using equation (2.1). 

o

o

C -C
Removal(%)= ×100

C

e 
 
      (2.1) 

Where Co and Ce are starting and equilibrium concentrations of Co+2 ions respectively. 

Similarly, adsorption capacity was also calculated using formula given in equation (2.2).  

oC -C
q ×Ve

e
m

 
  
       (2.2) 

Where “m” is mass of p(NAM) microgels and “V” is solution volume in liters. 
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RESULTS AND DISCUSSIONS 

3.1 Scope of the Chapter 

Microgels show sensitivity to various triggers for example   temperature 192, pH 193 & 

concentration of ions in solution 121 due to specific functionalities present in their network. 

They present abrupt variation in their size upon variation in certain external parameters. 

For example, at 32oC, size of poly(N-isopropylacrylamide) [p(NIPa)] microgel particles is 

decreased abruptly in aqueous medium due to their thermo-sensitivity 148. N-

isopropylacrylamide is copolymerized with some comonomers to obtain multiresponsive 

polymer microgels along with their temperature sensitivity 98. 

Due to this responsive behavior, microgels find application in different fields such as drug 

delivery 194-196, sensing 197, photonics 198, 199, purification 200, separation 201-203 and 

nanotechnology 73, 204. Involvement of microgel micro-reactors for manufacturing of metal 

nanoparticles has gained much importance compared to conventional approaches adopted 

for manufacture of metal nanoparticles due to some specific advantages. For example, easy 

preparation, control over size, functional activity of various clusters, porous network with 

controlled degree of cross-linking, high stability and stimuli responsive performance of 

polymer dispersion mark them more appropriate template for incorporation of metal 

nanoparticles and their applications in diverse fields. Microgels have been reported as an 

effective micro-reactor for synthesis of different inorganic nanoparticles 34, 45, 205, 206. Size 

and shape of nanoparticles can be organized by controlling the feed content of microgels 

and hybrid microgels 70, 207. The nanoparticles immobilized inside the microgels can be 

stabilized without their aggregation for extraordinary long time period 54, 191. Metal 

nanoparticle fabricated hybrid microgels with porous structure have potential as an 

outstanding catalyst for numerous organic reactions 54, 55, 117. The efficiency of catalytic 
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system based on hybrid polymer suspension can be altered by varying external stimuli. For 

example, when temperature of the reaction mixture is raised, NIPa based hybrid microgel 

particles shrink at a certain temperature called volume phase transition temperature (VPTT) 

that makes the migration of reactants to the exterior of metal nanoparticles difficult due to 

which catalytic activity of the hybrid catalytic system decreases 117. This feature of thermo-

responsive hybrid microgels makes them a potential candidate as catalyst for highly 

explosive exothermic catalytic reactions at controlled rate to avoid any explosion 66, 118. 

Hybrid microgels serve as effective catalytic systems for numerous organic reactions, such 

as  hydrogenation 31, reductive degradation of nitroarenes 208 and various further reactions 

29. Begum et al. prepared silver-poly(Nisopropylacrylamide- acrylamide) [Ag-p(NIPa-

AAm)] hybrid polymer dispersion  catalyst for reduction of 4-Nitrophenol (4-NP) using 

NaBH4 as reducing agent 120. Lu and coworkers prepared coreshell microgel particles with 

polystyrene (Pst) core and p(NIPa) shell for in-situ production of Ag NPs in their shell 

region 118. Synthesized Ag-Pst-p(NIPa) core-shell composite microgel catalysts were used 

for degradation of 4-Nitrophenol (4-NP) in aqueous medium. They reported that catalytic 

action of Ag-Pst-p(NIPa) core-shell hybrid polymer dispersion was controlled by 

fluctuating temperature of the medium, but production of core-shell microgels includes 

several step, and comparatively more problematic process was adopted for production of 

these hybrid microgels. Moreover, content of AgNPs per unit microgel particles was found 

to be very low and a large amount of catalyst was needed to carry out catalytic reduction 

of 4-NP at industrial scale. Thermally tunable hybrid microgel catalytic systems have been 

tested only for reductive catalysis of 4-NP. Thermally tunable reductive catalysis of other 

nitroarenes like 4-NA in the presence of similar systems used for catalysis has not been 

testified in literature, yet. However, few reports on catalysis by reductive catalysis of 4-NA 

in environment of metal nanoparticles supported by non-responsive systems are available 
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in literature 209-211. For example, Chiu and coworkers used gold nanocubes, octahedral and 

dodecahedral crystals catalysts for reductive removal of 4-Nitroaniline (4-NA) into 4-

Aminoaniline (4-AA) in aqueous medium 212. Reddy et al. prepared and stabilized AuNPs 

using Sapindus Mukorossi Gaertn fruit pericarp 213. They applied these biosynthesized 

AuNPs for reductive catalysis of 4-NA. But production of AuNPs and their application as 

reductive catalysis of 4-NA is not a cost effective way and cannot be employed at industrial 

level. According to best of our knowledge, reduction of 4-NA into 4- AA by silver 

nanoparticles loaded p(NIPa-AAm-Ma) microgels by means of NaBH4 reductant to 

elaborate the catalysis process under various conditions has not been reported yet. 

In this work, we prepared p(NIPa-AAm-Ma) microgels by precipitation polymerization and 

used this dispersion as micro-reactor for fabrication of AgNPs in aqueous medium. 

Different techniques such as FTIR, DLS, TEM and UV-Visible spectroscopy were 

employed as characterizing techniques for pure and composite microgel particles. Catalytic 

efficiency of thermo-responsive Ag-p(NIPa-AAm-Ma) polymer dispersion was examined 

by assuming the reductive degradation of 4-NA as benchmark reaction. Efficiency of 

microgel dispersion having Ag nanoparticles as catalyst was also examined under diverse 

reaction conditions like temperature of the medium, catalyst dose, NaBH4 amount and 4-

NA. Kinetic as well thermodynamic parameters for reductive catalysis of 4-NA using 

NaBH4 reductant were also calculated above and below VPTT of the hybrid polymer 

dispersion to elaborate the reduction process. 

3.2  Preparation of polymer dispersion and hybrid polymer dispersion 

 Poly(N-isopropylacrylamide-acrylamide-methacrylic acid) [p(NIPa-AAm-Ma)] 

microgel particles were prepared by emulsion polymerization method in aqueous medium 

137 while Ag-p(NIPa-AAm-Ma) hybrid polymer dispersions were manufactured  by 

reduction of ions at ambient temperature by in-situ reduction 73. Photographic illustration 
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for manufacture of p(NIPa-AAm-Ma) polymer dispersion and hybrid polymer dispersion 

is presented in Fig. 3.1. Emulsion polymerization technique is best reported method for 

production of polymer particles with micro size and avoid macro gelation. High 

temperature (70°C) decomposes the APs into persulfate (S2O8
-2) which alternatively 

decomposes into sulfate (SO4
- ∙) free radical with negative charge and free electron at two 

extreme ends. Sulfate (SO4
- ∙) free radical gives electrons to C=C existing in monomers to 

change into carbon-carbon single bond and initiates polymerization 137. At start, unstable 

precursor particles are formed which combine with each other or with other growing 

polymer chains.  Charge induced by initiator is not sufficient to give stability to the 

microgel dispersions. So, emulsifier (SDs) was also used to induce stability along with 

control over size of polymer dispersion 73. Previously it is known fact that the size of 

microgel particles is reduced by taking  higher amount of emulsifier 73. Solution was 

becoming milky on polymerization due to change in dimensions of microgel particles as 

well as due to alteration of refractive index of microgel particles 137. 

Diluted microgel dispersion was treated with AgNO3 salt which acted as precursor of silver 

ions. pH of the microgels dispersion was kept at pH greater than pka of mathacrylic acid 

(pH ˃ pka = 4.68) 137. At this pH, all carboxylic acid (COOH) groups of Ma exist as 

carboxylate ions (COO-) and polymer dispersions are present in swelled state. Supreme 

charging of Ag+1 in the network of polymer suspension was obtained due to its swelled 

state. NaBH4 acted as reducing agent and denoted electron to silver ions and reduced them 

in to Ag atoms. These atoms aggregated to silver nanoparticles. The color of microgel 

dispersion was changed from milky appearance to yellow brown as presented by Fig. 3.2(b) 

which also indicates the successful fabrication of AgNPs in microgel network. 
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Fig. 3.1 Graphic illustration for preperation of p(NIPa-AAm-Ma) polymer dispersion and  

Ag-p(NIPa-AAm-Ma) hybrid polymer dispersion. 

3.3 Characterization 

3.3.1 FTIR Analysis 

FT-IR examination of p(NIPa-AAm-Ma) polymer dispersion and Ag-p(NIPa-AAm-Ma) 

hybrid polymer dispersion was performed to identify functionalities of network of polymer 

dispersion and their interaction with metal nanoparticles. FTIR spectra of pure and hybrid 

microgels is given in Fig. 3.2a. Peak at 2971 cm-1 in FTIR spectra of polymer microgel can 

be credited to asymmetric stretching of C-H bond while peak at 2877 cm-1 may be 

associated to symmetric stretching of C-H bond. Peaks at 1542 and 1459 cm-1 observed 

were related with stretching and bending of (C-H) bond of methylene (CH2) groups. A peak 

at 1389 cm-1 associated to methyl group was observed. Peaks associated to amide groups 

can be seen at wave numbers of 1638 and 1630 cm-1 in FTIR spectra of both pure and 
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hybrid microgels. Amide groups of polymeric network participate a dynamic role in 

stabilizing silver nanoparticles by denoting electron pair to metal nanoparticles as reported 

previously 214. An intense and broad peak at wavenumber of 3279 cm-1 indicates the 

development of hydrogen bonding between NH- groups of polymer network and molecules 

of water residing within the sieves of polymer network. The decrease in intensity and 

broadness of this peak upon loading of metal nanoparticles into the microgels may be 

attributed to displacement of some water present in network sieves by metal nanoparticles. 

No peak relevant to vinyl double bonds was noticed in FT-IR spectra of polymer dispersion 

and hybrid polymer dispersion samples which indicates the conversion of carbon-carbon 

double bond into carbon-carbon single bond as a result of polymerization. Small change in 

position and intensity of various peaks in FTIR spectra of polymer microgels indicates the 

creation of collaboration amid silver nanoparticles and functionalities of microgel 

dispersions. 

Prominent shift in position of peaks in finger print region of FTIR spectra was also observed 

upon fabrication of metal nanoparticles inside the network which also indicates some sort 

of interaction of various functional groups of polymer microgels with silver nanoparticles. 

Nature of interaction of these functional groups with silver nanoparticles has already been 

explored by Dong et al. 214. Other researchers also reported the use of FT-IR spectroscopy 

for detection of functional groups of different systems 215, 216. 

3.3.2 UV-Visible Analysis 

UV-Visible analysis of pure and composite microgels was also done and spectra are given 

in Fig. 3.2b. No peak was observed in UV-Visible spectra of p(NIPa-AAm-Ma) pure 

microgel sample while a prominent peak was seen at 420 nm for Ag-p(NIPa-AAm-Ma) 
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composite microgel sample which can be credited to “surface Plasmon Resonance” (SPR) 

phenomenon of AgNPs as a result of their interaction with electromagnetic radiation. 

  

Fig. 3.2  (a) FTIR spectra of p(NIPa-AAm-Ma) polymer dispersion and Ag-p(NIPa-AAm-

Ma) composite microgels, (b) UV-Visible spectra of p(NIPa-AAm-Ma) polymer microgels 

and  Ag-p(NIPa-AAm-Ma) hybrid polymer microgels (c) UV-Visible spectra of freshly 

prepared Ag-p(NIPa-AAm-Ma) composite microgels and after eight weeks. 

A simple and narrow peak at 420nm indicates that AgNPs are spherical uniform 

dimensions. UV-Visible spectra of Ag-p(NIPa-AAm-Ma) polymer suspension scanned 

after eight weeks of synthesis shows that no alteration in position of SPR band occurs as 

presented in Fig. 3.2c. This was sign of extraordinary stability of AgNPs in polymer 

network. One of the causes of extraordinary stabilization of AgNPs in such kind of polymer 

microgels is strong donor-acceptor interaction among carboxyl and amide groups of 

microgel particles and silver nanoparticles as reported previously 214. 
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3.3.3 TEM Analysis 

TEM of p(NIPa-AAm-Ma) polymer suspension and Ag-p(NIPa-AAm-Ma) composite 

microgels was carried out using dilute dispersions of polymer dispersion and hybrid 

polymer dispersion and their images are shown in Fig. 3.3 Inset of Fig. 3.3 is photograph 

of hybrid microgel particles which shows the successful fabrication of AgNPs in polymer 

microgels. Dark spots indicate the presence of AgNPs inside light colored microgel 

particle. TEM analysis indicates that microgel particles and AgNPs fabricated in polymer 

microgel particles both are spherical in shape. Diameter of microgel particles and that of 

AgNPs fabricated inside the microgel particles was estimated to be in range of 290-300 nm 

and 10-15 nm, respectively. 

 

Fig. 3.3 TEM image of p(NIPa-AAm-Ma) microgels, Inset: TEM image of Ag-p(NIPa-

AAm-Ma) composite microgel particle. 
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3.3.4 DLS Analysis 

Hydrodynamic diameter was found by DLS for p(NIPa-AAm-Ma) polymer dispersion and 

its hybrid containing Ag nanoparticles at diverse pH in the given range at 23°C. Variation 

in Dh values of polymer dispersion and its hybrid as a function of pH is given in Fig. 3.4. 

Fig. 3.4 presents the gradual upsurge in diameter of pure and composite microgel particles 

with rise in pH in the range from 2 to 10 due to ionization of -COOH of polymer network. 

The maximum variation in Dh of polymer dispersion and its hybrid particles was detected 

in the pH between 3-5 because pka value of methacrylic acid (Ma) is 4.68 as reported 

previously 137. The similar observations related to size variation in similar microgel 

particles with pH change has already been reported with detailed reasoning by our group 

73, 217. Particle size derived by DLS analysis has also been reported by other researchers 218.  

 

Fig. 3.4 Plot of Dh of p(NIPa-AAm-Ma) microgels and Ag-p(NIPa-AAm-Ma) composite 

microgels as a function of pH of the medium at 23°C in aqueous medium. 
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Pure and hybrid polymer microgels showed almost same pH sensitive behavior. Swelling 

ratio of hybrid polymer suspension was seen to be smaller than that of pure microgel 

particles due to existence of AgNPs in the sieves of polymer microgels. Responsive 

behavior of hybrid microgel particles has great important for their use as catalyst in various 

reactions. Swelling of polymer suspension having Ag nanoparticles at high pH triggers the 

movement of reactants in and product out of polymer network during catalytic reaction. 

Swollen polymer microgel particles do not only enhance the diffusion process but also 

provide hydrophilic micro environment to hydrophilic reactants like 4-NA to move in 

network. For example, Au-p(NIPa) yolk-shell polymer suspension is a good catalytic 

system for reductive degradation of 4-NP in its hydrophilic swollen state but it does not has 

good catalytic activity for reduction of NB in swollen state because 4-NP is hydrophilic 

and NB is hydrophobic 55. That is why, catalytic efficiency of Ag-p(NIPa-AAm-Ma) 

polymer suspension towards reductive degradation of 4-NA was investigated at higher pH 

value. 

3.4  Catalytic Activity 

3.4.1 Catalytic reductive degradation of 4-Nitroaniline 

Catalytic efficiency of Ag-p(NIPa-AAm-Ma) composite microgels was examined by 

assuming the 4-NA reductive degradation to 4-AA as benchmark reaction in the presence 

of NaBH4. Catalysis by reductive degradation of 4-NA into 4-AA is of great importance 

academically and technologically because aromatic amionic compounds have a lot of 

applications in various fields 219. 4-NA is highly toxic and water soluble compound and has 

carcinogenic effects on human beings on its exposure. It is problematic to eliminate it from 

aqua by conventional methods due to its high solubility in water. However, it can be 

converted into useful product (4-AA) by catalytic reduction method but previously reported 
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catalysts for catalysis by  reductive degradation of 4-NA are very expensive 212. It is an 

urgent need to design new and cheap but effective catalyst for reductive degradation of 4-

NA. Moreover, catalytic conversion of 4-NA into 4-AA was traced by UV-Visible 

spectrophotometry. Due to aforementioned reasons, this reaction was selected as model 

reaction to test catalytic activity of Ag-p(NIPa-AAm-Ma) hybrid microgels. Catalytic 

reduction was performed under altered operating conditions to find optimum conditions for 

its rapid and economical degradation. Here, reduction of 4-NA was examined by UV-Vis. 

Diminution in value of absorbance at 380 nm as reaction proceeded was observed due to 

lowering in concentration of 4-NA as given in Fig. 3.5. No variation in color was observed 

for reaction mixture containing 4-NA and NaBH4 and its absorbance at wavelength of 

380nm was noted without catalyst for two hours which indicated that catalysis by reductive 

degradation of 4-NA is kinetically restricted. However, a quick diminution of absorbance 

at 380nm was seen in the existence of catalyst in reaction mixture due to catalytic alteration 

of 4-NA into 4-AA.  

Catalysis by reductive degradation of 4-NA was performed under altered amount of 

NaBH4, 4-NA, polymer dispersion catalyst and temperature of reaction mixture to study 

their effect on the value of apparent rate constant (kapp). Moreover, during reductive 

catalysis of 4-NA, amount of NaBH4 was kept high in comparison to that of 4-NA. 

Following pseudo first order equation was selected to evaluate kapp values for reductive 

degradation of 4-NA. 

app t

dC
-  = k C

dt
                                   (3.1) 

In equation (3.1), –dCt/dt shows reductive degradation rate of 4-NA in term of its rate of 

consumption while Ct indicates the 4-NA concentration at time ‘t’ when reaction is in 

progress. By integrating equation (3.1) and solving it under conditions of concentration of 
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4-NA time (Ct) during progress and at start of reaction (Co), a linear correlation is obtained 

between ln(Ct/Co) & time which helped to give kapp value for reductive degradation of 4-

NA.  

 

Fig. 3.5 UV-Visible spectra of reduction of 4-NA [Conditions: Ag-p(NIPa-AAm-Ma) 

hybrid microgels = 0.012mg/mL, [NaBH4] = 5.03 mM, [4-NA] = 0.067 mM and 

temperature = 23°C].  

Ratio of Ct/Co was found from absorbance values of 4-NA at 380nm at given stage through 

advancement of reduction reaction and at zero time, respectively. 

3.4.2 Kinetic study of catalysis by reductive degradation of 4-NA under 

different conditions 

4-NA was reduced to 4-AA by means of changed Ag-p(NIPa-AAm-Ma) hybrid polymer 

dispersion dose in its range of 0.012-0.060 mg/mL while concentration of 4-NA and NaBH4 
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was reserved at same amount as 0.067 mM and 6.7 mM, respectively at 23oC. By plotting 

ln(At/Ao) against time we found the value of velocity constant for reduction (kapp) for 

reductive degradation of 4-NA. Time in which ln(At/Ao) value was not changed with time 

at start of reaction for reduction of 4-NA is called induction period 204. However, when 

induction period passed, a steady decrease in ln(At/Ao) with respect to time observed and 

became constant. This constant value at the end of reaction shows the finishing point of 

reductive degradation of 4-NA. Fig. 3.6a shows the portion of plot of “ln(At/Ao)” against 

“t” where ln(At/Ao) reduces linearly with time. The kapp for reductive degradative reaction 

of 4-NA at numerous amounts of catalyst were found from this plot of data. The kapp for 

reductive catalytic reaction of 4-NA raised from 0.96 × 10-2 to 1.17 × 10-2 s-1 when dose of 

catalyst was increased from 0.012 to 0.060 mg/mL, correspondingly as stated in Table 3.1. 

At high catalyst dose, more surface area of AgNPs was available for adsorption of reactant 

molecules and rate of reduction reaction was increased 204. Thus, kapp value for reductive 

degradation of 4-NA gradually raised with rise of catalyst dose.  

Effect of NaBH4 amount change on rate of reductive degradation of 4-NA was examined 

by changing its concentration from 3.35 to 10.05 mM whereas amounts of 4-NA and 

catalyst were maintained at constant amounts as 0.067 mM and 0.012 mg/mL, respectively 

at 23°C. The kapp for reductive catalytic reaction of 4-NA increase gradually by increasing 

concentration of NaBH4, became constant and then was decreased. kapp changed with 

change of concentration of reducing agent. In beginning, kapp increased by increasing 

NaBH4 amount, gained an extreme and then declined at the end. Actually at initial stages, 

rise in amount of reactants increase the rate of their diffusion through network of polymeric 

dispersion to reach the surface of AgNPs and ultimately increases their extent of adsorption 

on the surface of AgNPs which is responsible for rise in kapp values for reduction. But it 

was observed that large amount of NaBH4 causes decrease in kapp for reductive reaction of 
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4-NA. This may be due to excessive use of NaBH4 which occupy the whole active sites of 

AgNPs catalyst present in polymer network and hence kapp value decreases 213.  

 

Fig. 3.6 Linear portion of plot of ln(At/Ao) vs time for reductive reaction of 4-NA at (a) 

numerous amounts of Ag-p(NIPa-AAm-Ma) composite microgel catalyst (b) different 

values of temperature of the medium (c) Plot of lnkapp vs 1/T for 4-NA reduction in presence 

of 6.70 mM NaBH4, 0.067mM 4-NA and 0.012 mg/mL catalyst. 

Table 3.1 gives the values of kapp for reductive degradation of 4-NA at different amount of 

NaBH4. 4-NA was degraded to 4-AA under different amounts in presence of 0.012 mg/mL 

catalyst dose and 6.7 mM reducing agent at 23°C. It was found that value of kapp was not 

changed appreciably with change of amount of 4-NA in a wide concentration range. The 

same trend has been reported previously 220. However, a slight fall in the “kapp” for reductive 

reaction of 4-NA with concentration of 4-NA in its high concentration range was observed 

as shown in Table 3.1.  
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Table 3.1 Values of kapp for reductive reactions of 4-NA using altered amount of catalyst, 

reductant, 4-NA and different temperature  

 Reaction 

condition 

NaBH4 

(mM) 

Catalyst 

(mg/mL) 

4-NA (mM) T (°C) kapp × 102 (s-1) 

Catalyst 6.70 0.012 0.067 23 0.96 

 6.70 0.024 0.067 23 1.02 

 6.70 0.036 0.067 23 1.07 

 6.70 0.048 0.067 23 1.13 

 6.70 0.060 0.067 23 1.17 

NaBH4 3.35 0.012 0.067 23 0.61 

 5.03 0.012 0.067 23 1.12 

 6.70 0.012 0.067 23 1.09 

 10.05 0.012 0.067 23 0.66 

4-

Nitroaniline 

6.70 0.012 0.030 23 1.40 

 6.70 0.012 0.040 23 1.11 

 6.70 0.012 0.050 23 1.40 

 6.70 0.012 0.060 23 1.10 

Temperature 6.70 0.012 0.067 25 1.71 

 6.70 0.012 0.067 35 2.92 

 6.70 0.012 0.067   45 2.58 

 6.70 0.012 0.067   55 1.45 

 6.70 0.012 0.067   65 4.07 

 6.70 0.012 0.067   70 4.19 
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These observations support “Langmuir-Hinshelwood” mechanism of catalytic reductive 

reactions in which reactants get adsorb on the exterior of silver nanoparticles, intermingle 

with one another and are converted into products 137. 

3.4.3 Thermodynamic Aspect of Reduction Reaction 

There is another very important parameter which control catalytic efficiency of hybrid 

polymer microgel suspension towards 4-NA reduction, which is temperature of reaction. 

4-NA reductive degradation was done under altered conditions of temperature by varying 

its value from 25 to 70°C while other parameters affecting rate of reaction such as amount 

of catalyst and reactants were kept unaltered. Plot of “ln(At/Ao)” vs “t” for linear portion 

only at varying temperature of the reaction system is presented in Fig. 3.6b. kapp values for 

4-NA reductive reaction at various values of temperature were calculated from slope of the 

plot of ln(At/Ao) vs t given in Fig. 3.6b. kapp values for the catalytic reductive reaction of 4-

NA at diverse values of temperature of the medium are summarized in Table 3.1. Graph of 

ln(kapp) against 1/T is presented in Fig. 3.6c.  It is evident from Fig. 3.6c that catalytic 

reduction of 4-NA in the existence of Ag-p(NIPa-AAm-Ma) polymer suspension does not 

follow classic Arrhenius trend between temperature of of 25 to 70°C.  

It was observed that kapp was changed from 1.71 × 10-2 to 2.92 × 10-2 s-1 with variation in 

temperature from 25 to 35°C for reduction of 4-NA. kapp value was increased with rise of 

temperature of the medium because of enhancement of integer of molecules with kinetic 

energy more that activation energy as presented by usual Arrhenius behavior for reactions. 

More rise of temperature decreased the kapp for 4-NA reductive reaction. This decrease in 

kapp value was due to temperature induced volume phase transition of microgel particles. 

We have previously perceived the temperature responsive properties of p(NIPa-AAm-Ma) 

micorgel particles in aqua under different conditions of pH of solution. It was perceived 
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that VPTT changes with changes of pH of the medium 76. In our prior investigations, we 

observed that VPTT of the microgels lies between of 50 to 58°C while pH is in range of 6 

to 8. Thus, Ag-p(NIPa-AAm-Ma) polymer suspension are shrunken at 55°C and decrease 

the rate of dispersal of reactants into polymer network to get adsorb on the surface of 

AgNPs. As a result, value of kapp is decreased rapidly. Volume phase transition of microgel 

particles due to change of temperature and its effect on rate of reaction at temperature below 

and above of VPTT was diagrammatically represented in Fig. 3.1. Lowest value of kapp for 

reductive degradation of 4-NA was observed at 55°C and was found to be 1.45 × 10-2 s-1. 

The alike interpretations have been reported by Lu et al in case of catalytic reductive 

degradation of 4-NP in aqueous medium using Ag-[Pst-p(NIPa)] core shell composite 

microgels as catalysts 221. Romero and coworkers prepared Au-p(NIPa) hybrid microgels 

catalyst and used it as relay center for electron transfer reaction between hexacyanoferrate 

(III) and borohydride ions 222. Catalytic activity of Au-p(NIPa) hybrid microgels was found 

to be affected by change of temperature as well as cross-linking density of shell region. 

When there is variation of temperature from 55 to 70°C, kapp values for reductive reaction 

of 4-NA was increased. Actually, in this temperature range, number of reactant molecules 

with “kinetic energy” more than “activation energy” increases and reduction reaction tracks 

the Arrhenius behavior. Thus, value of activation energy for reductive reaction of 4-NA 

was determined in both swelled & shrunken state of microgel particles (at T < VPTT ˃ T) 

using the equation (3.2) 

     a
app

E 1
lnk  = - ( ) + lnA

R T
   (3.2) 

In equation (3.2), Ea is “activation energy” whereas A is “pre-exponential factor” for 4-NA 

reductive reaction in existence of hybrid polymer suspension catalyst both below and above 

of VPTT of hybrid microgels. Eyring equation, (Equation 3.3) was also employed to find 
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the value of enthalpy of activation (∆H*) and entropy of activation (∆S*) for reductive 

degradation of 4-NA. 

* *
app B

k kΔH 1 ΔS
ln( ) = - ( ) + ln( ) + 

T R T h R
                       (3.3) 

In equation (3.3), kB is “Boltzman constant” while h is “Plank’s constant”. Their values are 

1.38 × 10-23 JK-1 and 6.63 × 10-34 Js, respectively. R represents general gas constant. Table 

3.2 shows the values of Ea, A, ∆H* and ∆S* for reductive reaction of 4-NA using polymer 

dispersion catalyst at temperature above and below of VPPT. Ea at temperature above 

VPTT was two time higher than its value below VPTT. This may be because of existence 

of barrier encountered by reactants for diffusion offered by shrinked polymer network to 

approach the surface of AgNPs at high temperature. It was also observed that value of A 

was found to be 104 times higher at temperature above VPTT as compared to temperature 

below VPTT. Actually, A is showing kapp value for reaction at infinite temperature of the 

medium. It is assumed that at infinite temperature, AgNPs are exposed due to shrinkage of 

polymer microgel particles which induces significant increase in value of A. The values of 

∆H* and ∆S* are given in Table 3.2. 

Positive ∆H* values before and after VPTT of polymer suspension having Ag nanoparticles 

shows that activation process is endothermic in nature. While value of ∆S* for reductive 

reaction of 4-NA came out to be 1.61× 10-1 and -3.958× 10-2 kJ/molK before and after 

VPTT, respectively. These results indicate that reductive reaction of 4-NA in environment 

of hybrid microgel catalyst is more favorable process at high temperature. The reason is 

that at high temperature value of ∆H* is high while value of ∆S* is less negative. Two 

factors may involve in modification of value of entropy through activation course after 

VPTT of hybrid polymer dispersion. Former factor is involvement of degree of freedom of 

reactants as well as activated complex. Later factor is velocity of distribution of reactants 
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to approach the exterior of AgNPs through microgel network. It may be possible that first 

factor is prominent before VPTT of hybrid microgels particles. So magnitude of ∆S* was 

found to be high than that after VPTT of hybrid microgels. 

Table 3.2 Activation energy (Ea), pre exponential factor (A), enthalpy of activation (∆H*) 

and entropy of activation (∆S*) for 4-NA reductive reaction at temperature below and above 

of VPTT of composite polymer microgels catalyst. 

Kinetics/Thermodynamic 

parameters 

T < VPTT T ˃ VPTT 

Ea (kJ/mol) 40.83 70.59 

A (s-1) 2.46×105 2.71×109 

∆H* (kJ/mol) 38.77 67.81 

∆S* (kJ/mol) -1.61×10-1 -3.96×10-2 
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RESULTS AND DISCUSSIONS CONTINUED 

4.1. Scope of chapter 

Organic dyes are used in various industrial units including textile, paper pulp and leather 

industries 223-226. The presence of organic dyes present in waste of aforementioned 

industries is a major source of water pollution because organic dyes are carcinogenic and 

bio-refractory pollutants 227. Methyl Orange and Congo Red are water soluble anionic dyes 

228, 229. These dyes are causing serious health problems to human beings and are threat to 

environment 230, 231. Various methods of elimination of Methyl Orange and Congo Red 

from aqua have been already established. They are usually removed from aqueous medium 

using chemical 232, biological 233, adsorption 234 and photo-degradation 235 methods. High 

cost, low efficiency, incomplete removal, large time of removal and formation of some 

toxic substances (in case of photo-degradation) are some of major limitations of 

abovementioned methods 223, 236. Catalytic degradation is most efficient, cost effective and 

ecofriendly approach for complete removal of dyes from aqueous medium. Therefore  

catalytic degradation of organic dyes for their removal from aqua has been widely stated in 

literature 237, 238. Sha et al. 239 have used cobalt nanoparticles for catalyzed degradation of 

various organic dyes including Methyl Orange and Congo Red. However, cobalt 

nanoparticles are not stable enough for their long term and multiple use as compared to 

noble metal nanoparticles. Umamaheswari et al. 240 have reported Au nanocatalysts for 

degradation of Congo Red & methyl orange dyes in water. Au nanoparticles have good 

catalytic activity but use of gold nanoparticles for degradation of MO and CR is not a cost 

effective way due to high cost of metal precursors. Therefore, it is an urgent need to develop 

some efficient, stable and cost effective catalytic system with excellent recycling ability to 

degrade MO and CR. In this regard, Ismail et al. 241 have manufactured Ag nanoparticles 
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by green process and utilized them for catalytic degradation/hydrogenation of methyl 

orange using NaBH4 as reductant. They observed that Ag nanoparticles are efficient 

catalysts for degradation of dyes. However, plant extracted material is not a good stabilizer 

to protect Ag nanoparticles from their aggregation. Ag metal nanoparticles synthesized by 

green method may aggregate and lose their catalytic activity over storage or during catalysis 

242, 243. To address this issue, specially designed stabilizing agents such as micelles 244, 

dendrimers 245, polymer matrix 246 and microgels 70, 247 have been used to stabilize noble 

metal nanoparticles. Cross-linked microgel suspension have obtained a lot of courtesy, 

owning to their potential advantages over conventional stabilizers of noble metal 

nanoparticles. Integration of metal nanoparticles inside network of polymer microgels can 

be achieved very easily by in situ reduction method 248. Metal nanoparticles are highly 

stable within polymeric network for long time due to donor-acceptor interaction between 

different functionalities of microgels and metal nanoparticles 121. These hybrid polymeric 

catalytic systems can be recovered from reaction mixture by simple centrifugation and can 

be reused several times without any significance loss of activity 120, 147. Another interesting 

feature of these polymeric microgels is their responsive nature which makes them 

externally tunable catalytic systems 117. Metal nanoparticles catalysts with uniform size are 

very important for their better catalytic activity. It has been reported that cross-linking in 

polymer network is a key factor in controlling Size and size distribution of nanoparticles 

109. Hybrid microgels are can be recovered from reaction mixture by simple centrifugation 

after completion of catalytic reaction for their re-use as catalyst for the same or different 

reaction. Due to aforementioned fascinating features, hybrid microgel catalysts have been 

widely reported as catalysts for degradation/hydrogenation of various toxic chemicals 69, 

138, 147. To the best of our knowledge, Ag-p(NAM) hybrid system has not been reported as 

catalyst for reduction of MO and CR dyes in aqueous medium.   
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In this study, we have prepared p(NAM) microgels with help of free radical , precipitation 

polymerization. The polymer suspension served as micro-reactor for incorporation of Ag 

nanocatalysts within polymer network. Ag-p(NAM) polymer dispersion was characterized 

DLS, FT-IR, TEM, UV-Vis spectroscopy. Ag-p(NAM) polymer dispersion was used as 

catalyst for degradation of MO and CR in aqua. Outcome of numerous reaction 

circumstances on catalyzed degradation of both dyes was studied to explore mechanism of 

process of catalysis by Ag-p(NAM) catalyst.   

4.2. Results and discussions  

4.2.1 Synthesis of p(NAM) and Ag-p(NAM) 

p(NAM) microgel particles were prepared by precipitation polymerization technique in 

aqueous medium as stated in literature by us and others 40, 117. Incorporation of Ag 

nanoparticles in p(NAM) was undertaken by in-situ reduction of Ag+1 ions. For this 

purpose, silver nitrate was used as precursor and BH4
-1 (sodium borohydride) as reductant.  

Synthesis of p(NAM) and Ag-p(NAM) has been schematically summarized in Fig. 4.1. 

Precipitation polymerization is considered one of the best techniques to synthesize 

monodisperse polymer microgel particles by using optimum concentration of SDs which 

gives good control over particle size and no macro gelation has been observed in the 

presence of SDs 204. APs is decomposed into persulfate radicals which are unstable and are 

further decomposed to sulfate radicals having negative charge and unpaired electron 

simultaneously. Sulfate radicals initiated the polymerization process. At initial stage, less 

stable precursor particles were formed which joined with each other in later stage to give 

polymer chain. SDs plays critical role in stabilizing polymer particles because charge 

brought by initiator did not stabilize polymer microgel particles completely. Because of 
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polymerization process, color of reaction mixture became cloudy due to high light 

scattering ability of polymer microgels. 

In the next step, hybrid microgel dispersion was synthesized by reduction of Ag+ ions. The 

pH of polymer microgel dispersion was maintained above pKa of methacrylic acid (pKa = 

4.65) 249 because under these conditions maximum incorporation of Ag nanoparticles 

became possible due to swollen state of the p(NAM) at pH ≥ pKa. This swelling is due to 

deprotonation of carboxylic groups of p(NAM). Diffusion of silver ions into polymer 

network becomes more facile in case of swollen state. NaBH4 added into the reaction 

mixture serves as electron source for reduction silver ions present in the sieves of polymer 

network to Ag atoms which aggregated with each other to form silver nanoparticles in 

sieves of polymer network. Formation of Ag nanoparticles within the sieves of the polymer 

dispersion was confirmed by variation in color of microgel from milky to brownish as given 

in Fig 4.1. 

 

Fig 4.1. Schematic representation of synthesis and catalytic properties and recycling of 

polymer microgels containing Ag nanoparticles in p(NAM) polymer network.  
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Fabrication of silver nanoparticles within the cross-linked network of polymer microgels 

was confirmed by scanning UV-Visible spectra of both p(NAM) and Ag-p(NAM) 

separately as represented in Fig 4.2(a). No peak was observed in case of UV-Visible spectra 

of p(NAM) dispersion in UV-Visible region while Ag-p(NAM) dispersion gave an intense 

single peak at 420 nm. This peak at 420 nm related to surface plasmon resonance (λSPR), 

confirmed formation of Ag nanoparticles in the sieves of polymer network.  

 

Fig 4.2. (a) UV-Visible spectra of p(NAM) and Ag-p(NAM) showing formation of Ag 

nanoparticle in polymer network (b) UV-Visible spectra of recently manufactured Ag-

p(NAM) and after regular time intervals of 15 days of synthesis showing stability of Ag 

nanoparticles in polymer network. 

Dilute Ag-p(NAM) dispersion was placed in dark to obtain its time dependent UV-Visible 

spectra shown in Fig 4.2(b). There was no significant variation in λSPR with time which 

showed that Ag nanoparticles were stable inside the polymeric network 137. High stability 

of silver nanoparticles in p(NAM) is a result of donor-acceptor collaboration between 

carboxyl/amide functionalities of the polymeric system and Ag nanoparticles as reported 

by Dong et al in their studies 214. Comparison of FTIR spectra of p(NAM) and their hybrid 

was also found to be useful to indicate interaction developed between Ag nanoparticles and 
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functional parts of polymer chains. FTIR spectra of both p(NAM) and Ag-p(NAM) 

microgels are given in Fig 4.3(a) and have been nicely described in our previous publication 

250. Peak position and intensities of both pure and hybrid polymer microgels have been 

provided in Table 1 to justify interaction between polymer functional groups and metal 

nanoparticles.  

Table 4.1. Peak positions [wave numbers (cm-1)] associated to various functionalities of 

polymer microgels. 

p(NAM) microgels Ag-p(NAM) hybrid microgels 

2971 Asymmetric Stretch (C-H) 2971 Asymmetric Stretch (C-H) 

2873 Symmetric Stretch (C-H) 2873 Symmetric Stretch (C-H) 

1447 Bending (CH2) 1447 Bending (CH2) 

3302 Hydrogen Bonded Structure 3302 Hydrogen Bonded Structure 

1363 symmetric stretch (C-N) 1363 symmetric stretch (C-N) 

1635 Amide Group 1630 Amide Group 

 

All peaks lie at same position in FTIR spectra of both p(NAM) and Ag-p(NAM) as shown 

in Fig. 4.3(a) which shows that there is no change in chemical structure of polymer 

microgels upon loading of silver nanoparticles. So all functionalities remain same in Ag-

p(NAM). The shift in peak position in case of peak associated to amide group may be due 

to interaction generated between polymer functionalities and Ag nanoparticles. FTIR 

spectra also showed some shift in peak position in finger print region after fabrication of 

silver nanoparticles inside polymer network. This change in peak position is also a proof 

of interaction between polymer network and silver nanoparticles. Such kind of interactions 
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between polymer network and metal nanoparticles have been already ported by various 

researchers upon loading of Ag nanoparticles in different polymeric systems 120, 121. 

Rate of swelling and deswelling of p(NAM) and Ag-p(NAM) is highly dependent upon 

size and size distribution of polymer particles. Therefore, Rh of both p(NAM) and Ag-

p(NAM) was determined by DLS measurements by changing pH of the medium at constant 

temperature of 25oC. The pH dependent Rh of p(NAM) and Ag-p(NAM) is shown in Fig 

4.3(b) and size distribution is given in Fig 4.3(c). Fig 4.3(b) shows that Rh values of both 

p(NAM) and Ag-p(NAM) particles increases when pH of the medium is changed from 2 

to 10. This increase in Rh value is credited to deprotonation of –COOH groups of 

methacrylic acid existing in polymer network of microgels. Maximum increase in Rh is 

seen between pH 3-5 because pKa of methacrylic acid is 4.65 as already stated in literature 

249. Similar variation in Rh values of similar polymer microgels with increase in pH has 

already been reported by our group and others 77, 176.  

Measurement of Rh of p(NAM) and Ag-p(NAM) particles with alteration in pH of the 

medium does not only give pH sensitivity of p(NAM) and Ag-p(NAM) but also shows 

interaction between silver nanoparticles and polymeric functionalities. Fig 4.3(b) shows 

that variation in Rh of p(NAM) and Ag-p(NAM) with pH of the medium followed almost 

similar trend. However, in case of Ag-p(NAM) change in Rh value was smaller compared 

to that of p(NAM) due to affinity among polymer network and Ag nanoparticles.  Ag 

nanoparticles present in the sieves of polymeric particles act as crosslinkers and restrict 

their ability to swell at higher pH of the medium. A rise in pH of solution does not only rise 

hydrodynamic radius of microgel particles but also increases hydrophilicity in the polymer 

network and makes migration of hydrophilic substance from higher concentration region 

to polymer network more feasible. For example, CR and MO are hydrophilic dyes, so their 

diffusion into polymer network will be easy when polymer network is present in swollen 
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state because in this state, polymer network will be hydrophilic in nature. Therefore, this 

polymer microgel system must show better catalytic activity toward hydrophilic substrate 

at pH values higher than pKa of methacrylic acid because diffusion of reactants will be easy 

in case of swollen state of microgel particles.  

 

Fig 4.3. (a) FT-IR spectra of p(NAM) and Ag-p(NAM) polymer microgel system showing 

formation of polymer network (b) DLS measurements showing pH dependence of Rh of 

both p(NAM) and Ag-p(NAM) polymer network (c) DLS measurements showing size 

distribution of both p(NAM) and Ag-p(NAM) polymer microgel. 

TEM analysis of Ag-p(NAM) was performed for investigating formation of Ag 

nanoparticles inside p(NAM) as shown in Fig 4.4(a). The successful fabrication of spherical 

Ag nanoparticles inside polymer microgels was confirmed by TEM. Dark spots showed 

formation of Ag nanoparticles within polymer network. Diameter of Ag nanoparticles and 

Ag-p(NAM) by TEM measurements was found to be 10-15 nm and 280-300 nm 

respectively. XRD pattern of both p(NAM) and Ag-p(NAM) is given in Fig 4.4(b). Some 

characteristics peaks at specific 2θ values of 38.39, 44.79, 64.67 and 77.35 appeared in 
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XRD pattern of Ag-p(NAM) were related to (111), (200), (220) and (311) lattice planes 

which are characteristics planes for nanoparticles of Ag as shown in Fig 4.4(c). This 

crystalline state of Ag nanoparticles is in promise with standard pattern of Ag (JCPDS 4-

738). Similarly, XRD pattern of pure microgel is shown in Fig 4.4(b) where no such peak 

was observed showing formation of Ag nanoparticles inside polymeric network. However, 

a broad peak at 2θ value in range 20-25 observed for both p(NAM) and Ag-p(NAM) is 

associated with polymeric network of microgels 147.     

 

Fig 4.4. (a) TEM images showing formation of spherical Ag nanoparticles inside p(NAM) 

polymer network (b) XRD pattern of p(NAM) polymer microgel particles (c) XRD pattern 

of Ag-p(NAM) hybrid polymer microgel particles showing formation of Ag nanoparticles 

within sieves of microgel dispersion. 
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4.3 Catalytic efficiency 

Catalytic efficiency of Ag-p(NAM) system was investigated by performing catalytic 

degradation of CR and MO using NaBH4 as reductant in aqueous medium. Catalytic 

degradation of these dyes is of great importance because these dyes are important industrial 

chemicals and large amount of these dyes is disposed of as waste into water bodies which 

is producing several diseases to human beings and is dangerous to aquatic life as well 227. 

These dyes are stable compounds and are not degraded without any operation/process even 

after long time. Therefore removal of these chemicals from water bodies is necessary to 

protect aquatic life. In this regard, some efficient and cost effective catalytic systems must 

be developed to remove these dyes from aqueous medium. Moreover, these are colored 

dyes with their ʎmax values in UV-Visible region and advancement of reaction was 

supervised simply using UV-Visible spectrophotometry. Due to these reasons, we have 

selected catalytic degradation of CR and MO as benchmark reactions to check catalytic 

efficiency of our synthesized Ag-p(NAM) catalyst. Reaction was monitored under various 

operating conditions to find an optimum conditions of concentration of substrate and 

reductant at which rapid and cost effective reduction process can be developed. UV-Visible 

spectrophotometry was effective in monitoring the advancement of reaction. The gradual 

reduction in absorbance intensity at 497 nm was witnessed in case of CR as shown in Fig 

4.5(a) and at 464 nm in case of MO as shown in Fig 4.5(b) which showed progress of 

reaction for catalytic degradation of both dyes consuming NaBH4 reductant.  

However, there was no observable change in absorbance of these dyes at their ʎmax after 

adding NaBH4 in absence of catalyst even after more than one hour of addition of reducing 

agent. This showed effectiveness of catalyst in case of reduction of both dyes because after 



CHAPTER NO 4 RESULTS AND DISCUSSIONS CONTINUED 
  

 

 
95 

adding Ag-p(NAM) sharp decrease in absorbance value was observed at their respective 

ʎmax values.  

 

Fig 4.5. (a) UV-Visible spectra for reductive degradation of Congo Red [conditions: Ag-

p(NAM) = 0.44 mg/mL, [NaBH4] = 3.6 mM, [Congo Red] = 0.072 mM] (b) UV-Visible 

spectra for catalytic degradation of methyl orange [conditions: Ag-p(NAM) = 0.44 mg/mL, 

[NaBH4] = 3.6 mM, [Methyl Orange] = 0.072mM] 

Different reaction conditions affecting rate constant of reduction (kapp) such as amount of 

NaBH4, organic dye and that of catalyst was studied at constant temperature of 25oC. 

However, NaBH4 was deliberately taken in large amount with respect to substrate in order 

to apply pseudo first order kinetic model (equation 4.1) to calculate kapp values under 

different conditions to investigate effect of different parameters on the values of kapp of 

reaction. Pseudo first order kinetic model used to find kapp for catalytic degradation of 

organic dyes is give below. 

ln(Ct/Co) = -kapp.t    (4.1) 

Where Co show amount/L (concentration) of reactant at start of reaction, Ct is concentration 

of reaction at any time “t” during reaction progress. As progress of reaction was observed 

by UV-Visible spectrophotometry, therefore concentration at any time (Ct) was replaced 
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by absorbance at that time (At) and concentration at zero time (Co) was replaced by 

absorbance at zero time (Ao) at ʎmax values of these dyes respectively. Then graph was 

plotted between time on ordinate (X-axis) and ln(At/Ao) on abscissa (Y-axis) and liner 

portion of the plot was used to find kapp value for catalytic degradation of CR and MO in 

water. 

4.3.1 Degradative catalysis of methyl orange in numerous conditions  

Efficiency of Ag-p(NAM) catalytic system towards degradation of methyl orange was 

monitored by adjusting different reaction conditions in order to elaborate insight of the 

catalytic process. Effect of change in Ag-p(NAM) content on kapp was studied by varying 

its concentration between 0.44- 2.64 mg/mL, whereas concentration of methyl orange and 

NaBH4 were kept fixed at 0.072 mM and 3.6 mM correspondingly at 25oC. In order to 

determine reductive catalytic rate constant (kapp) for catalytic degradation of methyl orange, 

a plot of ln(At/Ao) against time was drawn under several reaction circumstances and is 

given in Fig 4.6. Fig 4.6 makes it clear that initially ln(At/Ao) remains same for specific 

interval of time, recognized as “induction period”. Induction period is a widely reported 

property of hybrid microgels catalyzed reactions 121, 251. During this time period, reactants 

migrate from majority area to exterior of nanoparticles catalyst where catalytic reaction 

starts to proceed after adsorption of reactant molecules on catalyst surface. It can be further 

observed from the same figure that ln(At/Ao) value varies linearly with time after induction 

period and finally becomes constant. Decrease in ln(At/Ao) value with time after induction 

period show progress of reaction and its constant value at the end is reflection of completion 

of the reaction. Linear portion of this plot (where ln(At/Ao) is variable) was used to calculate 

kapp values for degradative catalysis of MO under various reaction conditions as shown in 

Fig 4.6. It can be perceived from Fig 4.6(a) that with rise in value of catalyst dose from 

0.44 mg/mL to 2.64 mg/mL there is change in value of kapp for catalytic degradation of 
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methyl orange from 0.8485 to 1.7327 min-1. Complete summary of dependence of kapp on 

different parameters has also been given in Table 4.2.  By increasing amount of catalyst, 

kapp increases gradually because of increase of silver nanoparticles per unit volume in 

reaction mixture for adsorption of methyl orange and NaBH4 which results in increase in 

kapp value for catalytic degradation of MO. 

Result of alteration in amount of NaBH4 on catalytic degradative reaction of methyl orange 

was also studied. In this regard, amount of BH4
-1(sodium borohydride) was varied from 3.6 

mM to 12.6 mM, while catalyst amount and concentration of methyl orange was kept 

maintained at 0.44 mg/mL and 0.072 mM correspondingly at 25oC. The graph picturized 

between ln(At/Ao) and time under diverse amounts of NaBH4 is presented in Fig 4.6(b). It 

was found that kapp value for catalytic degradation of methyl orange upsurges by raising 

NaBH4 amount up to a specific limit, gains maximum value at 9 mM concentration of 

sodium borohydride, and then decreases gradually. At start of reaction, upsurge in 

concentration of NaBH4 rises its rate of diffusion towards Ag nanoparticles through 

polymeric network.  As a result, rate constant value of reaction increases and reaches to a 

maximum value. But further upsurge in reductant concentration drops kapp value because 

of whole Ag surface coverage by BH4
-  and methyl orange was unable to reach catalyst 

surface due to retardation caused by BH4
- ions  77. Therefore, kapp value decreases when we 

increase concentration of NaBH4 from 9 mM to 12.6 mM as given in Table 4.2.  

Similarly, effect of concentration change of methyl orange was also premeditated by 

altering its value between 0.044-0.072 mM while catalyst dose and NaBH4 were maintained 

at 0.44 mg/mL and 3.6 mM respectively at 25oC. Fig 4.6 (c) is showing progress of reaction 

under these conditions. From values of rate constant of reduction (kapp), it was seen that by 

increasing concentration of methyl orange from 0.044 mM to 0.072 mM there is a gradual 

increase in kapp value. Fast diffusion of methyl orange to surface of Ag nanoparticles results 



CHAPTER NO 4 RESULTS AND DISCUSSIONS CONTINUED 
  

 

 
98 

in more adsorption which increases rate of reaction but further increase in methyl orange 

concentration decreases kapp value of catalytic degradation of methyl orange. The decrease 

in kapp with rise in concentration of methyl orange in its high concentration (from 0.06 mM 

to 0.072 mM) may be attributed to high adsorption ability of dye in comparison to that of 

NaBH4 
77. Most of the adsorption sites are covered by molecules of dye under high 

concentration range of dye which causes retardation in adsorption of NaBH4. Dependency 

of kapp on methyl orange concentration is given in Table 4.2.  

Table 4.2. Values of rate constant of reduction (kapp) of catalytic reduction of methyl orange 

under various concentrations of catalyst, NaBH4 and methyl orange. 

Reaction 

condition 

NaBH4 

(mM) 

Catalyst (mg/mL) Mthyl Orange  

(mM) 

kapp (min-1) 

Catalyst  3.6    0.44 0.072 0.8485 

 3.6    0.88 0.072 1.0923 

 3.6    1.32 0.072 1.1359 

 3.6    1.76 0.072 1.1712 

 3.6    2.2 0.072 1.4014 

 3.6    2.64 0.072 1.7327 

NaBH4 3.6 0.44 0.072 0.8485 

 5.4 0.44 0.072 0.9542 

 7.2 0.44 0.072 1.5432 

 9 0.44 0.072 1.7382 

 10.8 0.44 0.072 1.4585 

 12.6 0.44 0.072 1.3596 

Methyl Orange 3.6 0.44 0.044 0.8596 
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 3.6 0.44 0.048 1.0061 

 3.6 0.44 0.052 1.2038 

 3.6 0.44 0.056 1.2193 

 3.6 0.44 0.060 1.009 

 3.6 0.44 0.064 0.95 

 3.6 0.44 0.068 0.8912 

 3.6 0.44 0.072 0.8625 

 

 

Fig 4.6. Linear portion of “ln(At/Ao)” vs time (a) different concentrations of Ag-p(NAM), 

[conditions: [NaBH4] = 3.6 mM, [Methyl Orange] = 0.072 mM] (b) different concentration 

of NaBH4 [conditions: [Ag-p(NAM)] = 0.44 mg/mL, [Methyl Orange] = 0.072 mM] (c) 

different concentrations of Methyl Orange [conditions: Ag-p(NAM)] = 0.44 mg/mL, 

[NaBH4] = 3.6 mM] 

From NaBH4 and substrate concentration dependence of kapp, it can be concluded that 

catalytic degradation of methyl orange follows “Langmuir-Hinshelwood mechanism” of 
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catalysis 77. According to which, reactant molecules are diffused from bulk region to the 

surface region and then both are adsorbed on catalyst surface. They intermingle with each 

other after adsorption and are converted into products, which are diffused out from interior 

of polymeric network to outer bulk region. 

4.3.2 Catalytic degradation of congo red under different conditions 

Ag-p(NAM) catalyst was also tested for catalytic degradation of Congo Red to investigate 

effectiveness of catalytic system and factors affecting rate of catalytic reduction. A typical 

spectrum of Congo Red catalytic reduction is given in Fig 4.5(a). The fast diminution in 

absorbance at 498 nm with time is an indication of catalytic degradation of Congo Red. 

Some controlled experiments were conducted in the absence of Ag-p(NAM) catalyst under 

similar conditions but no significant change in absorbance was noted as shown in Fig 4.7(a) 

which signifies the importance of presence of catalyst for rapid degradation of methyl 

orange. Another controlled experiment was also accomplished in the presence of p(NAM) 

using similar concentrations of all ingredients but no change in absorbance was witnessed 

which confirms that true catalyst is nano silver not polymeric network as shown in Fig 

4.7(b). The slight reduction in value of absorbance with time at 464 nm by adding p(NAM) 

may be due to adsorption of dye molecules on polymeric material. The UV-visible spectra 

of mixture containing Ag-p(NAM) catalyst and methyl orange was scanned in the absence 

of NaBH4 but no significant variation in the value of absorbance was noted as presented in 

Fig 4.7(c) which specifies the inert nature of polymeric network and Ag nanoparticles. This 

controlled experiment reveals that no functionality in Ag-p(NAM) catalyst is responsible 

for degradation of methyl orange. 

Catalytic degradative reaction of Congo Red was also studied in diverse reaction conditions 

to examine the effect of various parameters on reductive catalytic rate constant (kapp) as 
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presented in Fig 4.8. The kapp for reductive catalytic reaction of Congo Red at 25oC are 

presented in Table 4.3 

 

Fig 4.7. Graph between wavelength (nm) and absorbance under various conditions (a) 

[conditions: [NaBH4] = 3.6 mM, [Methyl Orange] = 0.072 mM, without addition of 

catalyst] (b) [conditions: [Methyl Orange] = 0.072 mM, [p(NAM)] = 0.44 mg/mL, without 

addition of NaBH4] (c) [conditions: [Methyl Orange] = 0.072 mM, [Ag-p(NAM)] = 0.44 

mg/mL, without addition of NaBH4] 

Table 4.3. Values of rate constant of reduction (kapp) for catalytic degradation of Congo 

Red under various concentrations of catalyst, NaBH4 and Congo Red at 25oC.   

Reaction 

condition 

NaBH4 

(mM) 

Catalyst (mg/mL) Congo  

Red (mM) 

kapp (min-1) 

Catalyst 3.6        0.22 0.072 0.7689 

 3.6        0.44 0.072 0.8677 



CHAPTER NO 4 RESULTS AND DISCUSSIONS CONTINUED 
  

 

 
102 

 3.6        0.88 0.072 0.9445 

 3.6       1.32 0.072 1.0039 

 3.6       1.76 0.072 1.0844 

 3.6       2.2 0.072 1.1611 

NaBH4 3.6 0.44 0.072 0.8677 

 5.4 0.44 0.072 0.9086 

 7.2 0.44 0.072 1.2661 

 9 0.44 0.072 1.3981 

 10.8 0.44 0.072 1.5333 

 12.6 0.44 0.072 1.231 

 14.4 0.44 0.072 1.1685 

Congo Red 3.6 0.44 0.06 0.7048 

 3.6 0.44 0.064 0.7417 

 3.6 0.44 0.068 0.8045 

 3.6 0.44 0.072 0.8677 

 3.6 0.44 0.076 0.4412 

 3.6 0.44 0.08 0.3156 

 

4.4 Catalyst recycling experiment 

 Recovery of hybrid microgel from reaction mixture is of great importance in view of their 

industrial use. To investigate recyclability of catalyst, recycling experiment were 

performed up to four cycles. After each cycle of catalytic reduction of methyl orange, 

microgel sample was recovered by centrifugation, washed and reused by keeping other 

reaction conditions constant.  The kapp values for reductive catalytic reactions of methyl 

orange along with all reaction conditions are given in Table 4.4.   
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Fig 4.8. Linear portion of ln(At/Ao) vs time (a) different concentrations of Ag-p(NAM), 

[conditions: [NaBH4] = 3.6mM, [Congo Red] = 0.072 mM] (b) different concentration of 

NaBH4 [conditions: [Ag-p(NAM)] = 0.44 mg/mL, [Congo Red] = 0.072 mM] (c) different 

concentrations of Congo Red [conditions: [Ag-p(NAM)] = 0.44 mg/mL, [NaBH4] = 

3.6mM] 

Table 4.4. Values of rate constant of reduction (kapp) for catalytic reduction of methyl 

orange after recycling up to four cycles. 

No of cycles NaBH4 (mM) Methyl 

Ornage (mM) 

Hybrid 

Microgel 

(mg/mL) 

kapp (min-1) 

1 3.6 0.072 0.44 0.8485 

2 3.6 0.072 0.44 0.7997 

3 3.6 0.072 0.44 0.7961 

4 3.6 0.072 0.44 0.7627 
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It was observed from recycling experiment that there was no significant loss in catalytic 

activity of Ag-p(NAM) catalyst even after four times of recycling as shown in Fig 4.9 (a). 

FTIR spectra of recycled Ag-p(NAM) was obtained to investigate structural changes in 

polymeric network as give in Fig 4.9 (b). No prominent shift in peak position after catalysis 

indicates that no change in functionalities of polymer occurs during catalysis. The recycled 

hybrid microgel sample was re-dispersed in water and UV-Visible spectra of Ag-p(NAM) 

was scanned in the wavelength range of 200-700 nm. No move in value of λSPR was seen 

which signifies that Ag nanoparticles remain stable and do not aggregate with each other 

during catalysis. 

 

Fig 4.9. (a) values of rate constant of reduction for catalytic degradation of methyl orange 

using Ag-p(NAM) [ conditions: [Ag-p(NAM)] = 0.44 mg/mL, [NaBH4] = 3.6mM, [Methyl 

Orange] = 0.072 mM] at 25oC (b) FTIR spectra of (a) pure microgels (b) hybrid microgels 

(c) microgel after first recycle for catalytic degradation of methyl orange  

 



 [Publish Date] 

  
 

 
 

RESULT AND DISCUSSION CONTINUE 

Chapter #5 

 

 

 



CHAPTER NO 5 RESULTS AND DISCUSSION CONTINUED 
  

 

 
105 

RESULTS AND DISCUSSIONS CONTINUED 

5.1 Scope of chapter  

Heavy metal compounds are important chemicals of various industries including mining, 

battery manufacturing, smelting and electronics 252 and their extensive use produces a large 

amount of industrial waste 253 which is discharged inappropriately and leads to release of 

ions of heavy metals into water bodies. Most of the heavy metal ions are carcinogens and 

are causing severe water pollution which is responsible for various diseases in humans and 

animals 254. Extraction of  heavy metal ions from waste water is gaining importance day by 

day 255. Several technologies have already been documented for treatment of discarded 

water. Chemical precipitation 256, filtration 257, reverse osmosis 258 and adsorption 259 are 

broadly used operations for elimination of toxic metallic ions from polluted water. All 

above methods have their own benefits and drawbacks. Most of these technologies involve 

use of other toxic chemicals and high processing cost particularly when they are applied at 

large scale 260. 

Adsorption method is considered as an ideal technology for exclusion of ions of heavy 

metals from water because of its easy procedure and availability of a variety of adsorbents 

such as waste from agriculture 261, inorganic materials 262, polymers 263 and microgels 264. 

Elhafez et al 265 have employed rice husk from agricultural waste for recovery of Cu+2 ions 

by adsorption methodology under different conditions. They have observed that pH 

variations and temperature variations of the medium affect adsorption phenomenon. 

Biosorbents and modified biosorbents have been broadly used for recovery of ions of  

heavy metals from water 266. It has been proved that various functionalities present in 

biosorbents are accountable for abstraction of ions of heavy metals from water. Incomplete 

removal of ions of heavy metals from aqueous medium is one of the drawbacks of bio-
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sorption due to limited number of chelating groups in biosorbents.  Synthetic polymeric 

material with high content of chelating functionalities may be an alternate of biosorbent. 

Such material may have high adsorption capacity and may be used as adsorbent to extract 

high %age of ions of heavy metals from aqueous medium.  Use of responsive polymer 

microgels is one of the best choices in this regard. Simple and facile synthesis, control over 

porosity and chelating functionalities of microgels during synthesis 148, excellent stability 

in a broad temperature and pH range and responsiveness towards temperature 267, pH 268 

and salt concentration 269 and good ability to bind heavy metal ions, make them potential 

candidates for abstraction of ions of heavy metals from polluted water medium. Externally 

tunable adsorption capacity is another fascinating feature of microgel based adsorbents. 

Pan et al 270 have done some excellent work in this regard who immobilized N-

isopropylacrylamide (NIPAm) based thermo-sensitive polymer microgels loaded with 

Fe3O4 nanoparticles on graphene oxide nanosheets for extraction of lead ions from water. 

The adsorption capacity of the Fe3O4-p(NIPAm) system was found to be thermally tunable 

and easily separable by external magnetic field. We believe that adsorption capacity of N-

isopropylacrylamide or N-isopropylmethacrylamide (NIPMAm) based microgel systems 

may be further improved using copolymer microgels composed of NIPAm or NIPMAm  

and ionic monomers like acrylic acid and methacrylic acid as adsorbent as reported by 

Morris et al 271 and others 272. Our group has already reported poly(styrene-N-

isopropylmethacrylamide-acrylic acid) core shell microgel system for adsorptive removal 

of ions of heavy metals from aqueous medium 273. Amide group of acrylamide has good 

chelating ability for ions of heavy metal and its polymerization with N-isopropylacrylamide 

and acrylic acid may result in fabrication of poly(N-isopropylacrylamide-acrylamide-

methacrylic acid) [p(NAM)] microgel adsorbent. To the best of our knowledge, extraction 

of Co+2
 ions from polluted water by p(NAM) microgel system for in-situ generation of 
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cobalt nanoparticles and use of resulting hybrid system [Co-p(NAM)] for degradation of 

toxic dyes has not been reported previously.  

Herein, we have synthesized p(NAM) polymer microgels which are responsive to both pH 

and temperature of the medium. Co+2 ions present in water were extracted by using 

p(NAM) as adsorbent. The Effect of dose of p(NAM) and Co+2 ions, time for adsorption 

and pH values on adsorption process was investigated. Various adsorption and kinetic 

parameters were evaluated using different adsorption isotherms and kinetic models to 

discuss adsorption process. Co+2 ions loaded into the p(NAM) were reduced to form cobalt 

nanoparticles within the sieves of polymeric network. Resulting Co-p(NAM) was used as 

catalytic systemt for reductive degradation of 4-nitrophenol (4-NP), Eosin (ES) and 

Methylene blue (MB).          

5.2 Results and discussions 

5.2.1 Synthesis of polymer microgel adsorbent and hybrid microgels 

Microgel particles to be used as adsorbents were prepared using technique of free radical 

precipitation polymerization. Schematic illustration of synthesis of polymer microgels is 

given in Fig 5.1. Precipitation polymerization is considered as an excellent technique for 

synthesis of monodisperse microgel particles 274. At high temperature, ammonium per 

sulfate produced free radicals which started polymerization process. These radicals 

converted carbon-carbon double bond to C-C single bond. In this way, monomers were 

polymerized to give microgel particles. Surfactant was used to stabilize these microgel 

particles and to control their size and size distribution as reported in literature 250. During 

polymerization process, solution became turbid due to light scattering caused by change in 

refractive index of microgel dispersion 148. 
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Fig. 5.1 Synthesis illustration of p(NAM) polymer microgels, pH sensitivity, adsorption 

mechanism and catalytic behavior for reductive degradation of toxic organic substances.  

Cobalt ions from aqueous solution of cobalt acetate were incorporated into dilute dispersion 

of polymer microgel particles. The pH value of microgel dispersion was kept higher than 

that of pKa of methacrylic acid during loading of cobalt ions into the p(NAM) network. At 

pH greater than pKa of methacrylic acid, polymer suspension particles remained in swollen 

form due to deprotonation of –COOH groups of p(NAM). Negatively charged p(NAM) 

hydrophilic system facilitates the diffusion of positively charged cobalt ions from bulk 

region to polymeric network for their efficient adsorption. Then NaBH4 was used to reduce 

Co+2 ions already adsorbed in p(NAM) network to form cobalt nanoparticles. Change in 

color of microgel dispersion confirmed production of cobalt nanoparticles in the sieves of 

polymer microgel dispersion 275.   

5.2.2 Characterization of p(NAM) microgel adsorbent 

Formation of p(NAM) polymeric network, loading of Co+2 ions and cobalt nanoparticles 

was confirmed by various techniques including FTIR, DLS and TEM. FTIR spectra 
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showing different functionalities in polymer network is given in Fig. 5.2(a). The band at 

2977 cm-1 is related to asymmetric stretching of C-H bonds. Bending of C-H of methylene 

groups was noted at 1508 cm-1. A peak at 1363 cm-1 showed presence of –CH3 group in 

polymeric network. Another peak at 1636 cm-1 was associated to amide group present in 

network chain and an intense peak at 3289 cm-1 showed hydrogen bonding between amide 

group and water molecules present in sieves of polymer network. FTIR results of p(NAM) 

microgel sample have good agreement with FTIR data of similar microgel system already 

reported by us and others  250, 276. Similarly, FTIR spectra of p(NAM) after adsorption of 

cobalt ions from water is given in Fig. 5.2(b). All peaks are lying at same position however 

decrease in intensity of peaks showed replacement of some water molecules in polymer 

network by cobalt ions. 

 

Fig. 5.2 Fourier Transform- IR spectra of pure p(NAM) dispersion and p(NAM) microgels 

loaded with Cobalt ions. 

DLS was accomplished to investigate pH responsive character of p(NAM) polymer 

particles. For this purpose, hydrodynamic radius (Rh) of p(NAM) was determined at various 
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pH values of the medium using methodology reported by our group 217. It was seen that 

with increase in medium pH, Rh value increased gradually, however prominent increase 

was observed between pH range of 3-5 because maximum ionization of carboxylic groups 

of p(NAM) was occurred in this range (pKa of methacrylic acid = 4.68) 277. By increasing 

pH value of the medium, carboxylic groups of methacrylic acid get ionized to carboxylate 

ions. Thus electrostatic repulsive forces between carboxylate groups having negative 

charges were responsible for their swelling at pH > pKa as given in Table 5.1. The pH 

dependent swelling of p(NAM) microgel system can be used to tune its adsorption capacity. 

Negatively charged carboxylate groups of swollen p(NAM) particles may attract positively 

charged metal ions into polymeric network more efficiently at pH ≥ pKa of methacrylic 

acid in comparison to uncharged protonated -COOH of p(NAM) at pH < pKa.  

Table 5.1 Hydrodynamic radius (Rh) of p(NAM) microgel particles and their swelling 

ratios(α) as a function of pH of the medium at 23oC. 

pH Rh (nm) 

of p(NAM) particles 

Swelling Ratio
3

( 2)
=

( 2)

h

h

R pH

R pH

 
 

 
  

 

2 48.75 1 

4 90.8 6.461505 

 

6 141.5 24.45375 

 

10 147.65 27.78283 

 

    

Morphology and size of p(NAM) particles was inquired by TEM analysis of dilute aqueous 

dispersion of polymer particles. TEM image of p(NAM) dispersion is shown in Fig. 5.3. 
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TEM image confirms that p(NAM) particles are in spherical shape with diameter range of 

290-300 nm. The p(NAM) particles are of almost similar size. TEM image shown in Fig.5.3 

was obtained after one weak of its synthesis by air drying of dispersion for one night on 

carbon coated copper grid. There is no sign of aggregation of particles in TEM image which 

reflects that microgel dispersion can be easily stored without aggregation. Moreover, 

p(NAM) particles may be may immobilized on solid support. Stability of p(NAM) microgel 

particles over the time and even on drying makes them a sustainable candidate for different 

applications including their use as adsorbent.   

 

Fig. 5.3 Microscopic imaging (TEM) of p(NAM) microgel particles at room temperature 

indicating the presence of spherical polymer microgel particles with uniform size 

distribution. 

5.2.3 Adsorption study  

Consequence of numerous conditions such as pH, agitation time, concentration of p(NAM) 

and that of adsorbent on extraction of Co+2 ions onto p(NAM) microgel system was 
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investigated to optimize the conditions for the highest possible uptake of Co+2 ions from 

aqueous by p(NAM) adsorbent.  

The pH value of the medium greatly affected adsorption of Co+2 ions onto p(NAM) 

microgel particles because of variation in charge density of microgel particles with 

variation in pH. The interaction between functionalities of polymer microgels (adsorbent) 

and Co+2 ions (adsorbate) depends upon the pH of the solution. At low pH (pH ≤ pKa of 

methacrylic acid), functionalities of microgel particles remain protonated and there is no 

significant interaction between metal ions and microgel particles which hinders their 

adsorption to microgel particles. At higher pH values (pH ≥ pKa of methacrylic acid), 

deprotonation of -COOH groups of microgels occurs and microgel particles acquire 

negative charge which facilitates the diffusion of positively charged metal ions (Co+2 ions) 

from bulk to negatively charged p(NAM) network. Therefore, medium pH effect on 

adsorption of Co+2 on p(NAM) adsorbent, was investigated by changing the pH of medium 

from 1.43 to 11.25 using p(NAM) (1.1 mg/mL) and Co+2 ions (50 mg/L). Impact of increase 

in solution pH upon %age removal of Co+2 ions from water is given in Fig. 5.4(a). It was 

seen that with increase in pH of the system (from 1.43 to 6.51) there was a significant 

increase in removal percentage of Co+2 ions from water as shown in Fig. 5.4(a) because of 

ionization of -COOH groups and increase in electrostatic interaction between negatively 

charged carboxylate groups of p(NAM) and positively charged Co+2
 ions but further change 

in pH did not affect removal %age of Co+2 ions to significant extent and it became almost 

constant. In fact, maximum deprotonation of groups of methacrylic acid present in network 

of p(NAM) microgel to carboxylate groups took place at or above pH = 5 (pH > pKa). 

Therefore, maximum interaction between Co+2 ions and negatively charged microgel 

network happened at pH > pKa which resulted in better recovery of Co+2 ions from aqueous 

medium in comparison to that at low pH (pH<pKa). Moreover at low pH value, there was 
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a competition between adsorption of Co+2 ions and H+1 ions on p(NAM) network and 

removal percentage of cobalt ions was found to be low due to retardation in metal ions 

adsorption caused by H+1 ions adsorption on the same system. However, at high pH value 

(pH > 6), no further deprotonation occurs and removal percentage of Co+2 ions becomes 

independent of solution pH. The similar behavior of pH dependence of %age removal of 

Cu(II) ions by adsorption phenomenon using poly(styrene-N-isopropylmethacrylamide-

acrylic acid) core-shell microgel particles has been observed by our group 273. Although 

%age removal is independent of pH at pH >6 but it is well known that metal ions may be 

converted to insoluble hydroxides at pH>7. Therefore pH range of 5.50-6.50 was selected 

as optimum condition for further studies.   

Agitation time is another factor which influences the recovery of Co+2 ions onto microgel 

particles surface. In order to investigate the impact of agitation time on extraction of Co+2 

ions by p(NAM), adsorbent (1.1 mg/mL) and metal salt (50 mg/L) were agitated for 0-105 

minutes at 125 RPM. Whole experiment was performed at an ambient temperature and pH 

= 6.51. It can be seen from Fig. 5.4 (b) that the removal %age of metal ions increases 

gradually with time of agitation and then becomes almost constant. The increase in 

agitation time increases the transfer of ions from bulk region to the surface region. 

Therefore, adsorption of cobalt ions on p(NAM) dispersion was observed to be increased 

with time of agitation up to agitation time of 75 minutes. At agitation time ≥75 minutes, 

%age removal versus time plot gave a plateau. The period of 75 minutes is the time required 

to establish equilibrium between adsorption and desorption of Co+2 ions on p(NAM). At 

the stage of equilibrium, rate of adsorption of Co+2 ions on p(NAM) becomes equal to that 

of their desorption from p(NAM). Thus further increase in time of agitation does not 

enhance removal percentage of Co+2 ions. Maximum elimination of Co+2 ions from water 

was found to 96% at optimum agitation time of 75 minutes.  
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Effect of content of metal ions to be adsorbed on removal %age of Co+2 ions from water 

was also investigated by varying adsorbate concentration from 10 mg/L to 80 mg/L using 

p(NAM) adsorbent (1.1 mg/mL) at pH = 6.51 with agitation time of 90 minutes at 125 

RPM. Fig. 5.4(c) is showing that by increasing Co+2 concentration, percentage removal 

increased gradually up to 40 mg/L concentration of ions in water but more increase in 

concentration did not affect percentage removal of Co+2 ions. Removal of Co+2 ions from 

bulk water was due to adsorption of  Co+2 ions on p(NAM) which is controlled by mass 

transfer of ions from solution to polymer network 278. Mass transport of Co+2 ions from 

bulk region to surface region can be increased by increasing Co+2 concentration which may 

result in increase of percentage removal of Co+2 ions. At [Co+2] > 40 mg/L, removal %age 

of Co+2 ions was seen to be independent of Co+2 content because of complete coverage of 

adsorption sites of p(NAM).  

Similarly, concentration of microgel particles (adsorbent) must also affect %age 

elimination of metal ions from water because with the increase in microgel particles 

concentration, cavities available for adsorption of Co+2 must increase which should result 

in increase in percentage removal of Co+2 from water. In order to investigate this aspect, 

concentration of metal ions was maintained at 50 mg/L while that of p(NAM) was varied 

between of 0.26 mg/L and 2.10 mg/L at pH of 6.51. The mixture was agitated with agitation 

speed of 125 RPM at laboratory temperature for 90 minutes. The removal %age of Co+2 

ions as a function of p(NAM) concentration is given in Fig. 5.4(d). It is clear from Fig. 5.4 

(d) that %age removal of Co+2 ions increases gradually with increases in p(NAM) 

concentration due to increase of available sites for adsorption of Co+2 ions. Our 

observations have good agreement with results reported by Kyzas et al 279 who studied 

removal of Co(II) from aqua as a function of content of adsorbent (activated carbon 

produced by waste potato peels).  
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Fig. 5.4 Relation between percentage removal of Co+2 ions and (a) pH of the medium [ 

conditions: Co+2 content = 50 ppm, p(NAM) = 1.1 mg/mL, agitation speed = 125 RPM, 

agitation time = 90 minutes], (b)  time of agitation [ conditions: Co+2 content = 50 ppm, 

p(NAM) = 1.1 mg/mL, speed of agitation = 125 RPM, pH = 6.51], (c) metal ion 

concentration [ conditions: pH = 6.51, p(NAM) = 1.1 mg/mL, speed of agitation = 125 

RPM, time of agitation = 90 minutes] and (d) adsorbent dose [ conditions: metal ions = 50 

ppm, pH = 6.51, speed of agitation = 125 RPM, time of agitation = 90 minutes]. 

5.2.4 Adsorption isotherms 

Langmuir, Freundlich, Temkin and Dubinin-Radushkevich adsorption isotherms were 

applied to check validity of model and to explore the mechanism of adsorption process. 

Adsorption isotherms relate extent of adsorption of metal ions to amount of metal ions in 

solution at a given temperature 280. Langmuir isotherm describes monolayer adsorption on 

the outer surface of adsorbing substance. In Langmuir adsorption isotherm, it is considered 

that no further adsorption takes place after formation of monolayer on adsorbent and 
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adsorbed metal ions are in equilibrium with metal ions in solution. Langmuir adsorption 

isotherm in its linear form is as follows.  

1e e

e m m

C C

q q q b
       (5.1) 

In this expression (5.1), Ce (mg/L) represents equilibrium concentration of Co+2 ions, qe 

(mg/g) represents metal ion mass adsorbed at equilibrium while qm is the highest possible 

adsorption capacity of p(NAM) microgel system that was determined from slope of plot of 

Ce/qe vs Ce and b is “Langmuir constant” which was assessed from the value intercept of 

the same plot using equation (5.1). It was found that value of qm for adsorption of cobalt 

ions from solution was 312.5 mg/g and value of b was 0.323 L/mg with R2 = 0.514 showing 

that data of adsorption of Co+2 on p(NAM) does not fit favorably to Langmuir model of 

adsorption isotherm. Value of maximum adsorption capacity of p(NAM) has been 

compared with some other adsorbents as shown in Table 5.2. The RL value (called 

separation factor) can be evaluated from the value of Langmuir constant (b) and initial bulk 

concentration of Co+2 ions (Co) using the formula RL = 1/(1+bCo). RL gives information 

regarding favorability of adsorptive attachment of metal ions on adsorbing substance. RL 

value in range of 0-1 is taken as a criteria of favorable adsorption 281. The value of RL in 

case of adsorption of cobalt ions onto p(NAM) microgel particles was found to be 0.0588 

which indicated that Co+2 ions were favorably adsorbed on p(NAM) microgel system. 

Another isotherm proposed by Freundlich was applied to understand the process of 

adsorption. Linear form of Freundlich expression is given in equation (5.2). 

lnqe = 
1

n
lnCe + lnKf    (5.2) 
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Table 5.2 Comparative analysis of p(NAM) system with different adsorbents reported in 

literature for removal of cobalt ions from aqueous solution.  

Adsorbent Adsorption 

capacity (qm) 

(mg/g) 

Adsorption 

isotherm 

Kinetic 

model 

Reference 

Lemon peel 22 Langmuir Pseudo 2nd 

order 

282 

Battery industry 

waste 

35 Langmuir Pseudo 1st  

order 

283 

2-Hypnea Valentiae 

algae 

46.03 Langmuir Pseudo 2nd 

order 

284 

Cocos nucifera leaf 

powder 

3.691 Freundlich Pseudo 2nd 

order 

285 

Mesoporous carbon 

activated with silica 

gel and sucrose 

4.1 Langmuir Pseudo 2nd 

order 

286 

Poly(N-

isopropylacrylamide-

acrylamide-

methacrylic acid) 

312.5 Temkin Pseudo 2nd 

order 

This work 

 

In equation (5.2), Kf and n are Freundlich constants and their values are dependent of nature 

of adsorbate and adsorbent. In order to find the Kf  and 1/n values, ln(qe)  was figured as a 

function of ln(Ce) as shown in Fig. 5.5(a) and value of Kf and 1/n was obtained from values 

of intercept and slope of the plot respectively. The values of Kf and n are listed in Table 

5.3. Experimental data was found to be best fitted in Freundlich adsorption model with R2 

= 0.9055 in comparison to Langmuir adsorption isotherm model (R2 = 0.514).  

 Dubinin-Radushkevich adsorption isotherms (DR-modeling) was usually used to explore 

the adsorptive extraction of metal ions by a porous adsorbent [p(NAM)]. Equation (5.3) is 

a linear form of DR-isotherm used for adsorptive study of Co+2 ions on porous p(NAM) 

polymer particles. 

2ln lne DRq q         (5.3) 



CHAPTER NO 5 RESULTS AND DISCUSSION CONTINUED 
  

 

 
118 

Where qe (mg/g) represents amount of Co+2 ions adsorbed per unit mass of p(NAM) 

microgels at equilibrium and qDR (mg/g) is theoretical saturation capacity of the system. β 

(mol2/Kj2) is also DR constant while the of ε was calculated using formula ε = RTln[1+ 

1/Ce], where R, represents general gas constant, T is absolute temperature & Ce (mg/L) is 

Co+2 ions equilibrium concentration. The value of ln(qe) was plotted against ε2 for 

determination of DR constants (qDR and β). The values of β and qDR were determined from 

the values of slope and intercept of the plot of ln(qe) vs ε2 presented by Fig. 5.5 (b). The 

value of mean free energy per molecule was calculated from the value of β using formula, 

E = [1/(2β)1/2]. Values of qDR, β and E are given in Table 5.3.  The plot of ln(qe) vs ε2 was 

a straight line according to equation (5.3) with R2 = 0.9666, quite closed to unity as 

compared to Freundlich and Langmuir adsorption isotherm models.  

Co+2- p(NAM) interaction was also studied by using Temkin adsorption isotherm model. 

The linear form of Temkin adsorption isotherm model used in present study is given in 

equation (5.4). 

lne T e Tq K C B       (5.4)  

Where “BT” and “KT” are Temkin constants. The values BT and KT for adsorption of Co+2 

ions on p(NAM) were obtained from intercept and slope of graph of qe against ln(Ce) shown 

in Fig. 5.5(c). The values of BT (J/mol) and KT (L/g) are listed in Table 5.3. The qe was 

found to be a linear function of ln(Ce) with R2 = 0.9738. The values of R2 for fitting of 

experimental data into Langmuir (0.514), Freundlich (0.9055), DR (0.9666) and Temkin 

(0.9738) models suggested that Temkin modeling of adsorption isotherm was the best fitted 

model for experimental data obtained from adsorption of cobalt ions onto p(NAM) 

microgel.  R2 value has become criteria of fitting of adsorption isotherm model on 

experimental data  280.  
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Fig. 5.5 (a) Freundlich isotherm (b) DR- isotherm (c) The Temkin isotherm model for 

adsorption of cobalt ions from aqueous solution onto p(NAM) polymer microgel particles. 

Table 5.3 Adsorption parameters for adsorption of Co+2 ions onto poly(N-

isopropylacrylamide-acrylamide-methacrylic acid) polymer microgels calculated from 

Langmuir, Freundlich, DR and Temkin models.   

Langmuir modeling Freundlich modeling 

qm 

(mg/g) 

B RL R2 n Kf 

(L/g) 

R2 

312.5 0.323 0.0588 0.514 0.519 153.39 0.9055 

DR-model The Temkin model 

qDR 

(mg/g) 

β 

(mol2/KJ2) 

E 

(KJ/mol) 

R2  BT 

(j/mol) 

KT 

(L/g) 

R2 

1226.84 7×10-7 8.5×102 0.9666  157.87 602.44 0.9738 
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 5.2.5 Kinetics of adsorption 

In order to elaborate mechanism of recovery of Co+2 by p(NAM) microgels, various kinetic 

modeling such as pseudo 1st order, pseudo 2nd order and intra-particle diffusion model were 

applied.  Linear form of pseudo 1st order and pseudo 2nd order kinetic models are given 

below 

1ln( ) lne t eq q k t q       (5.5) 

2
2

1

t ee

t t

q qk q
      (5.6) 

Where, qe (mg/g) is the mass of metal ions adsorbed per unit mass of p(NAM) microgels 

at equilibrium while qt (mg/g) is the weight of metal ions adsorbed on p(NAM) at any time 

(t). The value of pseudo first order rate constant (k1 = 0.024 min-1) was evaluated from 

slope of plot of ln(qe - qt) vs time shown in Fig.5.6 (a) using equation (5.5) while the value 

of qe (mg/g) in case of 1st order type kinetic modeling was computed from value of intercept 

of the same plot shown in Fig. 5.6(a).  The values of qe (mg/g) and pseudo second order 

rate constant (k2 = 0.0041 L/mol.min) were determined from value of slope and intercept 

of plot of t/qt vs time respectively given in Fig.5.6 (b) using equation (5.6). Values of qe 

(mg/g), k1 and k2 are given in Table 5.4. The value of R2 for 1st and 2nd order rate constant 

were found to be 0.9463 and 1.00 respectively. Regression factor (R2) values confirms that 

2nd order kinetic model is the most suitable model to describe adsorption of Co+2 onto 

p(NAM) microgels. Data fitting into 2nd order equation indicates that one Co+2 ion is 

attached with two chelating functionalities that is quite understandable in case of adsorption 

of divalent cation into p(NAM) crosslinked polymeric system where more than one 

functionalities may approach to Co+2 ion.  Adsorption mechanism was also explored by 

Intra-particle diffusion model (IPD). Linear form of IPD is shown below 
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1
2

t ipdq k t C     (5.7)  

In equation (5.7), kipd is called IPD rate constant and C represents boundary thickness. A 

multi-linearity correlation was observed in case of plot of qt vs t1/2 according to IPD model 

shown in Fig. 5.6(c). Curve shown in Fig 5.6 (c) can be divided into three regions. Initially 

qt increases slowly with t1/2 in the 1st region followed by rapid variation in 2nd region. First 

stage represented the instantaneous movement of metal ions from bulk region to microgel 

surface. Therefore qt is not significantly varied with time. In the 2nd region, surface Co+2 

ions start to adsorb on outer region of p(NAM) microgel particles because most of the 

surface sites were vacant for adsorption of Co+2 on p(NAM) surface. In the 3rd region of 

the plot, qt was found to be increased slowly again with t1/2 and then became constant which 

may attributed to slow diffusion of Co+2 ions from microgel surface to inside the p(NAM) 

network and unavailability of vacant sites of adsorbent. Similar trend of qt vs  t1/2 plot for 

adsorption of heavy metal ions on polystyrene-poly (N-isopropylmethacrylamide-acrylic 

acid) core/shell gel particles has been reported by Naseem et al 273. Kinetics and IPD 

parameters have been summarized in Table 5.4. 

Table 5.4 Kinetic parameters evaluated from pseudo first order, pseudo second order and 

IPD models for adsorption of Co+2 ions adsorption onto p(NAM) microgels. 

Pseudo 1st order kinetic modeling 

parameters  

Pseudo 2nd order kinetic modeling 

parameters 

k1 

(min-1) 

qe 

(mg/g) 

R2  k2 

(L/mol.min) 

qe 

(mg/g) 

R2 

0.024 15.95 0.9463  0.0041 434.78 1 

Intra-particle Diffusion modeling parameters 

 kipd 

(mg/g.min1/2) 

C (mg/g) R2  

 1.533 422.95 0.936  
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5.2.6 Catalytic study  

After detailed investigation of extraction of Co+2 ions by p(NAM) microgels, Co+2 ions 

loaded into microgels were reduced and the resulting hybrid system [Co-p(NAM)] was then 

used as active catalytic specie for reduction of 4-NP, ES and MB. Catalytic activity of Co-

p(NAM) was initially tested for reductive degradation of 4-NP into 4-aminophenol. 

 

Fig. 5.6 (a) pseudo 1st order (b) pseudo 2nd order and (c) intra-particle diffusion modelings 

to elaborate mechanism of extraction of Co+2 ions from aqueous solution onto p(NAM) 

polymer microgel particles. 

This catalytic ideal reaction was selected because of the multiple reasons. 4-NP is 

extremely toxic material. Its presence in water is responsible for various health issues in 

human being and aquatic animals. It is soluble in water and does not degrade easily in 

aqueous medium while its reduction product is relatively less toxic and useful reagent 120. 

Therefore 4-NP is converted into a useful substance (4-aminophenol) on the surface of 

metal nanoparticles loaded into polymer microgels using suitable reducing agent (NaBH4). 

Catalytic reduction of 4-NP to 4-AP has become a benchmark reaction to test catalytic 



CHAPTER NO 5 RESULTS AND DISCUSSION CONTINUED 
  

 

 
123 

activity of metal nanoparticles 135 because its progress can be easily monitored by easily 

available technique called UV-Visible spectrophotometry. UV-Visible spectra of reductive 

catalysis of 4-NP into 4-AP with BH4
- in the environment of Co-p(NAM) in water medium 

is shown in Fig. 5.7(a).  

 

Fig 5.7. UV-Visible spectra for catalytic degradation of (a) 4-nitrophenol [conditions: Co-

p(NAM) = 0.56 mg/mL, [BH4
-] = 12.00 mM, [substrate] = 0.072 mM] (b) Methylene blue 

[conditions: Co-p(NAM) = 0.56 mg/mL, [BH4
-] = 12.00 mM, [MB] = 0.10 mM] (c) Eosin 

[conditions: Co-p(NAM) = 0.56 mg/mL, [BH4
-] = 12.00 mM, [ES] = 0.10 mM] 

Cobalt nanoparticles loaded in p(NAM) serve as catalyst and provide surface for reduction 

of 4-NP with BH4
-. Gradual decrease in absorbance at 400 nm along with increase in 

absorbance at 300 nm showed progress of reaction because concentration of 4-NP 

decreased and that of 4-AP increased with time and change in color from yellowish to 

colorless was observed.  The logarithm of remaining fraction of 4-NP concentration 
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[ln(At/Ao)] was also figured vs time, in order to apply pseudo 1st order kinetic model. The 

linear section of this graph was used to find the apparent rate constant for reductive catalysis 

(kapp) of 4-NP as given in Fig. 5.8 (a). The value of kapp calculated from Fig. 5.8 (a) was 

found to be 0.3921 min-1. Similarly, some controlled experiments were also performed to 

further explore the catalysis by Co-p(NAM). A reaction was performed by adding pure 

p(NAM) microgel and NaBH4 into aqueous solution of 4-NP and progress of reaction was 

monitored by UV-Visible spectroscopy but no change in absorbance value at 400 nm was 

observed event after 55 minutes of addition of reactants as shown in Fig.5.9(a) which means 

microgel and NaBH4 collectively cannot reduce our substrate because reaction is kinetically 

restricted. Moreover, p(NAM) is not a true catalyst. Mixture of 4-NP and NaBH4 without 

p(NAM) and Co-p(NAM) was also monitored for half an hour as given in Fig. 5.9(b) but 

no variation in absorbance value at 400 nm was seen which means only reductant cannot 

degrade 4-NP into 4-AP. In another controlled experiment, microgel loaded with cobalt 

nanoparticles was added to solution of 4-NP and reaction condition was maintained and 

UV scans were taken but very small change in absorbance was observed which was due to 

adsorption of 4-NP to polymer microgel. However, no complete reduction took place as 

shown in Fig.5.9(c). It showed that hybrid microgel alone cannot reduce 4-NP into 4-AP 

because Co-p(NAM) is inert and is not a source of hydrogen. Similarly, microgel was added 

to 4-NP solution and scans were taken for 30 minutes as shown in Fig. 5.9(d), a very small 

decrease in absorbance was due to adsorption of 4-NP to microgel network but no 

noteworthy diminution in absorbance at 400 nm was noted which showed that microgel 

itself cannot serve as catalyst or hydrogen source. From these controlled experiments, it 

was concluded that polymer microgel loaded with cobalt nanoparticles can serve as catalyst 

in presence of NaBH4 and can reduce 4-NP as shown in Fig. 5.7(a) in which 4-NP is 
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reduced into 4-AP with NaBH4 (hydrogen source) on the outer surface of Co nanoparticles 

immobilized into p(NAM).  

 

Fig 5.8. Pseudo first order kinetic modeling for catalytic reduction of (a) 4-NP [conditions: 

Co-polymer microgel = 0.56 mg/mL, [BH4
-] = 12.00 mM, [substrate] = 0.072 mM] (b) 

Methylene blue [conditions: Co-p(NAM) = 0.56 mg/mL, [BH4
-] = 12.00 mM, [substrate] 

= 0.10 mM] (c) Eosin [conditions: Co-p(NAM) = 0.56 mg/mL, [BH4
-] = 12.00 mM, 

[substrate] = 0.10 mM] 

Similarly, catalytic reduction of methylene blue and eosin was also carried out using BH4
- 

as reductant specie in the presence of Co-p(NAM) and progress of both reactions was 

monitored by UV-Visible spectroscopy as shown in Fig. 5.7(b) and Fig. 5.7(c) respectively. 

The value of ln(At/Ao) was plotted against time of reaction for catalytic elimination of Eosin 

and Methylene blue at their respective λmax values (571 nm for Eosin and 665 nm for 

methylene blue). Linear portion of plots of ln(At/Ao) against time was taken to calculate 
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kapp for catalytic degradation of both dyes as shown Fig. 5.8(b) and Fig. 5.8(c). The kapp 

value for methylene blue was found to be 0.7586 min-1 and for eosin 0.6177 min-1.           

 

Fig 5.9. UV-Visible spectra of 4-nitrophenol under various conditions (a) [conditions: 

[BH4
-] = 12.00 mM, [substrate] = 0.072 mM, with addition of polymer microgel], (b) 

[conditions: [substrate] = 0.072 mM, [BH4
-] = 12.00 mM, without addition of catalyst], (c) 

[conditions: [substrate] = 0.072 mM, [Co-p(NAM) = 0.56 mg/mL, without addition of BH4
-

], (d) [conditions: [substrate] = 0.072 mM, [polymer microgel = 0.56 mg/mL, without 

addition of BH4
-]. 
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CONCLUSION AND FUTURE DIRECTIONS 

Conclusions drawn from the work presented in this thesis have been summarized in this 

chapter. This work may be extended to several other directions and have been given in this 

chapter as future directions.  

6.1 Conclusion  

Silver nanoparticles loaded poly(N-isopropylacrylamide-acrylamide-methacrylic acid) 

hybrid microgels were prepared by simple and economical method for their use as an 

efficient catalyst. Catalytic activity of hybrid microgels was initially demonstrated by 

reducing 4-NA into 4-AA. FTIR and UV-Visible analysis showed the successful 

fabrication of AgNPs inside the polymer network. Hybrid microgels showed high catalytic 

activity towards 4-NA reduction. Effect of various reaction parameters on the value of kapp 

for 4-NA reduction was also studied systematically. It was observed that activity of 

composite microgels catalyst is tunable by changing the medium temperature. Temperature 

(before VPTT) for optimum activity of the composite microgels for 4-NA reduction was 

found to be 35°C. The value of kapp was found to be 2.93×10-2 s-1 for 4-NA reduction while 

half life was found to be 23.2 s at 35°C. The hybrid microgels showed minimum catalytic 

activity at 55°C due to deswelling of hybrid microgel particles. Value of kapp and half life 

for 4-NA reduction was found to be 1.45×10-2 s-1 and 47.8 s, respectively at 55°C. Condition 

like concentration of reactants, catalyst and temperature of the medium can be set to 

optimize the rate of reduction of 4-NA. Ag nanoparticles stabilized in the microgel can 

perform efficient catalysis for organic dye degradation like Congo Red and methyl orange. 

Detailed investigation of kinetics of catalytic reduction of both dyes reveals that catalysis 

occurred according to the scheme of Langmuir-Hinshelwood mechanism. The catalytic 

system can be recycled and reused without any significant loss of its catalytic activity up 
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to four cycles. Synthesized polymer microgel particles were used as adsorbent for removal 

of cobalt ions from aqueous solution. It was observed that various factors such as pH of the 

medium, time, concentration of adsorbent and concentration of metal ions greatly affected 

the adsorption of Co2+ onto microgel particles. Different isotherm models were applied on 

adsorption of Co2+ ions on the microgels. Temkin model was seen to the best fitted on data 

collected from adsorption of Co2+ on the microgels. 2nd order kinetic model was found to 

be best fitted to explore adsorption phenomenon. Process of adsorption of Co2+ ions on the 

microgel system involves multi-steps including diffusion from bulk to surface region, 

surface region to inside of microgel particles and attachment of Co2+ ions with various 

functionalities of polymeric network. Polymer microgel particles were found to have very 

good adsorption capacity compared to other materials. Moreover, polymer microgel loaded 

with Co2+ ions were used to prepare Co nanoparticles within sieves of polymer microgels. 

Co- poly(N-isopropylacrylamide-acrylamide-methacrylic acid) has a potential to be used 

as efficient catalyst for reduction of 4-NP and organic dyes in aqueous medium. The 

reported hybrid microgels can be used as catalyst for reduction of other nitro aromatic 

compounds in aqueous medium in future. 

6.2 Future direction 

This research involves smart polymer microgels loaded with nanoparticles of noble Ag for 

catalytic reduction of dyes and nitroarenes. Noble metal nanoparticles may be replaced by 

cheap metal nanoparticles to reduce the cost of reduction process. Similarly new synthetic 

strategies should be designed to get good control over size, shape and morphology of 

catalytic systems which are necessary for improvement of catalytic activity of hybrid 

systems. Sometimes efficiency of catalyst decreases after only one or two cycles of 

catalytic process. This could be attributed to leakage of nanoparticles from microgel 
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network or poisoning of catalyst due to some retarding agents. There is need to explore 

those factors which cause reduction in their catalytic activity. For this purpose, complete 

mechanisms of reactions and interaction between nanoparticles and microgels should be 

explored. Most of the studies dealing reduction of nitroarenes involves NaBH4 as reducing 

agent which itself is a toxic substance. Alternate reducing agents may be found and utilized 

for reduction of nitroarenes and organic dyes to make the process green. Moreover it is 

more better to introduce reducing moieties as permanent components of the polymeric 

systems during their synthesis to eliminate the use of any external reducing agent.  

Most of the hybrid microgels catalysed reduction process just deal model reaction without 

a broad scope of the substrate. It is important to extend catalytic activity of hybrid microgel 

systems toward reduction of nitroarenes having different functionalities on their benzene 

rings. This work and literature survey also reveals that only decolouration of the organic 

dye in the presence of hybrid microgels have been discussed in reported publications.  The 

reduction products should be separated out and should be characterized to find their 

toxicity. 

Hybrid microgels may be recycled by simple centrifugation and may be re-used as catalyst 

again for the same reaction or any other reaction but leaching of inorganic nanoparticles 

from polymer microgels and changes occurring in their morphologies during/after catalysis 

have not been reported in the most of the publications. The recycled hybrid microgels 

should be analysed using spectroscopic and microscopic analysis to investigate the changes 

occurred in microgel structure and morphologies of nanoparticles as well as microgel 

particles.     
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Supramolecular Porphyrin–Dendrimer Assemblies for Light Harvesting and 

Photocatalysis. Macromolecules. 2017, 50 (9), 3464-3475. 

187. Wang, H. L.; Liu, L. Y.; Kou, W. Q.; Jiang, W. F., Preparation of thermosensitive 

and visible‐light responsible composites based on hydrogels of N‐

isopropylacrylamide/maleic anhydride‐modified β‐cyclodextrin copolymer and 

TiO2/multiwalled carbon nanotubes particles for degradation of methyl orange. 

Polym. Compos. 2013, 34 (5), 681-689. 

188. Wen, X.; Tang, L., One-dimensional copolymer nanostructures loaded with silver 

nanoparticles fabricated via metallogel template copolymerization and their pH 

dependent photocatalytic degradation of methylene blue. J. Mol. Catal. A: Chem 

2015, 399, 86-96. 

189. Yu, Z.; Tang, D.; Lv, H.; Feng, Q.; Zhang, Q.; Jiang, E.; Wang, Q., Fabrication of 

thermo responsive fibrous ZnO/PNIPAM nanocomposites with switchable 

photocatalytic activity. Colloids Surf., A. 2015, 471, 117-123. 

190. Zou, Y.; Huang, H.; Li, S.; Wang, J.; Zhang, Y., Synthesis of supported Ag/AgCl 

composite materials and their photocatalytic activity. J. Photochem. Photobiol., A. 

2019, 376, 43-53. 

191. Pich, A.; Karak, A.; Lu, Y.; Ghosh, A. K.; Adler, H. J. P., Preparation of hybrid 

microgels functionalized by silver nanoparticles. Macromol. Rapid Commun. 2006, 

27 (5), 344-350. 

192. Bhattacharya, S.; Eckert, F.; Boyko, V.; Pich, A., Temperature‐, pH‐, and magnetic‐

field‐sensitive hybrid microgels. Small. 2007, 3 (4), 650-657. 



[DOCUMENT TITLE] REFERENCES 

  
 

 
155 

193. Karg, M.; Pastoriza-Santos, I.; Rodriguez-Gonzalez, B.; von Klitzing, R.; Wellert, 

S.; Hellweg, T., Temperature, pH, and ionic strength induced changes of the 

swelling behavior of PNIPAM− poly (allylacetic acid) copolymer microgels. 

Langmuir. 2008, 24 (12), 6300-6306. 

194. Sivakumaran, D.; Maitland, D.; Hoare, T., Injectable microgel-hydrogel composites 

for prolonged small-molecule drug delivery. Biomacromolecules. 2011, 12 (11), 

4112-4120. 

195. Bromberg, L.; Temchenko, M.; Hatton, T. A., Dually responsive microgels from 

polyether-modified poly (acrylic acid): swelling and drug loading. Langmuir. 2002, 

18 (12), 4944-4952. 

196. Lopez, V. C.; Hadgraft, J.; Snowden, M., The use of colloidal microgels as a (trans) 

dermal drug delivery system. Int. J. Pharm. 2005, 292 (1-2), 137-147. 

197. Hoare, T.; Pelton, R., Engineering glucose swelling responses in poly (N-

isopropylacrylamide)-based microgels. Macromolecules. 2007, 40 (3), 670-678. 

198. Xu, S.; Zhang, J.; Paquet, C.; Lin, Y.; Kumacheva, E., From hybrid microgels to 

photonic crystals. Adv. Funct. Mater. 2003, 13 (6), 468-472. 

199. Zhang, J.; Xu, S.; Kumacheva, E., Polymer microgels: reactors for semiconductor, 

metal, and magnetic nanoparticles. J. Am. Chem. Soc. 2004, 126 (25), 7908-7914. 

200. Dai, G.; Quan, C.; Zhang, X.; Liu, J.; Song, L.; Gan, N., Fast removal of 

cyanobacterial toxin microcystin-LR by a low-cytotoxic microgel-Fe (Ⅲ) complex. 

Water Res. 2012, 46 (5), 1482-1489. 

201. Nilsson, P.; Hansson, P., Ion-exchange controls the kinetics of deswelling of 

polyelectrolyte microgels in solutions of oppositely charged surfactant. J. Phys. 

Chem. B. 2005, 109 (50), 23843-23856. 



[DOCUMENT TITLE] REFERENCES 

  
 

 
156 

202. Bromberg, L.; Temchenko, M.; Hatton, T. A., Smart microgel studies. 

Polyelectrolyte and drug-absorbing properties of microgels from polyether-

modified poly (acrylic acid). Langmuir. 2003, 19 (21), 8675-8684. 

203. Li, P.; SenGupta, A. K., Intraparticle diffusion during selective ion exchange with 

a macroporous exchanger. React. Funct. Polym. 2000, 44 (3), 273-287. 

204. Farooqi, Z. H.; Khan, S. R.; Begum, R.; Kanwal, F.; Sharif, A.; Ahmed, E.; Majeed, 

S.; Ejaz, K.; Ijaz, A., Effect of acrylic acid feed contents of microgels on catalytic 

activity of silver nanoparticles fabricated hybrid microgels. Turk. J. Chem. 2015, 

39 (1), 96-107. 

205. Lai, J. J.; Hoffman, J. M.; Ebara, M.; Hoffman, A. S.; Estournès, C.; Wattiaux, A.; 

Stayton, P. S., Dual magnetic-/temperature-responsive nanoparticles for 

microfluidic separations and assays. Langmuir. 2007, 23 (13), 7385-7391. 

206. Zhang, Y.; Liu, H.; Fang, Y., Preparation of CuS‐P (NIPAM‐co‐MAA) Hybrid 

Microgels with Controlled Surface Structures. Chin. J. Chem. 2011, 29 (1), 33-40. 

207. Vimala, K.; Sivudu, K. S.; Mohan, Y. M.; Sreedhar, B.; Raju, K. M., Controlled 

silver nanoparticles synthesis in semi-hydrogel networks of poly (acrylamide) and 

carbohydrates: a rational methodology for antibacterial application. Carbohydr. 

Polym. 2009, 75 (3), 463-471. 

208. Naseem, K.; Ur Rehman, M. A.; Huma, R., Review on vinyl acetic acid-based 

polymer microgels for biomedical and other applications. Int. J. Polym. Mater. 

Polym. Biomater. 2018, 67 (5), 322-332. 

209. Khalid, A.; Arshad, M.; Crowley, D. E., Biodegradation potential of pure and mixed 

bacterial cultures for removal of 4-nitroaniline from textile dye wastewater. Water 

Res. 2009, 43 (4), 1110-1116. 



[DOCUMENT TITLE] REFERENCES 

  
 

 
157 

210. Pradhan, N.; Pal, A.; Pal, T., Silver nanoparticle catalyzed reduction of aromatic 

nitro compounds. Colloids Surf., A. 2002, 196 (2-3), 247-257. 

211. Abbas, M.; Torati, S. R.; Kim, C., A novel approach for the synthesis of ultrathin 

silica-coated iron oxide nanocubes decorated with silver nanodots (Fe3O4/SiO2/Ag) 

and their superior catalytic reduction of 4-nitroaniline. Nanoscale. 2015, 7 (28), 

12192-12204. 

212. Chiu, C.-Y.; Chung, P.-J.; Lao, K.-U.; Liao, C.-W.; Huang, M. H., Facet-dependent 

catalytic activity of gold nanocubes, octahedra, and rhombic dodecahedra toward 

4-nitroaniline reduction. J. Phys. Chem. C. 2012, 116 (44), 23757-23763. 

213. Reddy, V.; Torati, R. S.; Oh, S.; Kim, C., Biosynthesis of gold nanoparticles 

assisted by Sapindus mukorossi Gaertn. Fruit pericarp and their catalytic 

application for the reduction of p-nitroaniline. Ind. Eng. Chem. Res. 2013, 52 (2), 

556-564. 

214. Dong, Y.; Ma, Y.; Zhai, T.; Shen, F.; Zeng, Y.; Fu, H.; Yao, J., Silver nanoparticles 

stabilized by thermoresponsive microgel particles: synthesis and evidence of an 

electron donor‐acceptor effect. Macromol. Rapid. Commun. 2007, 28 (24), 2339-

2345. 

215. Amosa, M. K.; Jami, M. S.; Ma’an, F., Electrostatic biosorption of COD, Mn and 

H2S on EFB-based activated carbon produced through steam pyrolysis: an analysis 

based on surface chemistry, equilibria and kinetics. Waste Biomass Valori. 2016, 7 

(1), 109-124. 

216. Begum, R.; Farooqi, Z. H.; Ahmed, E.; Naseem, K.; Ashraf, S.; Sharif, A.; Rehan, 

R., Catalytic reduction of 4‐nitrophenol using silver nanoparticles‐engineered poly 

(N‐isopropylacrylamide‐co‐acrylamide) hybrid microgels. Appl. Organomet. 

Chem. 2017, 31 (2). 



[DOCUMENT TITLE] REFERENCES 

  
 

 
158 

217. Khan, S. R.; Farooqi, Z. H.; Ajmal, M.; Siddiq, M.; Khan, A., Synthesis, 

characterization, and silver nanoparticles fabrication in N-isopropylacrylamide-

based polymer microgels for rapid degradation of p-nitrophenol. J. Dispersion Sci. 

Technol. 2013, 34 (10), 1324-1333. 

218. Follens, L.; Aerts, A.; Haouas, M.; Caremans, T.; Loppinet, B.; Goderis, B.; 

Vermant, J.; Taulelle, F.; Martens, J.; Kirschhock, C. E., Characterization of 

nanoparticles in diluted clear solutions for Silicalite-1 zeolite synthesis using liquid 

29Si NMR, SAXS and DLS. Phys. Chem. Chem. Phys. 2008, 10 (36), 5574-5583. 

219. Naseem, K.; Begum, R.; Farooqi, Z. H., Catalytic reduction of 2-nitroaniline: a 

review. Environ. Sci. Pollut. Res. 2017, 1-15. 

220. Vincent, T.; Peirano, F.; Guibal, E., Chitosan supported palladium catalyst. VI. 

Nitroaniline degradation. J. Appl. Polym. Sci. 2004, 94 (4), 1634-1642. 

221. Lu, Y.; Mei, Y.; Ballauff, M.; Drechsler, M., Thermosensitive core-shell particles 

as carrier systems for metallic nanoparticles. J. Phys. Chem. B. 2006, 110 (9), 3930-

3937. 

222. Carregal-Romero, S.; Buurma, N. J.; Pérez-Juste, J.; Liz-Marzán, L. M.; Hervés, P., 

Catalysis by Au@pNIPAM nanocomposites: effect of the cross-linking density. 

Chem. Mater. 2010, 22 (10), 3051-3059. 

223. Ganapuram, B. R.; Alle, M.; Dadigala, R.; Dasari, A.; Maragoni, V.; Guttena, V., 

Catalytic reduction of methylene blue and Congo red dyes using green synthesized 

gold nanoparticles capped by salmalia malabarica gum. Int. Nano Lett. 2015, 5 (4), 

215-222. 

224. Ghosh, B. K.; Hazra, S.; Naik, B.; Ghosh, N. N., Preparation of Cu nanoparticle 

loaded SBA-15 and their excellent catalytic activity in reduction of variety of dyes. 

Powder Technol. 2015, 269, 371-378. 



[DOCUMENT TITLE] REFERENCES 

  
 

 
159 

225. Siddique, M.; Farooq, R.; Khalid, A.; Farooq, A.; Mahmood, Q.; Farooq, U.; Raja, 

I. A.; Shaukat, S. F., Thermal-pressure-mediated hydrolysis of Reactive Blue 19 

dye. J. Hazard. Mater. 2009, 172 (2-3), 1007-1012. 

226. Kuriakose, S.; Satpati, B.; Mohapatra, S., Highly efficient photocatalytic 

degradation of organic dyes by Cu doped ZnO nanostructures. Phys. Chem. Chem. 

Phys. 2015, 17 (38), 25172-25181. 

227. Pandey, A.; Singh, P.; Iyengar, L., Bacterial decolorization and degradation of azo 

dyes. Int. Biodeterior. Biodegrad. 2007, 59 (2), 73-84. 

228. Afkhami, A.; Moosavi, R., Adsorptive removal of Congo red, a carcinogenic textile 

dye, from aqueous solutions by maghemite nanoparticles. J. Hazard. Mater. 2010, 

174 (1-3), 398-403. 

229. Kumar, P.; Govindaraju, M.; Senthamilselvi, S.; Premkumar, K., Photocatalytic 

degradation of methyl orange dye using silver (Ag) nanoparticles synthesized from 

Ulva lactuca. Colloids Surf., B 2013, 103, 658-661. 

230. Li, B.; Zhang, Y.; Zhou, X.; Liu, Z.; Liu, Q.; Li, X., Different dye removal 

mechanisms between monodispersed and uniform hexagonal thin plate-like MgAl–

CO32--LDH and its calcined product in efficient removal of Congo red from water. 

J. Alloys Compd. 2016, 673, 265-271. 

231. Filice, S.; D’Angelo, D.; Libertino, S.; Nicotera, I.; Kosma, V.; Privitera, V.; 

Scalese, S., Graphene oxide and titania hybrid Nafion membranes for efficient 

removal of methyl orange dye from water. Carbon. 2015, 82, 489-499. 

232. Zheng, L.-Q.; Yu, X.-D.; Xu, J.-J.; Chen, H.-Y., Reversible catalysis for the reaction 

between methyl orange and NaBH4 by silver nanoparticles. Chem. Commun. 2015, 

51 (6), 1050-1053. 



[DOCUMENT TITLE] REFERENCES 

  
 

 
160 

233. Singh, P.; Iyengar, L.; Pandey, A., Bacterial decolorization and degradation of azo 

dyes. In Microbial degradation of xenobiotics, Springer. 2012; pp 101-133. 

234. Lei, C.; Zhu, X.; Zhu, B.; Jiang, C.; Le, Y.; Yu, J., Superb adsorption capacity of 

hierarchical calcined Ni/Mg/Al layered double hydroxides for Congo red and Cr 

(VI) ions. J. Hazard. Mater. 2017, 321, 801-811. 

235. Islam, M. T.; Jing, H.; Yang, T.; Zubia, E.; Goos, A. G.; Bernal, R. A.; Botez, C. 

E.; Narayan, M.; Chan, C. K.; Noveron, J. C., Fullerene stabilized gold 

nanoparticles supported on titanium dioxide for enhanced photocatalytic 

degradation of methyl orange and catalytic reduction of 4-nitrophenol. J. Environ. 

Chem. Eng. 2018, 6 (4), 3827-3836. 

236. Basu, S.; Malpani, P., Removal of methyl orange and methylene blue dye from 

water using colloidal gas aphron—Effect of processes parameters. Sep. Sci. 

Technol. 2001, 36 (13), 2997-3013. 

237. Rostami-Vartooni, A.; Nasrollahzadeh, M.; Alizadeh, M., Green synthesis of 

seashell supported silver nanoparticles using Bunium persicum seeds extract: 

application of the particles for catalytic reduction of organic dyes. J. Colloid 

Interface Sci. 2016, 470, 268-275. 

238. Veisi, H.; Azizi, S.; Mohammadi, P., Green synthesis of the silver nanoparticles 

mediated by Thymbra spicata extract and its application as a heterogeneous and 

recyclable nanocatalyst for catalytic reduction of a variety of dyes in water. J. 

Cleaner Prod. 2018, 170, 1536-1543. 

239. Sha, Y.; Mathew, I.; Cui, Q.; Clay, M.; Gao, F.; Zhang, X. J.; Gu, Z., Rapid 

degradation of azo dye methyl orange using hollow cobalt nanoparticles. 

Chemosphere. 2016, 144, 1530-1535. 



[DOCUMENT TITLE] REFERENCES 

  
 

 
161 

240. Umamaheswari, C.; Lakshmanan, A.; Nagarajan, N., Green synthesis, 

characterization and catalytic degradation studies of gold nanoparticles against 

congo red and methyl orange. J. Photochem. Photobiol., B. 2018, 178, 33-39. 

241. Ismail, M.; Gul, S.; Khan, M.; Khan, M. A.; Asiri, A. M.; Khan, S. B., Medicago 

polymorpha-mediated antibacterial silver nanoparticles in the reduction of methyl 

orange. Green Process. Synth. 2019, 8 (1), 118-127. 

242. Zhang, J.; Han, D.; Zhang, H.; Chaker, M.; Zhao, Y.; Ma, D., In situ recyclable gold 

nanoparticles using CO2-switchable polymers for catalytic reduction of 4-

nitrophenol. Chem. Commun. 2012, 48 (94), 11510-11512. 

243. Edison, T. J. I.; Sethuraman, M., Instant green synthesis of silver nanoparticles 

using Terminalia chebula fruit extract and evaluation of their catalytic activity on 

reduction of methylene blue. Process Biochem. 2012, 47 (9), 1351-1357. 

244. Lin, W.; Zhang, X.; Qian, L.; Yao, N.; Pan, Y.; Zhang, L., Doxorubicin-loaded 

unimolecular micelle-stabilized gold nanoparticles as a theranostic nanoplatform 

for tumor-targeted chemotherapy and computed tomography imaging. 

Biomacromolecules. 2017, 18 (12), 3869-3880. 

245. Saleh, T. A.; Al-Shalalfeh, M. M.; Al-Saadi, A. A., Graphene Dendrimer-stabilized 

silver nanoparticles for detection of methimazole using Surface-enhanced Raman 

scattering with computational assignment. Sci. Rep. 2016, 6, 32185. 

246. Alshehri, S. M.; Almuqati, T.; Almuqati, N.; Al-Farraj, E.; Alhokbany, N.; 

Ahamad, T., Chitosan based polymer matrix with silver nanoparticles decorated 

multiwalled carbon nanotubes for catalytic reduction of 4-nitrophenol. Carbohydr. 

Polym. 2016, 151, 135-143. 



[DOCUMENT TITLE] REFERENCES 

  
 

 
162 

247. Cera, G.; Biffis, A.; Canton, P.; Villa, A.; Prati, L., Metal nanoclusters stabilized 

by pH-responsive microgels: Preparation and evaluation of their catalytic potential. 

React. Funct. Polym. 2017, 115, 81-86. 

248. Farooqi, Z. H.; Begum, R.; Naseem, K.; Rubab, U.; Usman, M.; Khan, A.; Ijaz, A., 

Fabrication of silver nanoparticles in pH responsive polymer microgel dispersion 

for catalytic reduction of nitrobenzene in aqueous medium. Russ. J. Phys. Chem. A. 

2016, 90 (13), 2600-2608. 

249. Dong, H.; Du, H.; Qian, X., Theoretical Prediction of p K a Values for Methacrylic 

Acid Oligomers Using Combined Quantum Mechanical and Continuum Solvation 

Methods. J. Phys. Chem. A. 2008, 112 (49), 12687-12694. 

250. Farooqi, Z. H.; Khan, S. R.; Hussain, T.; Begum, R.; Ejaz, K.; Majeed, S.; Ajmal, 

M.; Kanwal, F.; Siddiq, M., Effect of crosslinker feed content on catalaytic activity 

of silver nanoparticles fabricated in multiresponsive microgels. Korean J. Chem. 

Eng. 2014, 31 (9), 1674-1680. 

251. Wunder, S.; Lu, Y.; Albrecht, M.; Ballauff, M., Catalytic activity of faceted gold 

nanoparticles studied by a model reaction: evidence for substrate-induced surface 

restructuring. ACS Catal. 2011, 1 (8), 908-916. 

252. Malakootian, M.; Almasi, A.; Hossaini, H., Pb and Co removal from paint industries 

effluent using wood ash. Int. J. Environ. Sci. Technol. 2008, 5 (2), 217-222. 

253. Ahmad, J. U.; Goni, M. A., Heavy metal contamination in water, soil, and 

vegetables of the industrial areas in Dhaka, Bangladesh. Environ. Monit. Assess. 

2010, 166 (1-4), 347-357. 

254. Matés, J. M.; Segura, J. A.; Alonso, F. J.; Márquez, J., Roles of dioxins and heavy 

metals in cancer and neurological diseases using ROS-mediated mechanisms. Free 

Radical Biol. Med. 2010, 49 (9), 1328-1341. 



[DOCUMENT TITLE] REFERENCES 

  
 

 
163 

255. Hegazi, H. A., Removal of heavy metals from wastewater using agricultural and 

industrial wastes as adsorbents. HBRC journal. 2013, 9 (3), 276-282. 

256. Kobya, M.; Demirbas, E.; Senturk, E.; Ince, M., Adsorption of heavy metal ions 

from aqueous solutions by activated carbon prepared from apricot stone. Bioresour. 

Technol. 2005, 96 (13), 1518-1521. 

257. Ho, Y.-S.; McKay, G., The kinetics of sorption of divalent metal ions onto 

sphagnum moss peat. Water Res. 2000, 34 (3), 735-742. 
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AbstractPoly(N-isopropylacrylamide-acrylamide-methacrylic acid) [p(NIPa-AAm-Ma)] polymer microgels were
prepared by free radical precipitation polymerization method. AgNPs were fabricated in the sieves of polymer network
by chemical reduction using AgNO3 salt as a precursor of silver ions. Various techniques like dynamic light scattering
(DLS), transmission electron microscopy (TEM), Fourier transform infrared microscopy (FTIR), and UV-Visible spec-
troscopy were used for characterization of pure and composite microgels. The diameter of AgNPs fabricated in poly-
meric network was found to be in the range of 10-15 nm. Stimuli responsive behavior of hybrid microgels was same as
that of pure microgels. Catalytic efficiency of the hybrid microgels was investigated by reducing 4-Nitroaniline (4-NA)
into 4-Aminoaniline (4-AA) using NaBH4 as reducing agent under different conditions of temperature of the medium,
concentration of reducing agent, 4-Nitroaniline and hybrid microgels to explore the catalysis process. Kinetic and ther-
modynamic aspects of reduction of 4-Nitroaniline in the presence of catalyst were also discussed on the basis of values
of Arrhenius and Eyring parameters like pre-exponential factor, activation energy, enthalpy of activation and entropy of
activation. Catalytic activity of the hybrid microgels was found to be thermally tunable in the temperature range of 25-
70 oC. The value of rate constant (kapp) for reduction of 4-NA was minimum at 55 oC, which can be attributed to vol-
ume phase transition of the hybrid microgels.
Keywords: Microgels, Nanoparticles, Catalysis, Kinetics, Thermodynamics

INTRODUCTION

Microgels show sensitivity to various triggers such as tempera-
ture [1], pH [2] and ionic strength of the medium [3] due to spe-
cific functionalities present in their network. They show sudden
increase or decrease in their size upon variation in certain external
parameters. For example, at 32 oC, size of poly(N-isopropylacryl-
amide) [p(NIPa)] microgel particles is decreased abruptly in aque-
ous medium due to their thermo-sensitivity [4]. N-isopropylacryl-
amide is copolymerized with some comonomers to obtain multi-
responsive polymer microgels along with their temperature sensi-
tivity [5].

Due to this responsive behavior, microgels find application in
different fields such as drug delivery [6-8], sensing [9], photonics
[10,11], purification [12], separation [13-15] and nanotechnology
[16,17]. Use of microgels for preparation of metal nanoparticles has
gained much importance over other conventional methods adopted
for synthesis of metal nanoparticles due to some specific advan-
tages. For example, easy preparation, tunable size, functionaliza-

tion of various groups, porous network with controlled degree of
crosslinking, high stability and stimuli responsive behavior of micro-
gels make them more appropriate template for fabrication of metal
nanoparticles and their use in different fields. Microgels have been
reported as an effective micro-reactor for synthesis of different inor-
ganic nanoparticles [18-21]. Size and shape of nanoparticles can be
controlled by controlling the feed content of microgels and hybrid
microgels [22,23]. The nanoparticles immobilized inside the micro-
gels can be stabilized for long time without their aggregation [24,
25]. Metal nanoparticle fabricated hybrid microgels with porous
structure have potential as an excellent catalyst for various organic
reactions [24,26,27]. The catalytic activity of hybrid microgels can
be tuned by varying external stimuli. For example, when tempera-
ture of the medium is increased, NIPa based hybrid microgel par-
ticles shrink at a certain temperature called volume phase transition
temperature (VPTT) that makes the diffusion of reactants to the
surface of metal nanoparticles difficult due to which catalytic activ-
ity of the hybrid catalytic system decreases [26]. This feature of
thermo-responsive hybrid microgels makes them a potential can-
didate as catalyst for highly explosive exothermic catalytic reactions
at controlled rate to avoid any explosion [28,29].

Hybrid microgels are used as catalyst for various organic reac-
tions such as hydrogenation [30], reduction of nitroarenes [31] and
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various other reactions [32]. Begum et al. prepared silver-poly(N-
isopropylacrylamide-acrylamide) [Ag-p(NIPa-AAm)] composite
microgels as catalyst for reduction of 4-Nitrophenol (4-NP) using
NaBH4 as reducing agent [33]. Lu and coworkers prepared core-
shell microgel particles with polystyrene (Pst) core and p(NIPa) shell
for in-situ fabrication of Ag NPs in their shell region [29]. Synthe-
sized Ag-Pst-p(NIPa) core-shell composite microgel catalysts were
used for degradation of 4-Nitrophenol (4-NP) in aqueous medium.
They reported that catalytic activity of Ag-Pst-p(NIPa) core-shell
hybrid microgels can be tuned by varying temperature of the me-
dium, but synthesis of core-shell microgels involves more than one
step, and relatively more difficult procedure was adopted for syn-
thesis of these hybrid microgels. Moreover, content of AgNPs per
unit microgel particles was found to be very low and a large amount
of catalyst was needed to carry out catalytic reduction of 4-NP at
industrial scale. Thermally tunable hybrid microgel catalytic sys-
tems have been tested only for catalytic reduction of 4-NP. Ther-
mally tunable catalytic reduction of other nitroarenes like 4-NA in
the presence of such kind of catalytic systems has not been re-
ported in literature, yet. However, few reports on catalytic reduc-
tion of 4-NA in the presence of metal nanoparticles stabilized in
non-responsive systems are available in literature [34-36]. For exam-
ple, Chiu and coworkers used gold nanocubes, octahedral and
dodecahedral crystals as catalysts for reduction of 4-Nitroaniline
(4-NA) into 4-Aminoaniline (4-AA) in aqueous medium [37]. Reddy
et al. prepared and stabilized AuNPs using Sapindus Mukorossi
Gaertn fruit pericarp [38]. They applied these biosynthesized AuNPs
for reduction of 4-NA. But synthesis of AuNPs and their applica-
tion as catalyst for degradation of 4-NA is not a cost effective way
and cannot be employed at industrial level. According to best of
our knowledge, no one has reported the reduction of 4-NA into 4-
AA in the presence of silver nanoparticles loaded p(NIPa-AAm-
Ma) microgels using NaBH4 as reducing agent to elaborate the catal-
ysis process under various conditions.

In this work, we prepared p(NIPa-AAm-Ma) microgels by pre-
cipitation polymerization and used this dispersion as micro-reac-
tor for fabrication of AgNPs in aqueous medium. Different tech-
niques such as FTIR, DLS, TEM and UV-Visible spectroscopy were
employed to characterize the pure and composite microgel particles.
Catalytic efficiency of thermo-sensitive Ag-p(NIPa-AAm-Ma) com-
posite microgels was investigated by adopting the reduction of 4-
NA as benchmark reaction. Catalytic activity of hybrid microgels
was also investigated under different reaction conditions like tem-
perature of the medium, catalyst dose, concentration of NaBH4 and
4-NA. Kinetic and thermodynamic parameters for catalytic reduc-
tion of 4-NA using NaBH4 reducing agent were also calculated before
and after VPTT of the hybrid microgels to elaborate the reduction
process.

EXPERIMENTAL PART

1. Chemicals
N-isopropylacrylamide (NIPa, 99%), ammonium per sulfate (APs,

99%), acrylamide (AAm, 98%) and sodium borohydride (NaBH4,
99%) were imported from Sigma Aldrich, Germany, while sodium
dodecyl sulfate (SDs, 98%) and methacrylic acid (Ma) were pur-

chased from Merck. 4-NA was purchased from Alfa Aesar while
N, N-methylene bis acrylamide (BiS, 99%) was obtained from
Amresco. All chemicals were used as such and were not further
processed for purification. Deionized water was used during experi-
mental work.
2. Preparation of Polymer Microgels

p(NIPa-AAm-Ma) microgel particles were prepared by precipi-
tation polymerization method as reported earlier [39]. For this
purpose, 1.03 g NIPa (91 mol%), 0.0213 g AAm (3 mol%), 0.046 g
BiS (3 mol%) and 0.05 g SDs were dissolved in 95 mL deionized
water in a 250 mL three-necked round bottom flask. Reaction mix-
ture was stirred for 20 minutes to dissolve solid reagents properly.
Then 26L Ma (3 mol%) was added into the reaction mixture at
room temperature. Temperature of the reaction mixture was raised
to 76 oC. Heating and stirring was continued under nitrogen sup-
ply for 30 minutes to remove dissolved oxygen while temperature
of reaction mixture was maintained at 76 oC. 5 mL aqueous solu-
tion of APs (0.1 M) was added in reaction mixture to initiate the
process of polymerization. Clear solution of reaction mixture turned
turbid after few minutes of addition of APs. Reaction was further
continued under constant N2 supply for 4 hours to complete the
polymerization process. Prepared microgels dispersion was cooled
at room temperature and purified by dialysis for one week using
spectra pore macromolecular porous membrane tubing having a
cut off value of 12,000-14,000 at room temperature to remove ini-
tiator, surfactant and un-reacted monomers.
3. Synthesis of Hybrid Polymer Microgels

Hybrid microgels were prepared by reducing silver ions within
p(NIPa-AAm-Ma) polymer network at room temperature using
in-situ reduction method reported previously by us and others
[3,25]. 14 mL microgels dispersion was mixed with 36 mL ultra-
pure water in a three-necked round bottom flask and stirred for
20minutes under gentle N2 supply to remove dissolved oxygen from
aqueous dispersion. Then, 0.4 mL aqueous solution of AgNO3

(0.1 M) was added into the reaction mixture under nitrogen purg-
ing. The reaction mixture was stirred for 30 minutes under contin-
uous N2 purging, and 5 mL NaBH4 (0.052 mM) was added in the
reaction mixture. Reaction was continued further for 90 minutes.
The hybrid microgel dispersion was subjected to dialysis for 1hour
using porous membrane to remove unreacted species as reported
previously [3].
4. Characterization

For Fourier transform infrared (FTIR) analysis, powdered sam-
ples of pure and composite microgels were scanned on RXI FT-IR
spectrometer (Perkin Elmer) in wavenumber range of 4,000 to
650 cm1. UV D-3500 (Labomed, Inc., USA) spectrophotometer
was used to scan UV-Visible spectra of pure and composite micro-
gels. FESEM JSM-7500F (JEOL limited USA) operating at 60 kV
was used to capture TEM images of pure and hybrid microgels.
For TEM analysis, dilute dispersion was placed on carbon coated
copper grids and air dried before measurements. Dynamic light
scattering (DLs) analysis was carried out on BI-200SM, Brookha-
ven Instrument Corp., USA at 90o using standard He-Ne laser (632.8
nm) as light source.
5. Study of Catalytic Activity of Hybrid System

Catalytic activity of Ag-p(NIPa-AAm-Ma) composite microgels
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was investigated by adopting the catalytic reduction of 4-NA as a
model reaction. Effect of reaction conditions like temperature of
the medium, catalyst dose, concentration of reducing agent and 4-
NA was also studied. To study the effect of concentration of reducing
agent, its concentration was changed from 3.35 to 10.06mM, while
amount of catalyst and 4-NA was kept constant at 0.012 mg/mL
and 0.067 mM, respectively. Catalyst dose was varied from 0.012
to 0.060 mg/mL to study its effect on the value of apparent rate
constant (kapp) for reduction of 4-NA using 6.70 mM NaBH4 and
0.067mM 4-NA. Similarly, concentration of 4-NA was varied from
0.030 to 0.060 mM to study its effect on value of kapp for reduction
of 4-NA using 6.70 mM NaBH4 and 0.012 mg/mL hybrid micro-
gels at 23 oC. Effect of temperature on catalytic activity of hybrid
microgels catalyst was also investigated by varying its value from
25 to 70 oC while all other reaction conditions were kept constant. The
required amounts of 4-NA, NaBH4 and catalyst were taken in a quartz
cuvette, and progress of reaction was monitored by scanning time
dependent UV-Visible spectra of reaction mixture in the wavelength
range of 200-500 nm using UV-D3500 spectrophotometer.

RESULTS AND DISCUSSION

1. Synthesis of Microgels and Hybrid Microgels
Poly(N-isopropylacrylamide-acrylamide-methacrylic acid) [p(NIPa-

AAm-Ma)] microgel particles were prepared by emulsion polym-
erization method in aqueous medium [16], while Ag-p(NIPa-
AAm-Ma) hybrid microgel particles were prepared by in-situ

chemical reduction method at ambient temperature [17]. Sche-
matic representation for synthesis of Ag-p(NIPa-AAm-Ma) hybrid
microgels is shown in Fig. 1. Emulsion polymerization method is
the best reported method for synthesis of polymer particles with
micro size and avoiding macro gelation. High temperature (70 oC)
decomposes the APs into persulfate (S2O8

2), which alternatively
decomposes into sulfate (SO4

 ∙) free radical with negative charge at
its one end and free electron at other end. Sulfate (SO4

 ∙) free radi-
cal gives electrons to carbon-carbon double bond present in mono-
mers to convert into carbon-carbon single bond and initiates the
polymerization [16]. At the start, unstable precursor particles are
formed which combine with each other or with other growing
polymer chains. Charge induced by initiator is not enough to sta-
bilize the microgel particles. So, emulsifier (SDs) was also used to
induce stability as well as to control the size of microgel particles [17].
It has already been reported that the size of microgel particles
decreases with increase of concentration of emulsifier [17]. Solu-
tion became milky on polymerization due to change in dimen-
sions of microgel particles as well as due to change of refractive
index of microgel particles [16].

Diluted microgels dispersion was treated with AgNO3 salt which
acted as precursor of silver ions. pH of the microgels dispersion
was kept at pH greater than pka of methacrylic acid (pH>pka=4.68)
[16]. At this pH, all carboxylic acid (COOH) groups of Ma exist as
carboxylate ions (COO) and microgel particles are present in
swelled state. Maximum loading of silver ions in the microgels net-
work was obtained due to its swelled state. NaBH4 acted as reduc-

Fig. 1. Schematic representation for synthesis of Ag-p(NIPa-AAm-Ma) hybrid microgels for their thermally tunable catalytic reduction of 4-
nitroaniline.
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ing agent and donated electron to silver ions and reduced them
into silver atoms. Silver atoms combined to form AgNPs. The color
of microgels dispersion was changed from milky appearance to yel-
low brown as shown in Fig. 2(b), which also indicates the success-
ful fabrication of AgNPs in microgel network.
2. Characterization
2-1. FTIR Analysis

FTIR analysis of p(NIPa-AAm-Ma) microgels and Ag-p(NIPa-
AAm-Ma) composite microgels was performed to identify func-
tional groups of polymeric network and their interaction with metal
nanoparticles. FTIR spectra of pure and hybrid microgels are given
in Fig. 2(a). The peak at 2,971cm1 in FTIR spectra of pure micro-
gels can be attributed to asymmetric stretching of C-H bond, while
the peak at 2,877 cm1 may be associated with symmetric stretch-
ing of C-H bond. Peaks at 1,542 and 1,459 cm1 were observed
due to stretching and bending of C-H bond of methylene (CH2)
groups. A peak at 1,389 cm1 associated with methyl group was
observed. Peaks associated with amide groups can be seen at wave
numbers of 1,638 and 1,630 cm1 in FTIR spectra of both pure and
hybrid microgels. Amide groups of polymeric network play a vital
role in stabilization of silver nanoparticles by donating electron
pair to metal nanoparticles as reported previously [13]. An intense
and broad peak at wavenumber of 3,279 cm1 indicates the forma-
tion of hydrogen bonding between amide groups of polymer net-
work and molecules of water present inside the network. The de-

crease in intensity and broadness of this peak upon loading of metal
nanoparticles into the microgels may be attributed to displacement
of some water present in network sieves by metal nanoparticles.
No peak relevant to vinyl double bonds was noticed in FTIR spec-
tra of pure and hybrid microgels samples, which indicates the con-
version of carbon-carbon double bond into carbon-carbon single
bond as a result of polymerization. Small change in position and
intensity of various peaks in FTIR spectra of polymer microgels indi-
cates the establishment of interaction between silver nanoparticles
and functional groups of microgel particles.

Shift in position of peaks in finger print region of FTIR spectra
was also observed upon fabrication of metal nanoparticles inside
the network, which also indicates some sort of interaction of vari-
ous functional groups of polymer microgels with silver nanoparti-
cles. The nature of the interaction of these functional groups with
silver nanoparticles has already been explored by Dong et al. [40].
Other researchers also reported the use of FTIR spectroscopy for
determination of functional groups of different systems [33,41].
2-2. UV-visible Analysis

UV-Visible analysis of pure and composite microgels was also
done and spectra are given in Fig. 2(b). No peak was observed in
UV-Visible spectra of p(NIPa-AAm-Ma) pure microgel sample,
while a prominent peak was seen at 420nm in case of Ag-p(NIPa-
AAm-Ma) composite microgel sample, which can be attributed to
surface plasmon resonance (SPR) phenomenon of AgNPs as a

Fig. 2. (a) FTIR spectra of p(NIPa-AAm-Ma) microgels and Ag-p(NIPa-AAm-Ma) composite microgels, (b) UV-visible spectra of p(NIPa-
AAm-Ma) polymer microgels and Ag-p(NIPa-AAm-Ma) hybrid polymer microgels (c) UV-visible spectra of freshly prepared Ag-
p(NIPa-AAm-Ma) composite microgels and after eight weeks.
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result of their interaction with electromagnetic radiation. A sim-
ple and narrow peak at 420 nm indicates that AgNPs are spherical
with narrow size distribution. UV-Visible spectra of Ag-p(NIPa-
AAm-Ma) hybrid microgels scanned after eight weeks of synthe-
sis show that no change in position of SPR band occurs as shown
in Fig. 2(c), which indicates the high stability of AgNPs in poly-
mer network. One of the causes of high stability of AgNPs in such
kind of polymer microgels is strong donor-acceptor interaction
between carboxyl and amide groups of microgel particles and sil-
ver nanoparticles as reported previously [40].
2-3. TEM Analysis

TEM analysis of p(NIPa-AAm-Ma) microgels and Ag-p(NIPa-
AAm-Ma) composite microgels was carried out using dilute dis-
persions of pure and hybrid microgels, and their images are given
in Fig. 3. Inset of Fig. 3 is an image of hybrid microgel particles
which shows the successful fabrication of AgNPs in polymer micro-
gels. Dark spots indicate the presence of AgNPs inside light colored
microgel particle. TEM analysis indicates that microgel particles
and AgNPs fabricated in polymer microgel particles both are
spherical. Diameter of microgel particles and that of AgNPs fabri-
cated inside the microgel particles was estimated to be in range of
290-300 nm and 10-15 nm, respectively.
2-4. DLS Analysis

DLS analysis was done to determine the value of hydrodynamic
diameter of p(NIPa-AAm-Ma) microgels and Ag-p(NIPa-AAm-
Ma) composite microgels at different pH values of the medium at
23 oC. The value of hydrodynamic diameter (Dh) of pure and com-
posite microgel particles as a function of pH of the medium is
shown in Fig. 4. Fig. 4 shows the gradual increase in diameter of
pure and composite microgel particles with increase in pH of the
medium from 2 to 10 due to ionization of carboxylic acid groups
of polymer network. The maximum variation in diameter of pure
and hybrid microgel particles was observed in the pH range of 3-5

because pka value of methacrylic acid (Ma) is 4.68 as reported pre-
viously [16]. Similar observations related to size variation in simi-
lar microgel particles with pH change have already been reported
with detailed reasoning by our group [16,42]. Particle size derived
by DLS analysis has also been reported by other researchers [43].

Pure and hybrid polymer microgels showed almost same pH
sensitive behavior. Swelling ratio of hybrid polymer microgel parti-
cles was found to be smaller than that of pure microgel particles
due to presence of AgNPs in the sieves of polymer microgels. Respon-
sive behavior of hybrid microgel particles has great importance for
their use as catalyst in various reactions. Swelling of hybrid micro-
gel particles at high pH triggers the movement of reactants in and
product out of polymer network during catalytic reaction. Swol-
len polymer microgel particles not only enhance the diffusion pro-
cess but also provide hydrophilic micro environment to hydrophilic
reactants like 4-NA to move in network. For example, Au-p(NIPa)
yolk shell hybrid microgel system is a good catalyst for reduction
of 4-NP in its hydrophilic swollen state, but it does not have good
catalytic activity for reduction of NB in swollen state because 4-NP
is hydrophilic and Nitrobenzene (NB) is hydrophobic [27]. That is
why catalytic activity of Ag-p(NIPa-AAm-Ma) hybrid microgels
towards reduction of 4-NA was investigated under basic pH con-
ditions.
3. Catalytic Activity

Catalytic efficiency of Ag-p(NIPa-AAm-Ma) composite micro-
gels was investigated by adopting the 4-NA reduction into 4-AA
as benchmark reaction in the presence of NaBH4. Catalytic con-
version of 4-NA into 4-AA is of great importance academically and
technologically because aromatic amionic compounds have many
applications in various fields [31]. 4-NA is highly toxic and water
soluble compound and has carcinogenic effects on human beings
on its exposure. It is difficult to remove from aqueous medium by
conventional methods due to its high solubility in water. How-
ever, it can be converted into useful product (4-AA) by catalytic
reduction method, but previously reported catalysts for catalytic
reduction of 4-NA are very expensive [11]. It is an urgent need to
design new and cheap but effective catalyst for reduction of 4-NA.
Moreover, catalytic conversion of 4-NA into 4-AA can be moni-

Fig. 3. TEM image of p(NIPa-AAm-Ma) microgels, Inset: TEM
image of Ag-p(NIPa-AAm-Ma) composite microgel particles.

Fig. 4. Plot of Dh of p(NIPa-AAm-Ma) microgels and Ag-p(NIPa-
AAm-Ma) composite microgels as a function of pH of the
medium at 23 oC in aqueous medium.
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length of 380 nm was noted without catalyst for two hours, which
indicated that catalytic reduction of 4-NA is kinetically restricted.
However, a quick decrease in the value of absorbance at 380 nm
was observed in the presence of catalyst in reaction mixture due to
catalytic conversion of 4-NA into 4-AA.

Catalytic reduction of 4-NA was carried out under different con-
centration of NaBH4, 4-NA, catalyst and temperature of the medium
to study their effect on the value of apparent rate constant (kapp).
Moreover, during catalytic reduction of 4-NA, concentration of
NaBH4 was kept high as compared to that of 4-NA. Following
pseudo-first-order equation was used to calculate the value of kapp

for 4-NA reduction.

(1)

In Eq. (1), dCt/dt shows the rate of 4-NA reduction in term of its
rate of consumption, while Ct indicates the 4-NA concentration at
any time ‘t’ during progress of reaction. By integrating Eq. (1) and
solving it under conditions of concentration of 4-NA at any time
(Ct) and at zero time (Co), a linear relation is obtained between
ln(Ct/Co) and time which is used to find the value of kapp for reduc-
tion of 4-NA.

Ratio of Ct/Co was found from value of absorbance of 4-NA at
380 nm at any time during progress of reduction reaction and at
zero time, respectively.
4. Kinetic Study of Catalytic Reduction of 4-NA under Dif-
ferent Conditions

4-NA was reduced to 4-AA using different Ag-p(NIPa-AAm-

 
dC
dt
-------  kappCt

tored by UV-Visible spectrophotometry. Due to aforementioned
reasons, this reaction was selected as model reaction to test cata-
lytic activity of Ag-p(NIPa-AAm-Ma) hybrid microgels. Catalytic
reaction was carried out under different operating conditions to
find optimum conditions for its rapid and economical degrada-
tion. Here, reduction of 4-NA was monitored by UV-Visible spec-
trophotometry. Decrease in value of absorbance at 380 nm with
passage of time was observed due to decrease in concentration of
4-NA as shown in Fig. 5. No change in color of reaction mixture
containing 4-NA and NaBH4 and its value of absorbance at wave-

Fig. 5. UV-Visible spectra of reduction of 4-NA [Conditions: Ag-
p(NIPa-AAm-Ma) hybrid microgels=0.012mg/mL, [NaBH4]=
5.03 mM, [4-NA]=0.067 mM and temperature=23 oC].

Fig. 6. Linear portion of plots of ln(At/Ao) vs time for reduction of 4-NA at (a) various amounts of Ag-p(NIPa-AAm-Ma) composite micro-
gel catalyst (b) different values of temperature of the medium (c) plot of lnkapp vs 1/T for 4-NA reduction in presence of 6.70 mM
NaBH4, 0.067 mM 4-NA and 0.012 mg/mL catalyst.
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Ma) hybrid microgels catalyst dose in its range of 0.012-0.060 mg/
mL, while concentration of 4-NA and NaBH4 was kept constant as
0.067 mM and 6.7 mM, respectively, at 23 oC. ln(At/Ao) was plot-
ted as a function of time to determine the value of apparent rate
constant (kapp) for reduction of 4-NA. Time in which value of
ln(At/Ao) was not changed with time at start of reaction for reduc-
tion of 4-NA is called the induction period [15]. However, when
induction period passed, ln(At/Ao) was found to be decreased lin-
early with time and become constant. Constant value of ln(At/Ao)
with time at the end of reaction shows the completion of reduc-
tion of 4-NA. Fig. 6(a) shows the portion of plot of ln(At/Ao) vs t
in which value of ln(At/Ao) decreases linearly with time. This plot
was used to calculate the value of kapp for reduction of 4-NA at
various amounts of catalyst. The value of kapp for reduction of 4-
NA was increased from 0.96×102 to 1.17×102 s1 when dose of
catalyst was increased from 0.012 to 0.060 mg/mL, respectively, as
given in Table 1. At high catalyst dose, more surface area of AgNPs
was available for adsorption of reactant molecules and rate of reduc-
tion reaction was increased [15]. Thus, value of kapp for reduction
of 4-NA was found to be increased with increase of catalyst dose.

Effect of concentration of NaBH4 on rate of reduction of 4-NA
was investigated by changing its concentration from 3.35 to 10.05
mM, while concentration of 4-NA and catalyst dose was kept con-
stant as 0.067 mM and 0.012 mg/mL, respectively, at 23 oC. The
value of kapp for reduction of 4-NA was found to be increased with
increase of concentration of NaBH4, became constant and then was
decreased. Value of kapp was found to be changed with change of
concentration of reducing agent. At start, kapp was increased with
increase of amount of NaBH4, approached to maximum value and
then decreased at the end. Actually at initial stages, increase in con-
centration of reactants increased the rate of their diffusion through
polymeric network to approach the surface of AgNPs and ultimately

increased their extent of adsorption on the surface of AgNPs, which
resulted in increase in the value of kapp for reduction reaction. But
it was observed that high concentration of NaBH4 causes decrease
in value of kapp for reduction of 4-NA. This may be due to exces-
sive use of NaBH4 which occupies the whole active sites of AgNPs
catalyst present in polymer network and results in decrease in value
of kapp [38].

Table 1 gives the values of kapp for reduction of 4-NA at differ-
ent amount of NaBH4. 4-NA was reduced to 4-AA using its differ-
ent concentration in presence of 0.012 mg/mL catalyst dose and
6.7 mM reducing agent at 23 oC. It was observed that value of kapp

was not changed appreciably with change of concentration of 4-
NA in a wide concentration range. The same trend has also been
reported previously [44]. However, a slight decrease in the value of
kapp for reduction of 4-NA with concentration of 4-NA in its high
concentration range was observed as shown in Table 1.

These observations support Langmuir-Hinshelwood mechanism
of catalysis in which both reactants get adsorbed on the surface of
silver nanoparticles, interact with each other and are converted into
products [39].
5. Thermodynamic Aspect of Reduction Reaction

Temperature of the medium is an important parameter that can
be used to tune the catalytic activity of hybrid microgels towards
4-NA reduction. 4-NA reduction was done under different condi-
tions of temperature by varying its value from 25 to 70 oC while all
other reaction conditions as concentration of catalyst and reac-
tants were kept constant. Plot of ln(At/Ao) vs time for linear por-
tion only at different temperature of the medium is shown in Fig.
6(b). Value of kapp for 4-NA reduction at various values of tempera-
ture was calculated from slope of the plot of ln(At/Ao) vs t as shown
in Fig. 6(b). Values of kapp for the catalytic reduction of 4-NA at
different values of temperature of the medium are given in Table

Table 1. Values of kapp for reduction of 4-NA using different amount of catalyst, reducing agent, 4-NA and different temperature
 Reaction conditions NaBH4 (mM) Catalyst (mg/mL) 4-NA (mM) T (oC) kapp×102 (s1)
Catalyst 06.70 0.012 0.067 23 0.96

06.70 0.024 0.067 23 1.02
06.70 0.036 0.067 23 1.07
06.70 0.048 0.067 23 1.13
06.70 0.060 0.067 23 1.17

NaBH4 03.35 0.012 0.067 23 0.61
05.03 0.012 0.067 23 1.12
06.70 0.012 0.067 23 1.09
10.05 0.012 0.067 23 0.66

4-Nitroaniline 06.70 0.012 0.030 23 1.40
06.70 0.012 0.040 23 1.11
06.70 0.012 0.050 23 1.40
06.70 0.012 0.060 23 1.10

Temperature 06.70 0.012 0.067 25 1.71
06.70 0.012 0.067 35 2.92
06.70 0.012 0.067  45 2.58
06.70 0.012 0.067  55 1.45
06.70 0.012 0.067  65 4.07
06.70 0.012 0.067  70 4.19
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1. Plot of ln(kapp) as a function of 1/T is shown in Fig. 6(c). It is
clear from Fig. 6(c) that catalytic reduction of 4-NA in the pres-
ence of Ag-p(NIPa-AAm-Ma) hybrid microgels does not follow
typical Arrhenius behavior in temperature range of 25 to 70 oC.

It was observed that kapp was changed from 1.71×102 to 2.92×
102 s1 with variation in temperature from 25 to 35 oC for reduc-
tion of 4-NA. Value of kapp was increased with increase of tem-
perature of the medium due to increase of number of molecules
having kinetic energy greater than activation energy as interpreted
by normal Arrhenius behavior for reactions. Further increase of
temperature decreased the value of kapp for 4-NA reduction. This
decrease in kapp value was due to temperature induced volume phase
transition of microgel particles. We have already studied the tem-
perature sensitive behavior of p(NIPa-AAm-Ma) microgel parti-
cles in aqueous medium under different conditions of pH of the
medium. It was observed that VPTT changed with changes of pH
of the medium [45]. In our previous studies, we found that VPTT
of the microgels lies in range of 50 to 58 oC while pH is in range of
6 to 8. Thus, Ag-p(NIPa-AAm-Ma) hybrid microgels are shrunken
at 55 oC and decrease the rate of diffusion of reactant molecules
into polymer network to get adsorbed on the surface of AgNPs.
As a result, value of kapp is decreased rapidly. Volume phase transi-
tion of microgel particles due to change of temperature and its effect
on rate of reaction at temperature below and above of VPTT is dia-
grammatically represented in Fig. 1. Lowest value of kapp for reduc-
tion of 4-NA was observed at 55 oC and was found to be 1.45×102

s1. Similar observations have been reported by Lu et al. in case of
catalytic reduction of 4-NP in aqueous medium using Ag-[Pst-
p(NIPa)] core shell composite microgels as catalysts [46]. Carregal-
Romere and coworkers prepared Au-p(NIPa) hybrid microgels cat-
alyst and used it as relay center for electron transfer reaction be-
tween hexacyanoferrate (III) and borohydride ions [47]. Catalytic
activity of Au-p(NIPa) hybrid microgels was found to be affected
by change of temperature as well as cross-linking density of shell
region. When temperature of the medium was changed from 55 to
70 oC, the value of kapp for reduction of 4-NA was increased. Actu-
ally, in this temperature range, the number of reactant molecules
with kinetic energy greater than activation energy increases and
reduction reaction follows the Arrhenius behavior. Thus, the value
of activation energy for reduction of 4-NA was calculated in both
swollen and collapsed state of microgel particles (at T<VPTT>T)
using the following equation:

(2)

In Eq. (2), Ea is activation energy, while A is pre-exponential fac-
tor for 4-NA reduction in presence of hybrid microgels catalyst
both below and above VPTT of hybrid microgels. Eyring equation
(Eq. (3)) was also employed to find the value of enthalpy of activa-
tion (H*) and entropy of activation (S*) for catalytic reduction
of 4-NA.

(3)

In Eq. (3), kB is Boltzmann constant while h is Planck’s constant.
Their values are 1.38×1023 JK1 and 6.63×1034 Js, respectively. R

represents general gas constant. Table 2 shows the values of Ea, A,
H* and S* for reduction of 4-NA using hybrid microgels cata-
lyst at temperature above and below of VPTT. Ea at temperature
above VPTT was two-times higher than its value below VPTT.
This may be due to presence of a barrier faced by reactants for dif-
fusion offered by shrunk polymer network to approach the sur-
face of AgNPs at high temperature. Also, the value of A was found
to be 104 times higher at temperature above VPTT as compared
to temperature below VPTT. Actually, A represents the value of kapp

for reaction at infinite temperature of the medium. It is assumed
that at infinite temperature, AgNPs are exposed due to shrinkage
of polymer microgel particles, which induces significant increase
in value of A. The values of H* and S* are given in Table 2.

Positive value of H* before and after VPTT of hybrid microgels
shows that activation process is endothermic. While value of S*
for reduction of 4-NA was found to be 1.61×101 and 3.958×102

kJ/molK before and after VPTT, respectively. These results indi-
cate that reduction of 4-NA in presence of hybrid microgel cata-
lyst is a more favorable process at high temperature. The reason is
that at high temperature the value of H* is high while the value
of S* is less negative. Two factors may be involved in modifica-
tion of value of entropy during activation process after VPTT of
hybrid polymer microgels. Former factor is the involvement of
extent of freedom of reactants as well as activated complex. Later
factor is rate of diffusion of reactants to approach the surface of
AgNPs through microgel network. It may be possible that first fac-
tor is prominent before VPTT of hybrid microgels particles. So
the magnitude of S* was found to be higher than that after VPTT
of hybrid microgels.

CONCLUSION

Silver nanoparticle loaded poly(N-isopropylacrylamide-acryl-
amide-methacrylic acid) [Ag-p(NIPa-AAm-Ma)] hybrid micro-
gels were prepared by simple and economical method for their use
as an efficient catalyst. Catalytic activity of hybrid microgels was
demonstrated by reducing 4-NA into 4-AA. FTIR and UV-Visi-
ble analysis showed the successful fabrication of AgNPs inside the
polymer network. Hybrid microgels showed high catalytic activity
towards 4-NA reduction. Effect of various reaction parameters on
the value of kapp for 4-NA reduction was also studied systematically.
It was observed that activity of composite microgels catalyst is tun-
able by changing the medium temperature. Temperature (before
VPTT) for optimum activity of Ag-p(NIPa-AAm-Ma) composite

kapp   
Ea

R
----- 1

T
--- 
    Alnln

kapp

T
-------- 
     

H*

R
---------- 1

T
--- 
    

kB

h
----- 
    

S*

R
--------lnln

Table 2. Activation energy (Ea), pre exponential factor (A), enthalpy
of activation (H*) and entropy of activation (S*) for 4-NA
reduction at temperature below and above of VPTT of com-
posite polymer microgels catalyst

Kinetics/
Thermodynamic parameters T<VPTT T>VPTT

Ea (kJ/mol) 40.83 70.59
A (s1) 2.46×105 2.71×109

H* (kJ/mol) 38.77 67.81
S* (kJ/mol) 1.61×101 3.96×102



Designed synthesis of silver nanoparticles in responsive polymeric system for their thermally tailored catalytic activity …… 1107

Korean J. Chem. Eng.(Vol. 35, No. 5)

microgels for 4-NA reduction was found to be 35 oC. The value of
kapp was 2.93×102 s1 for 4-NA reduction, while half-life was 23.2 s
at 35 oC. Ag-p(NIPa-AAm-Ma) hybrid microgels showed mini-
mum catalytic activity at 55 oC due to deswelling of hybrid micro-
gel particles. Value of kapp and half life for 4-NA reduction was
1.45×102 s1 and 47.8 s, respectively, at 55 oC. Conditions like con-
centration of reactants, catalyst and temperature of the medium
can be set to optimize the rate of reduction of 4-NA. The reported
hybrid microgels can be used as catalyst for reduction of other nitro
aromatic compounds in aqueous medium in future.
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ABSTRACT
Polymer microgels loaded with inorganic nanoparticles have gained much attention as catalytic
systems for reduction of toxic chemicals. Enhanced catalytic properties of hybrid microgels are
related to the stimuli responsive nature of microgels and extraordinary stability of nanoparticles
within network of polymer microgels. Catalytic properties of hybrid microgels can be tuned very
easily by slight variation in environmental conditions. Herein we have reviewed catalytic reduction
of toxic chemicals such as nitroarenes and organic dyes in the presence of appropriate hybrid
microgel catalytic systems under different operating conditions of reaction. Recent advancements
in catalytic behavior of hybrid microgels with special emphasis on their ability to catalytically
degrade various toxic chemicals has been presented in this review.

GRAPHICAL ABSTRACT

KEYWORDS
Catalytic degradation;
hybrid microgels; nano-
catalysis; toxic chemicals

Introduction

Nitroarenes are important chemicals of industries including
explosives,[1] pharmaceuticals [2] and textiles.[3] Nitroarenes
are usually used as precursors for synthesis of pesticides,[4]

medicines [5] and dyes.[6] Most of these chemicals are water
soluble and are used in aqueous medium. Industrial waste
containing above said chemicals is thrown into water

bodies.[7,8] High concentration of such chemical acts as
organic pollutant and causes serious health problems to
human beings, animals and plants.[9,10] Accumulation of nitro-
arenes into body of living organisms disturbs their biological
cycles. Dyes are another group of organic compounds fre-
quently used in textile,[11] food,[12] cosmetic[13] and chem-
ical[14] industries. Almost 15% of total production of dyes is
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lost during dying process. This waste is thrown into the water
bodies which is major cause of water pollution. Due to these
reasons, treatment of organic waste containing nitroarenes and
organic dyes is gaining more importance day by day.[15,16]

Different techniques have been used historically for
treatment of toxic chemicals including nitroarenes and
dyes such as chemical methods i.e. oxidation using O2, O3,
NaOCl or H2O2,

[17] reduction using NaBH4,
[18] physical

methods like adsorption, precipitation[19] and biological
methods.[20,21] These methods are not of great importance
due to their high operating cost, high energy consumption
and toxicity of resulting products.[22] In comparison to
these methods, catalytic treatment is fast, effective, low
cost and energy saving procedure which is gaining more
attention these days.[23]

Several nanocatalytic systems have been developed for
treatment of waste water containing nitroaromatic com-
pounds and organic dyes. These include metal,[24] metal
oxide,[25] metal sulfide,[26] and bimetallic nanoparticles.[27]

Among aforementioned nanocatalytic systems, metal
nanoparticles are widely used as catalysts. However use of
naked nanoparticles as catalysts for degradation of toxic
chemicals is difficult because of their coagulation or
aggregation during progress of reaction or their stor-
age.[28] In order to overcome these problems several stabi-
lizing systems such as Microgels,[29] Dendrimers,[30]

Polyelectrolyte Brushes[31] and miceller systems have been
developed.[32,33] Microgels have various advantages over
other stabilizing systems. For example hybrid microgels
can be obtained using different facile methodologies
including fabrication of inorganic nanoparticles in micro-
gel dispersion, fabrication of polymeric network in nano-
particles dispersion and mixing of dispersion of microgels
and nanoparticles.[34–37] Inorganic nanoparticles are stabi-
lized in microgel systems due to strong donor-acceptor
interaction between different functionalities of polymer
network and inorganic nanoparticles.[38] Size and size dis-
tribution of inorganic nanoparticles can be manipulated
by controlling the crosslinking density of polymeric net-
work used for in-situ fabrication of inorganic nanoparticles.
Control over size and size distribution of inorganic nanopar-
ticles is very important for their use in catalysis because cata-
lytic activity of nanoparticles is a function of their size and size
distribution. Open network does not affect diffusion of reac-
tants from bulk region to surface of nanoparticles and that of
products from surface region to bulk region. The reactant mol-
ecules may approach easily to surface of nanoparticles without
facing any significant diffusional barrier. Activity and selectiv-
ity can be easily tuned by changing external conditions of cata-
lytic reaction.[39–41] Hybrid microgels can be recycled by
simple centrifugation. Such features of microgel stabilized
nanoparticles make them fascinating candidates for their use in
catalysis. In last decade, various hybrid microgel systems have
been reported for catalytic reduction of nitroarenes and
organic dyes but recent research progress in this area has not
been critically reviewed. Although many review articles are
available on synthesis, characterization and application of
smart polymer microgels and hybrid microgels but to the

best of our knowledge, there is no review article which covers
use of hybrid microgels for catalytic and photocatalytic
removal of nitroarenes and organic dyes from aqueous
medium in detail.

Karg et al.[42] have reviewed microgels with respect to
their synthesis, characterization and applications but this
is a general review on microgels and hybrid microgels and
does not include catalytic degradation of nitroarenes and
dyes using hybrid microgels. Moreover it was published
10 years back. A lot of work on catalytic degradation of
toxic chemicals in presence of hybrid microgels has been
reported in last ten years which needs to be critically
reviewed for further advancement in this area. Farooqi
et al.[43] have reviewed synthesis, characterization and
catalytic applications of temperature responsive hybrid
polymer microgels but detail discussion on catalytic
degradation of different toxic chemicals have not been
provided in this review. Zhang et al.[44] reviewed various
monometallic, bi- or multimetallic unsupported and sup-
ported heterogeneous nanocatalytic materials used for
reduction of nitroaromatics in aqueous medium using
NaBH4, reductant. They have discussed catalytic systems
on the basis of metallic nanocatalysts and their supports.
Moreover reduction of 4-nitrophenol (4-NP) is focused in
this review article. Several other nitroaromatics and
organic dyes are being used in industries such as nitroani-
lines, nitrobenzene and azo dyes. A lot of work on cata-
lytic reduction of these chemicals have been published in
last decade which must be reviewed. Additionally, micro-
gels are better systems as compared to nonresponsive sup-
ports for such nanoparticles due to their responsive
nature, stability in wide range of temperature, less leaching
of metals and tuning of catalytic properties. Naseem
et al.[45] have reviewed catalytic reduction of 2-nitroaniline
using different nanocatalytic systems loaded in different
stabilizing mediums. Hybrid microgels catalyzed reduction
of 2-NA has not been discussed in this review in detail.
Moreover there are various other toxic nitroarenes and
organic dyes which are discharged into the water bodies.
Catalytic degradation of different nitroarenes and organic
dyes in the presence of hybrid microgels still needs to
be reviewed.

In this review article, we have focused on catalytic reduc-
tion of nitroarenes and organic dyes in the presence of
hybrid microgels. A brief introduction of the topic is given
in Section “Introduction”. Classification of catalytic systems
used for degradation of nitroarenes and organic dyes has
been described in Section “Hybrid microgels for catalytic
reduction of toxic chemicals”. Synthesis of hybrid microgels
is part of Section “Synthesis of hybrid microgels with differ-
ent morphologies”. Brief overview of techniques used
for characterization of hybrid microgels reported as catalysts
for reduction has been summarized in Section
“Characterization of hybrid microgels used in reductive
removal of nitroarenes and organic dyes”. Catalytic reduc-
tion and photo catalytic degradation of dyes in the presence
of hybrid microgels has been discussed in Section
“Reduction of toxic chemicals”.
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Hybrid microgels for catalytic reduction of
toxic chemicals

Chemical reduction of nitroarenes and organic dyes involves
use of mild reducing agents while their photocatalytic deg-
radation does not involve any reducing agent. These reac-
tions are usually thermodynamically favorable but kinetically
unfavorable because of their sluggish kinetics. Therefore
some suitable catalyst is necessary for making these reac-
tions kinetically favorable. Catalytic systems based on hybrid
microgels used for degradation of nitroarenes and organic
dyes are classified on the basis of (a) nature of nanoparticles
and (b) morphologies of polymer microgels.

Classification of hybrid microgels on the basis of
nanoparticles

Smart polymer microgels loaded with metal,[24] metal
oxide[25] and metal sulfide nanoparticles[26] have been
reported as catalysts for degradation of nitroarenes and
organic dyes. Among aforementioned hybrid systems,
metal nanoparticles loaded microgels have widely been
used as catalysts for reduction of nitroarenes and organic
dyes. Only few reports are available on catalytic degrad-
ation of nitroarenes and organic dyes in the presence of
metal oxides and metal sulfides loaded microgels. Metal
nanoparticles loaded hybrid microgels used for catalytic
degradation of dyes and nitroarenes have been discussed
in the following sections.

Gold nanoparticles loaded polymer microgels
Smart polymer microgels loaded with gold nanoparticles for
various applications have been widely reported in litera-
ture.[46–48] Recent research progress of synthesis and charac-
terization of Au nanoparticles loaded polymer microgels for
different applications has been reviewed by some of us and
readers are referred to this review.[49] Only those microgels
have been discussed here which belong to catalytic removal
of nitroarenes and organic dyes. Loading of gold nanopar-
ticles into polymer microgels for reductive removal of
organic dyes has been reported extensively in last decade[50]

because of their high stability, easy fabrication, inertness and
excellent electronic, optical and catalytic properties.[51] Gold
nanoparticles are easily synthesized within microgels by in-
situ reduction method using some reducing agent such as
NaBH4

[52] and gold salt as precursor.[53] Size dependent
catalytic activity of gold nanoparticles loaded into polymer
microgels is one of the most attractive features of hybrid
catalytic system. Size of gold nanoparticles can be controlled
by optimizing synthetic conditions i.e. concentration of
precursor salt, reaction time and cross-linking density of
polymer microgels. Fe3O4/poly[N-isopropylacrylamide-co-2-
(dimethylamino)ethyl methacrylate] composite has been
used for in-situ fabrication of gold nanoparticles to obtain
thermally tunable catalytic system.[47] This catalytic system
was magnetically recyclable as well. Negatively charged gold
nanoparticles were stabilized into positively charged respon-
sive composite by electrostatic interaction. Reduction of

4-nitrophenol was chosen as model reaction for investigating
catalytic efficiency of gold nanoparticle under different
operating conditions of reaction. Pich et al.[54] have synthe-
sized poly[vinylcaprolactum-acetoacetoxyethyl methacrylate]
microgels and functionalized them with different amounts of
gold nanoparticles for catalytic reduction of 4-nitrophenol in
aqueous medium. Catalytic activity of hybrid microgel sys-
tem was found to be dependent on content of Au nanopar-
ticles, microgels concentration and temperature of the
medium. It was observed that rate of catalytic reduction of
4-NP was found to be increased with increase in Au content
in microgels, concentration of microgels and temperature of
the medium. The value of rate constant was increased with
increase of temperature linearly in temperature range of
10–30 �C. At elevated temperature (from 30 to 40 �C), rate
of reaction was increased dramatically due to exposure of
Au nanoparticles resulted by shrinkage of polymer network.
Gold nanoparticles decrease activation energy of reaction
process by factor of 2 in case of hybrid microgel catalyst as
compared to bare gold nanoparticles. Polymeric templates
are providing better environment for mass transfer due to
which better catalytic activity was observed. In another
aspect, hydrophobic nature of microgel at higher tempera-
ture makes diffusion of organic molecules easy to nanopar-
ticles catalyst which makes reaction to occur faster.
Moreover amount of hybrid microgels or number of Au
particles in the polymer microgels also increase rate of reac-
tion. Thermosensitive gold-PNA yolk shell system has been
developed by Wu et al.[55] They demonstrated catalytic effi-
ciency of this yolk-shell system by studying reduction reac-
tion of nitrobenzene and 4-nitrophenol. They concluded
that rate of degradation of 4–nitrophenol is faster at lower
temperature but reduction of nitrobenzene is high at high
temperature. This property makes this system highly select-
ive if we have to reduce the mixture of nitrobenzene and
4-nitrophenol. Chen et al.[56] have synthesized responsive
Au-polymer hybrid microgels by temperature induced and
self cross-linking method. Polymer microgels were
synthesized by addition fragmentation chain transfer poly-
merization. Dispersion of polymer microgels and gold nano-
particles were mixed and heated to form hybrid microgels.
Hybrid microgels with almost 100% loading efficiency were
obtained. These hybrid microgels were tested as in aqueous
medium catalyst for reduction of nitroarenes. Wu et al.[57]

synthesized gold polymer hybrid microgels by thermo-
induced self-cross linking and in situ reduction of gold
precursor. Poly(2-dimethylaminoethyl methacrylate-3-(trime-
thoxylyl) propyl methacrylate) were prepared by reversible
addition fragmentation chain transfer polymerization. Cross
linking took place by hydrolysis and condensation of
methoxilyl groups. Then this microgel system was used as
reducing agent for gold precursor to obtain hybrid micro-
gels. In this method, microgel served as reducing agent as
well as stabilizing agent for gold nanoparticles. Gold nano-
particles show excellent catalytic activity. High selectivity of
gold nanoparticles for degradation of toxic chemicals makes
them very attractive catalysts.
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Palladium nanoparticles loaded polymer microgels
Pd nanoparticles have been also reported as catalyst for
reduction of nitroarenes and organic dyes.[58–60] They are
usually prepared by reduction of palladium salt with NaBH4

within polymer microgels which is known as in-situ reduc-
tion method. Pd nanoparticles loaded into polymer micro-
gels are important catalytic systems for various reactions
such as reduction of nitroarenes and organic dyes in aque-
ous medium. Mei at al.[31] have synthesized Pd nanoparticles
in polyelectrolyte brushes and thermo-responsive core-shell
polymer microgels by in situ reduction of Pd salt by NaBH4.
They used these two systems for catalytic reduction of 4-NP
and compared their catalytic activity. From the values of
apparent rate constant (kapp) it was observed that polyelec-
trolyte brushes were better catalysts compared to microgels
system because in case of crosslinked network of polymer
microgels, reactants require more time to diffuse which
decreases reaction rate. It was hypothesized that nature of
stabilizing system also greatly affects the catalytic activity of
Pd nanoparticles. Li et al.[61] have used thermosensitive
polyelectrolyte brushes for encapsulation of Pd nanoparticles
in a biphasic system and used them as catalytic systems for
hydrogenation reactions. Xu et al.[62] have reported poly
[(styrene)-N-(4-vinylbenzyl)-N,N-dibutylamine hydrochlor-
ide] cage like system for incorporation of Pd nanoparticles
inside by reducing Pd2þ ions with NaBH4 inside polymer
network. This catalytic system was used for reduction of
nitrobenzene to phenylamine by hydrogenation in aqueous
medium otherwise in most of the reports, hydrogenation is
carried out in organic solvents using hydrogen gas. Wen
et al.[63] have synthesized polyethyleninime nanogel and
incorporated magnetic nanoparticles on the surface of nano-
gel by in situ reaction. They used these nanogels for select-
ive adsorption of congo red in aqueous medium in presence
of methylene blue. Furthermore, they used this hybrid nano-
gel for encapsulation of Pd nanoparticles and used this sys-
tem for catalytic reduction of nitrophenols using NaBH4 as
reductant. This system was having good catalytic activity for
reduction reaction. Due to presence of magnetic oxide, it
was easy to recycle and even ten times recycling resulted in
no appreciable loss in catalytic activity.

Platinum nanoparticles loaded polymer microgels
Platinum nanoparticles have better catalytic activities due to
their inertness under oxidation and reduction conditions.[64,65]

Pt nanoparticles are stabilized by some stabilizing systems such
as microgels to avoid aggregation of nanoparticles. Mostly
these hybrid microgels are prepared by reducing Ptþ2 ions by
a suitable reductant such as NaBH4. Naseem et al.[66] have
reviewed Pt nanoparticles with respect to their synthesis, char-
acterization and stability in various stabilizing systems. They
have also summarized catalytic applications of Pt nanoparticles
in various fields. Nakao et al.[67] have synthesized Pt nanopar-
ticles inside poly(N-isopropylacrylamide) responsive microgels
by in situ reduction of Pt2þ ions using NaBH4 as reducing
agent. They have found that loading of Pt nanoparticles within
microgels network depends upon concentration of precursor
salt. Wang et al.[68] have synthesized hyperbranched poly(ether

amines) polymers for fabrication of Pt nanoparticles in poly-
mer network by reducing Pt2þ ions using NaBH4 reductant.
They used this catalytic system for reductive degradation of 4-
nitrophenol to 4-aminophenol in aqueous medium. Due to
temperature responsive nature of the microgels catalytic activity
of Pt nanoparticles was observed under various conditions of
temperature. Kinetics showed that reaction followed pseudo
first order kinetics and catalytic activity can be modulated by
varying temperature of medium.

Use of Pt, Pd or Au as catalyst in various reactions is
common practice because of their high catalytic efficiency
and stability. However synthetic cost is major problem in
their extensive use. Therefore it is need of time to synthesize
highly selective and cost effective catalysts for degradation of
nitroarenes and organic dyes.

Silver nanoparticles loaded polymer microgels
Ag nanoparticles loaded into smart microgels have gained a
lot of attention as cost effective catalyst for reduction of
nitroarenes and organic dyes.[40,69] Most common way for
synthesis and stabilization of silver nanoparticles is reduc-
tion of silver ions within polymer microgels using some
suitable reducing agent.[70] In addition to reduction, sono-
chemical[71] and photochemical irradiation[72] methods are
also frequently used for this purpose. The catalytic systems
based on silver nanoparticles loaded into polymer microgels
are of great importance in reduction of toxic chemicals
because of their low cost and ease of availability of precursor
salt in comparison to salts of other noble metals such as Au,
Pt, Pd.[73] Zhang et al.[34] have synthesized Poly(N-isopropy-
lacrylamide maleated carboxymethylchitosan) (PNA/
MACACS) responsive microgels by precipitation polymer-
ization and then fabricated Ag nanoparticles into the micro-
gel system to study their catalytic properties towards
reduction of nitroarenes. Excellent catalytic activity of hybrid
system was observed for reduction of 4-nitrophenol in
excess of NaBH4. Catalytic activity of this responsive catalyst
was greatly temperature dependent. Poly(styrene-N-isopro-
pylacrylamide)silver (PS-PNA-Ag) core shell microgels have
been synthesized for catalytic application by Lu et al.[74]

Small and uniform sized Ag nanoparticles were successfully
loaded into shell region of the core-shell microgels and it
was observed that catalytic efficiency is related to surface
area of silver nanoparticles. Thermally tunable catalytic
behavior of this core-shell system was also studied by vary-
ing temperature between 10 and 40 �C. It was observed that
temperature dependence of rate constant did not follow
traditional Arrhenius plot. From this information, it can be
concluded that such systems can be used to control highly
explosive reactions in addition to catalytic reduction of
nitroarenes. Silver nanoparticles loaded stimuli responsive
homogeneous microgel system was designed and used for
catalytic reduction of methylene blue in aqueous medium by
Shah et al.[75] They synthesized poly(N-isopropylacrylamide)
microgels by simple free radical precipitation polymerization
method and then fabricated Ag nanoparticles into the poly-
mer microgels by in situ reduction of Ag ions. Ajmal
et al.[76] have synthesized poly(N-isopropylacrylamide-
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methacrylic acid) copolymer microgels by free radical pre-
cipitation polymerization technique. They loaded silver
nanoparticles into this responsive microgel system and used
this hybrid system as catalyst for reduction of 4-nitrophenol.
They reported that it is an excellent catalyst and show max-
imum reduction rate at 55 �C. Poly(N-isopropylacrylamide-
acrylic acid) (PNA-AA) system was synthesized by Farooqi
et al.[73] for reduction of nitrobenzene to aniline. It was
observed that induction time and apparent rate constant of
reaction can be controlled by varying mol percentage of
acrylic acid feed content. In case of hydrophobic reactants
like nitrobenzene, time for completion of reaction and
induction time both were decreased by decreasing mol per-
centage of acrylic acid. These results revealed that hydropho-
bic/hydrophilic nature of microgel can also control rate of
reaction because diffusion of reactants into the catalytic sys-
tem is affected by hydrophilicity/hydrophobicity of reactant
molecules. Ag-poly[N-isopropylacrylamide-co-allylacetic
acid] hybrid catalytic system was developed by Khan
et al.[77] for reduction of nitrobenzene. Effect of concentra-
tion of nitrobenzene, NaBH4 and catalyst dosage on the val-
ues of rate constant of reduction of nitrobenzene was
studied in this work and it was concluded that this catalytic
reduction obeys Langmuir-Hinshelwood mechanism.
According to this mechanism, substrate and reductant both
are adsorbed on the surface of nanoparticles before inter-
action with each other to form aniline. Aniline is desorbed
and diffused out from polymeric network. Apparent rate
constant and induction time were found dependent on con-
centration of nitrobenzene, NaBH4, catalytic dosage and
temperature. Temperature dependence of apparent rate con-
stant was also investigated in this work. Arrhenius and
Eyring parameters were determined which showed that reac-
tion is exothermic and entropy driven.

Bimetallic nanoparticles and metallic compounds loaded
polymer microgels
Bimetallic nanoparticles seem to be more efficient catalysts
compared to mono metallic nanoparticles due to their syner-
gistic effects. This enhanced catalytic activity is attributed to
change in electronic structure or new active sites formed on
surface of nanoparticles as a result of alloy formation.[78]

Bimetallic nanoparticles avoid excessive use of expensive
noble metal nanoparticles which is a cost effective approach.
Central core of bimetallic system is usually replaced by
some less expensive paramagnetic material which makes its
separation easier. Removal of these catalysts from reaction
mixture becomes easy due to their magnetic behavior.[79] Lu
et al.[80] have embedded bimetallic nanoparticles into
responsive microgel by two step procedure. In first step,
they introduced gold nanorods into polymer network. Then
platinum was deposited on gold nanorods to give dumbbell
shaped bimetallic nanoparticles. It was clearly observed that
this bimetallic catalytic system has better catalytic properties
as compared to monometallic gold nanoparticles for degrad-
ation of nitroarenes. Chu et al.[81] have used polyelectrolyte
multilayers for stabilization and synthesis of Au-Pt alloy
nanoparticles by ion exchange and co-reduction process.

They employed these catalysts for reduction of 4-NP and
observed that this Au-Pt alloy nanoparticle showed better
catalytic activity compared to individual Au or Pt nanocata-
lysts. In addition to monometallic and bimetallic nanopar-
ticles loaded microgels systems, polymer microgels
containing nanoscale metallic compounds like metal sulfide
and metal oxide have been also developed for photocatalytic
applications.[82,83]

Liu et al.[84] have incorporated CdS quantum dots into
polymer microgel system. They synthesized poly(N-isopro-
pylacrylamide-acrylic acid) microgels by precipitation
method and then incorporation of CdS was done by homo-
geneously dispersing Cdþ2 ions into polymer network and
then reacting with Na2S. This hybrid microgel system was
used as a catalyst for photocatalytic degradation of rhoda-
mine B. Jia et al.[85] have stabilized Cu2O nanoparticles in
poly(N-isopropylacrylamide) microgels for photocatalytic
degradation of methyl orange. They synthesized Cu2O nano-
cubes and used them as seed to fabricate polymeric network
around them to design core-shell hybrid microgel system
with Cu2O single cube core and poly(N-isopropylacryla-
mide) shell. Polymeric network around Cu2O nanocubes
does not only protect it from further oxidation but also
facilitates the diffusion of dye molecules from bulk region to
the surface of Cu2O.

Classification on the basis of morphology

Inorganic nanoparticles loaded polymer microgels with vari-
ous morphologies have been reported in literature[86,87] but
our discussion is limited to morphology of only those hybrid
microgels which have been used for reduction of nitroarenes
and organic dyes. Four different morphologies of hybrid
microgels used as catalysts for degradation of nitroarenes
and organic dyes have been discussed in the
following sections.

Core-shell microgels filled with metal nanoparticles
Core-shell polymer microgels with a non-responsive poly-
meric core and crosslinked stimuli responsive shell filled
with inorganic nanoparticles is a subject of current
research.[88,89] Detailed discussion on core-shell polymer
microgels for different applications can be found in a recent
review article published by some of us.[89] Diagrammatic
representation of core-shell system is shown in Figure 1(a).
Such hybrid microgel systems used for catalytic reduction of
nitroarenes and organic dyes have been reported by our
group and others.[38,88] Mei et al.[31] have synthesized core-
shell microgels with solid polystyrene core and poly(N-iso-
propylacrylamide) shell by two step free radical precipitation
polymerization method. Pd nanoparticles were incorporated
into this microgel system by reducing [PdCl4]

2� within
core-shell microgels. This system was tested as catalytic sys-
tem for reduction of 4-nitrophenol in aqueous medium.
This catalytic system is not cost effective system because of
expensive metal precursor salt. Lu et al.[74] have reported
core-shell microgels for synthesis and stabilization of less
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expensive silver nanoparticles for reduction of nitroarenes.
They modulated catalytic activity of nanoparticles loaded
into core-shell microgel particles by volume phase transition
of polymer network caused by temperature variation.
Another possibility of core-shell hybrid microgel system is
the fabrication of crosslinked polymeric network around a
single metal nanoparticle to get core-shell hybrid microgels
with metal core and polymeric shell. For example Xiao
et al.[90] have synthesized core-shell system in which core of
gold was initially synthesized and then shell of poly(N-iso-
propylacrylamide) network around metallic core was devel-
oped carrying out process of precipitation polymerization in
dispersion of already synthesized gold nanoparticles. Jia
et al.[85] synthesized core-shell system with nanosized cubic
core of Cu2O and thermal responsive shell of poly(N-isopro-
pylacrylamide). This shell protects Cu2O core from its oxi-
dation to CuO for long time. This core-shell system was
better catalyst compared to Cu2O nanocubes for photocata-
lytic degradation of methyl orange. Moreover photocatalytic
activity of core-shell system was found to be thermally tun-
able. Zhai et al.[91] have synthesized core-shell nanoparticles
having core of gold nanoaprticles and shell of responsive
poly(N-isopropylacrylamide-metacrylic acid) polymer micro-
gels. In the first stage of synthesis, they synthesized gold
nanoparticles by reducing [AuCl4]

�1 with NaBH4 and then
shell of polymer microgels was prepared by precipitation
polymerization. This system was applied for catalytic reduc-
tion of 4-nitrophenol, nitrobenzene and hexacyanoferrate
(III) by NaBH4 under nitrogen and CO2 environment and
catalytic activity of gold nanoparticles was compared. Core-
shell microgel systems having metallic core are usually
photoresponsive. Wang et al.[38] have synthesized core-shell
system having core of Au nanorods coated with silica and
shell consisted of poly(N-isopropylacrylamide-1-vinylimida-
zole). Then gold nanoparticles were homogeneously
dispersed in shell region. This core-shell system was

photoresponsive and used for catalytic reduction of 4-NP
with and without laser beam using NaBH4 as reducing
agent. This core-shell system was photoresponsive but this is
not a cost effective approach because both metallic core and
nanoparticle catalyst are made of gold which is an expensive
metal. In this regard another system has been developed by
Li et al.[92] They also developed core of gold nanorods and
then PNA shell around this gold rod to get photoresponsive
core-shell system. In the next step of synthesis, they fabri-
cated Ag nanoparticles by in situ reduction method using
NaBH4 as reducing agent. Catalytic activity of this core-shell
hybrid system was monitored in photocontrolled conditions
using different intensities of laser light and found that cata-
lytic efficiency of core-shell hybrid system can be controlled
by controlling intensity of laser light.

Hollow microspheres containing metal nanoparticles
Hollow microspheres may be obtained by removing core
from core-shell polymer microgels. They consist of hollow
space in the interior and cross linked polymeric shell around
the empty space. Usually core-shell microgels are used as
microreactors for the fabrication of metal nanoparticles in
the shell region in first step and then core is removed to get
hollow microspheres loaded with inorganic nanoparticles in
second step. Hollow microspheres are relatively superior
catalytic systems than core-shell systems due to easy diffu-
sion of reactant molecules towards the surface of nanopar-
ticles. Moreover, swelling/deswelling ability of hollow sphere
microgels is also better than that of core-shell microgels.
General morphology of hollow microspheres is shown dia-
gramatically in Figure 1(b). Li et al.[93] have synthesized
temperature responsive hollow microspheres by two stage
distillation precipitation polymerization. First of all core-
shell microspheres with core of poly(methylmethacrylic
acid) and shell of varying thickness was based on PNA.
Then hollow microsphere was formed by selective removal
of poly(methylmethacrylic acid) core. Hollow hybrid gold
based nanospheres were prepared by He et al.[94] in two
steps. In first step, they synthesized silica core and then shell
of poly(2-(1-methylimidazolium 3-ethyl)-ethylmethacrylate
chloride) (PDMAEMA) around silica core was introduced
by surface initiated atom transfer radical polymerization.
Then temperature responsive poly(2-(dimethylamino)ethyl
methacrylate) (PDMAEMA) brushes were incorporated
around the shell. Gold nanoparticles were incorporated into
shell of this core-shell system by in situ reduction of gold
salt using NaBH4 as reducing agent and finally silica core
was removed using hydrofluoric acid to get hollow micro-
spheres. Thus synthesized hollow hybrid temperature
responsive microspheres were efficient catalysts for catalytic
reduction of 4-nitrophenol.

In addition to core-shell and hollow microspheres there
are several other classes of hybrid microgels such as micro-
gels covered with nanoparticles, microgels filled with nano-
rods and microgels filled with nanoparticles which have
been discussed below.

Figure 1. Classification of hybrid microgels (a) Core-Shell microgels filled with
nanoparticles (b) Hollow microspheres containing metal nanoparticles (c)
Microgels covered with nanoparticles (d) Microgels filled with nanoparticles.
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Microgels covered with metal nanoparticles
Polymer microgels covered with metal nanoparticles have
been also reported in literature. Such kind of hybrid micro-
gels can be synthesized by electrostatic interaction between
charged groups of microgels and nanoparticles with opposite
charge on them. Surface coverage of microgel particles
depends upon different factors such as charge density of
microgel particles. This charge density can be controlled by
changing concentration of ionic radical initiators or charged
co-monomers during process of polymerization. Several
reports are available for synthesis, applications and charac-
terization of the microgels covered with nanoparticles.[95,96]

This hybrid system is shown in Figure 1(c). Karg et al.[97]

have reported PNA microgels coated with gold nanorods.
This composite material was developed on the basis of elec-
trostatic interaction between microgels and gold nanorods.
In order to generate these electrostatic interactions, surface
modification of microgel and gold nanaorods was necessary.
Microgels can be easily modified by increasing concentration
of inorganic initiators or by introducing charged co-mono-
mer into polymer network. Similarly gold nanorods should
have charge opposite to the charge of surface functionalities
of� microgel particles. For this purpose, polyelectrolyte
bilayer was introduced which increased the colloidal stability
of gold nanorods as well as created positive charge on the
surface of gold nanorods. Mixing of negatively charged
microgel particles and positively charged gold nanoparticles
generated microgels covered with metal nanoparticles. Wong
et al.[98] have synthesized PNA based dual stimuli responsive
microgels and modified them using magnetic nanoparticles.
For adsorption of magnetic nanoparticles on the surface of
microgels, surface modification of microgels was done.
Magnetic nanoparticles covered microgels surface due to
electrostatic interaction. Karg et al.[99] reported that co-poly-
mer microgels with charged surface can be covered with
gold nanorods with high surface coverage. They reported
that charged microgels consisting of poly(N-isopropyl acryl-
amide-Allyl acetic acid) (PNA-AAA) have negatively
charged surface at particular pH due to ionization of COOH
group and can make strong electrostatic interaction with
surface modified gold nanorods. Gold nanorods covering
surface of microgels exhibited excellent optical properties
which were also dependent upon stimuli.

Microgels filled with nanoparticles
This is a common class of hybrid microgels reported for
catalytic reduction of nitroarenes and organic dyes.[43,100] It
is easy to synthesize and characterize these hybrid systems
as compared to other catalytic hybrid systems such as core-
shell and hollow microspheres discussed in above sections.
A large number of reports are available on synthesis, charac-
terization and applications of microgels filled with metal
nanoparticles. Morphology of microgels filled with nanopar-
ticles is shown in Figure 1(d). Zhang et al.[34] synthesized
Poly(N-isopropylacrylamide)-(maleatedcarboxymethylchitos-
sane) (PNA/MACACS) microgels by emulsion polymeriza-
tion technique. This polymeric system was used to
incorporate silver nanoparticles into polymer network.

Uniform dispersion of silver nanoparticles within polymer
network was successfully achieved for effective catalytic
reduction of nitroarenes. Liu et al.[101] have synthesized
multi responsive polymer microgels by interpenetrating lin-
ear poly(acrylic acid) into crosslinked poly(N-isopropylacry-
lamide) network. Silver nanoparticles were homogeneously
dispersed throughout the polymeric network by in situ
reduction of silver ions. Thermo-sensitive hybrid microgels
were synthesized by Zhou et al.[102] using N-isopropylacryla-
mide as temperature responsive backbone and bis-imidazo-
lium (VIM) ionic cross linker (PNA-VIM) and loaded these
microgels with gold nanoparticles by in situ reduction
method. They synthesized various samples with different
sizes of gold nanoparticles and with different concentrations
of gold nanoparticles loaded microgels. This responsive
hybrid microgel system was used as catalyst for reduction of
nitroarenes in aqueous medium using catalytic reduction of
4-NP as model reaction and observed that reduction follows
pseudo first order kinetics.

Synthesis of hybrid microgels with different
morphologies

There are several routs for synthesis of hybrid microgels
reported for catalytic reduction of nitroarenes and organic
dyes. Route of synthesis depends upon type of hybrid micro-
gel system and its morphology. Most frequently used
method is the fabrication of metal nanoparticles within the
microgels using in situ reduction of metal salt but method-
ology of fabrication of metal oxide and metal sulfide nano-
particles is slightly different from in-situ reduction
method.[34] Monomers and cross-linker may also be poly-
merized in the presence of dispersion of nanoparticles but
this approach is not common.[36] Metal nanoparticles and
microgels can be mixed physically to get hybrid microgel
system for reduction of nitroarenes and organic dyes.[37]

Synthesis of hybrid microgels with different morphologies
have been reviewed in the following section.

Synthesis of core-shell hybrid microgels

Among other classes of microgels, core-shell microgels and hol-
low microspheres are significantly important. For synthesis of
these microgels, core of one type of polymer particle is synthe-
sized using some appropriate polymerization technique[103] and
then shell of usually some responsive material is grown on sur-
face of this core by seed mediated polymerization technique.[104]

Emulsion polymerization technique has been applied by
Yin et al.[105] for synthesis of thermo-responsive core-shell
poly(2-Vinylpyridine-N-isopropylacrylamide) (P2VP-PNA)
microgels. In typical synthetic procedure, they dissolved 2-
Vinylpyridine (2VP), NaOH, divinylbenzene (DVB) and
Sodium dodecyl sulfate (SDS) in water at 60 �C and nitrogen
was purged for one hour to remove air. Potassium persul-
phate (KPS) was added to initiate the polymerization reac-
tion and then reaction was continued for further 12 h to
complete polymerization process. They performed all the
experiments below critical micelle concentration (CMC)
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value of sodium dodecyl sulfate (SDS) to avoid micelle
nucleation. In the next step, cross-linked PNA shell was
coated with different thickness by seed mediated emulsion
polymerization method. Jiang et al.[106] have reported a new
route for synthesis of soft core/solid shell responsive micro-
gel system by using one pot precipitation polymerization
through phase separation. In most of the researches, PNA is
prepared by aqueous polymerization techniques[107] but here
they have reported polymerization process in toluene, an
organic solvent. This study introduced a new route for co-
polymerization of several comonomers with NA. No surfac-
tant was used in this method. Two monomers were soluble
in toluene and polymerized PNA precipitated to form a core
due to which phase separation took place between polymer
chains and silicon. In typical synthesis, monomers were N-
isopropylacrylamide and 3-methacryloyloxypropyl-methyl-
diethoxysilane (MADS) while N,N’-methyenebisacrylamide
(BIS) was used as crosslinker. Synthesis was carried out at
70 �C in toluene and different samples were prepared by
adjusting mol ratio of BIS, MADS to N-isopropylacrylamide.
Thus synthesized core-shell system was collected and puri-
fied using toluene as solvent. Agrawal et al.[108] have synthe-
sized gold nanoparticles loaded into polymer microgels
prepared by precipitation polymerization method. Thus syn-
thesized core-shell hybrid system was an active catalytic sys-
tem for reductive removal of nitroarenes from aqueous
medium. For synthesis of microgels, they dissolved N-
Vinylcaprolactum, (VCL), acetoacetoxyethylmethacrylate
(AAEM), SDS and N,N’-methylenebisacrylamide (BIS) in
water to obtain homogeneous mixture. This mixture was
poured into three necked round bottom flask and purged
with nitrogen to remove air with stirring at 70 �C for 1 hour.
Then initiator was added under stirring which resulted in
formation of core particles initially due to fast consumption
of AAEM. When reaction started then after few minutes
(5Minutes), acrylic acid (AA) was added and reaction was
continued for further 8 hours. This added AA remains in
shell region of microgels. After completion of reaction,
microgel dispersion was purified. Then gold salt was
reduced by in situ reductive process to obtain hybrid micro-
gels. Very few reports are available for copolymerization of
VCL and AA by precipitation polymerization. Major reason
is hydrolysis of VCL under acidic conditions. In this work,
anionic initiator 2,2’-azobis[N-(2-carboxyethyl)-2-methylpro-
pionamidine] was used to solve this problem because cat-
ionic initiator produces acidic conditions. Potassium
persulfate (KPS) cannot be used for polymerization of VCL
for the same reason. Brandel et al.[109] have synthesized
core-shell microgels with interesting properties. They have
used poly(N-isopropylacrylamide-acrylic acid) as core mater-
ial and poly(N-n-propylacrylamide) as shell material. This
core-shell system carried responsive core and shell both with
different volume phase transition temperature with shell
having low volume phase transition temperature. In this
way, they modulated thermal properties of core-shell system
in an interesting manner. Then they fabricated this core-
shell system with Ag nanoparticles to get hybrid microgels
used as catalyst for catalytic reduction of 4-nitrophenol

under various conditions of temperature. Core-shell hybrid
microgels with metallic core and polymeric shell have been
also synthesized for catalytic reduction of nitroarenes. For
example, Zhai et al.[91] have synthesized CO2 sensitive core-
shell polymer network consisting of core of Au and smart
polymeric shell. In the first step of synthesis, HAuCl4, trihy-
drate citrate and H2O were mixed in a round bottom flask
and reacted with NaBH4 for 4 hours and obtained yellowish
red solution which was used as seed growth solution in next
step. Then in second step of synthesis, they mixed HAuCl4,
polyvinylpyrrolidone (PVP), L-(þ)-ascorbic acid, potassium
iodide and water in a flask and then mixed seed solution
prepared in first step. Reddish brown gold nanoparticles
were obtained at the end of this reaction, purified by centri-
fugation, washed with water and redispersed in water. Then
shell around these gold nanoparticles was synthesized by
adding SDS, N,N’-methylenebisacrylamide and N-isopropy-
lacrylamide in flask under N2 supply at 70 �C. 2,2’-azobis(2-
methylpropionamide) dihydrochloride was added as initi-
ator. Polymerization process was completed in three hours.
Microgel particles were purified by method of centrifugation
and dialysis. Thus synthesized core-shell system was tested
as efficient catalyst for reduction of nitroarenes under CO2

environment. Wang et al.[38] have synthesized photosensitive
core-shell hybrid microgel system for catalytic reduction of
4-NP under different light intensities. They obtained gold
nanorods coated with silica at the first stage of synthesis
using HAuCl4 as precursor and NaBH4 as reducing agent in
presence of CTAB. Then silica coating was done in presence
of CTAB which has great importance because its concentra-
tion will control thickness of silica around gold nanopar-
ticles even if its concentration goes above CMC value of
CTAB no silica layer will be formed. However by carefully
controlling conditions of reaction silica layer of uniform
thickness was formed over gold nanorods. Then stimuli
responsive shell around these gold nanorods was developed
using N-isopropylacrylamide as monomer, 1-vinylimidazole
as comonomer and 1,6-dibromohexane as cross-linking
agent. Then in final stage, Au nanoparticles were homoge-
neously dispersed into shell region of polymeric network of
microgel by electrostatic self-assembly method as shown in
Figure 2(a). This core-shell system was photosensitive and
was used for catalytic reduction of 4-NP. However major
problem associated with this system is high cost because
both core and nanoparticles are of Au which should be
replaced by some cheap metal to reduce the cost of process
and make catalyst economically worthwhile. In this regard
an excellent effort has been made by Li et al.[92] because
they have developed a photoresponsive core-shell system
having gold nanorods in the core and silver nanoparticles
uniformly dispersed in shell region of core-shell system for
catalytic reduction of 4-NP as shown in Figure 2(b).

Core-shell morphologies of hybrid microgels is not only
limited to metal nanoparticles loaded polymer microgels but
core-shell hybrid microgels with metal oxide core and poly-
meric shell have also been synthesized. The synthetic strat-
egy is little bit different from aftermentioned synthetic
methodologies. For example, Jia et al.[85] have synthesized
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core-shell hybrid polymeric system with cubic Cu2O as core
as shown in Figure 3, using CuCl2 precursor, SDS, sodium
ascorbate and NaOH. Orange Colored Cu2O cubes were
obtained in solution. In the second step, poly(diallyldimethy-
lammonium chloride) and 4-styrenesulfonic acid sodium salt
hydrate (NaSS) were adsorbed on the surface of nanocubes
due to opposite charge on SDS stabilized nanocubes. The
double bonds present in NaSS polymerizes with N-isopropy-
lacrylamide to stabilize nanocubes otherwise most of Cu2O
nanocubes aggregate quickly. Thus synthesized core-shell
system stabilized Cu2O nanocubes and also served as effi-
cient catalyst for photodegradation of methyl orange.

Synthesis of hollow microspheres containing
nanoparticles

Hollow microspheres are usually synthesized by dissolving
core of core-shell system under appropriate conditions.

Usually hollow microspheres are better catalysts as com-
pared to core-shell systems due to easy transfer of reactants
toward the catalyst surface. Cacers et al.[110] have synthe-
sized hollow PNA microgels and studied effect of cross-link-
ing density on the thermo responsive properties of hollow
microspheres. In the first step, they synthesized gold nano-
particles with diameter of 64 nm by seed mediated growth
method. They reduced HAuCl4 by 3-butenoic acid in the
cetyltrimethylammonium bromide (CTAB). Thus synthe-
sized nanoparticles were purified and dispersed in water and
obtained a colloidal dispersion. In the next step, PNA shell
was constructed around the gold nanoparticles by polymer-
ization process at 70 �C under nitrogen flow. During poly-
merization process, different concentrations of cross-linker
were added to obtain different samples of core-shell systems.
Then in the final step, oxidation of gold nanoparticles was
carried out to remove these particles. In this way hollow
microspheres were obtained giving responsive behavior. Xie
et al.[111] have synthesized hollow microspheres loaded with
Ag nanoparticles, an efficient catalyst for reduction of 4-
nitrophenol in aqueous medium. These hollow microspheres
were prepared by free radical polymerization. In this one
pot synthesis, noncross-linked core of PNA was prepared
and then shell of cross-linked PNA was prepared around
this core. When temperature of the reaction mixture was
lowered, core was removed by self-removing process at
room temperature. Hollow microspheres thus obtained were
fabricated with silver nanoparticles using AgNO3 salt as pre-
cursor and KBH4 reducing agent. These synthesized hollow
microspheres were efficient catalysts for reduction of nitro-
arenes in aqueous medium.

Synthesis of microgels covered with nanoparticles

Hybrid microgels covered with metal nanoparticles are syn-
thesized usually in two steps. Polymerization is carried out
to get cross-linked network having charge on its surface and
then nanoparticles with opposite charge are loaded on their
surface. Hence electrostatic interactions generates hybrid
microgels covered with nanoparticles. Karg et al.[99] have
synthesized multi stimuli responsive polymer microgels by
copolymerization of N-isopropylacrylamide with allyl acetic
acid using free radical precipitation polymerization method.
In this synthetic procedure they polymerized monomer and
co-monomer under nitrogen at 70 �C. In next step, gold
nanorods coated with polyelectrolyte brushes carrying high
positive charge on their surface were obtained. Hybrid
microgel particles obtained by adding these polyelectrolytes
coated gold nanorods to aqueous solution of negatively
charged responsive polymer microgels at pH� pKa value of
allylacetic acid. This electrostatic interaction generated
hybrid microgels covered with nanoparticles.

Synthesis of microgels filled with nanoparticles

Fabrication of metal nanoparticles inside microgel by in situ
reduction method is the most common method for synthesis
of hybrid microgels. Schematic representation of synthetic

Figure 2. Core-shell microgel photoresponsive system with (a) core of Au nano-
rods with responsive shell having Au nanoparticles catalyst (b) core of Au nano-
rods with responsive shell having Ag nanoparticles catalyst for catalytic
reduction of nitroarenes and organic dyes from aqueous medium.

Figure 3. Photocatalytic core-shell system with cubic Cu2O core and poly(N-iso-
propylacrylamide) responsive shell for photocatalytic reduction of organic dye.
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procedure of fabrication of metal nanoparticles inside the
microgels by in situ reduction method is shown in Figure 4.

Synthesis of microgels is usually carried out by free rad-
ical precipitation polymerization of monomers and cross-
linker in homogeneous solution.[112] N-isopropylacrylamide
and vinylcaprolactum (VCL) are frequently used monomers
for synthesis of responsive microgels. These water soluble
monomers form particle nucli which combine with other
nuclei or with growing polymer chain to reach a particular
chain length called critical length. Stabilizers are used to get
control over size and morphology of microgel particles.
Initiator such as Ammonium persulphate (APS)[113] or
potassium persulphate (KPS)[114] provides electrons via free
radicals to stabilize the microgels by giving electrostatic
interactions. Multi-responsive microgels can also be made
by copolymerization of aforementioned main monomers
with ionic co-monomers.[99] This technique is of vital
importance for synthesis of homogeneous microgels.
Procedure for synthesis of homogeneous microgels has been
elaborated in Figure 5.

Polymer microgels are used as micro-reactors for synthe-
sis of metal nanoparticles inside the microgels. For this pur-
pose, metal ions are incorporated into the polymer network
and then reduced using some suitable reducing agent.

Han et al.[115] have reported synthesis of poly(N-isopro-
pylacrylamide-co-acrylic acid) microgels in aqueous medium
using free radical precipitation polymerization method. For
this purpose, they mixed N-isopropylacrylamide and N,N’-
methylenebisacrylamide (BIS), in a beaker to make their
homogeneous mixture. Mixture was subjected to magnetic

stirring and nitrogen purging to remove dissolved oxygen.
Acrylic acid (AA) solution was added into reaction mixture
and temperature of the reaction mixture was raised to 70 �C.
The polymerization was initiated by addition of ammonium-
persulfate (APS) and reaction was allowed to proceed for
further 3 hours. Microgels obtained by this procedure were
purified by one week dialysis for further use. They fabricated
silver nanoparticles inside these microgels by in situ reduc-
tion of silver ions from silver nitrate using NaBH4 as reduc-
tant. Medeiros et al.[116] synthesized stimuli responsive
hybrid microgels with magnetic properties by precipitation
polymerization. In a typical synthetic procedure, N-
Vinylcaprolactum (VCL), itaconic acid (IA), and BIS cross-
linker were dissolved in water. This solution was transferred
to three neck round bottom flask and purged with nitrogen
to remove dissolved oxygen. Then temperature of mixture
was maintained at 70 �C. Potassium persulphate (KPS) was
dissolved in water in a separate beaker and prepared iron
oxide nanoparticles were dispersed in this solution and
poured into reaction mixture by a syringe. Reaction was
completed in 4 hours. Microgels and hybrid microgels were
purified by dialysis and hybrid microgels with magnetic
properties with different concentrations of magnetic nano-
particles were obtained.

Characterization of hybrid microgels used in
reductive removal of nitroarenes and organic dyes

Few important characterization techniques reported for ana-
lysis of hybrid microgels used as catalysts for reduction of
nitroarenes and organic dyes are Scanning electron micros-
copy (SEM),[117] Transmission electron microscopy
(TEM),[92] Energy dispersive X-rays (EDX),[80] X-ray diffrac-
tion (XRD),[118] Thermo gravimetric analysis (TGA),[47]

Dynamic light scattering (DLS),[119] UV/Visible spectroscopy
(UV-Vis) [120] and Fourier Transformed Infrared
Spectroscopy (FTIR).[121] Brief overview of few techniques is
given in Table 1.

Hou et al.[129] have used DLS, TEM and UV-Vis for
characterization of poly(2-methoxyethyl acrylate-oligo-
(ethylene glycol) methyl ether acrylate) microgel loaded with
silver nanoparticles used for catalytic reduction of 4-nitro-
phenol. Size distribution and thermo sensitivity of microgels
and hybrid microgels was studied by DLS. Measurement of
hydrodynamic diameter (Dh) and its distribution measured
by DLS was also used to confirm the monodispersity of the
polymer microgel system. Measurement of Dh values at vari-
ous temperatures of the medium using DLS was used for
investigation of effect of various parameters like crosslinking
density and hydrophilic to hydrophobic group feed ratios on
the value of volume phase transition temperature. Similarly,
pH sensitivity of the microgels and hybrid microgel systems
was also studied by measuring Dh values at different pH val-
ues of the medium using DLS. Incorporation of silver nano-
particles into polymer microgels system was confirmed by
TEM whose results showed uniform distribution of nano-
particles within microgels. The values of surface Plasmon
resonance wavelength of silver nanoparticles measured by

Figure 5. Synthesis of Homogeneous microgels by free radical precipitation
polymerization and their use as micro-reactors for fabrication of metal
nanoparticles.

Figure 4. Schematic Representation for synthesis of Hybrid Microgels.
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Table 1. Summary of characterization techniques of hybrid microgels used in reductive removal of nitroarenes and organic dyes.

Hybrid Microgels Characterization Techniques Purpose of the technique Reference

Silver-poly(N-isopropylacrylamide-
acrylic acid-acrylamide)

FTIR, DLS, UV-Vis, TEM FTIR analysis was used for identification of various functionalities of
microgel system. DLS was used for determination of
hydrodynamic radius of microgels particles at different
temperatures and pH values of the medium. UV-Vis was used
for determination of øSPR of silver nanoparticles loaded into
microgels. Stability of Ag nanoparticles within microgels was
also studied by UV-Vis spectroscopy. TEM analysis was
performed to determine size and size distribution of polymer
microgel particles and Ag nanoparticles.

[122]

Palladium-Chitosan Tannin FTIR, Raman Spectroscopy, SEM,
TEM, XRD, TGA/DTA

FTIR analysis was used for identification of various functionalities of
microgels system. Raman spectroscopy was used to find
structural defects produced after incorporation of Pd
nanoparticles into the polymer network. SEM was used to find
surface morphology of CT support and Pd catalyst. TEM was
used to find size and shape of Pd nanoparticles. Shape of Pd
nanoparticles was found spherical having uniform size
distribution. XRD was used to determine crystalline nature of CT
and Pd nanoparticles. Size of nanoparticles was also determined
by XRD. TGA was used to determine thermal durability of CT
and Pd nanoparticles.

[58]

Silver, gold-Poly(N-(Thiazol-2-yl
- acrylamide),

SEM, TEM, FTIR, TGA, DLS, UV-Vis SEM was used to find surface morphology of polymer microgels.
TEM was used to detect loading of metal nanoparticles in
polymer network. Moreover it was also used to find size and
shape of Ag and Au nanoparticles. TGA was used to determine
thermal durability of polymer microgels and %age loading of
nanoparticles into polymer microgels. DLS was used for
determination of hydrodynamic radius of microgels particles at
different pH values of the medium. UV-Vis was used for
determination of øSPR of Ag, Au nanoparticles loaded into
microgels. Catalytic properties of Ag, Au nanoparticles within
microgels was also studied by UV-Vis spectroscopy.

[123]

Silver-Poly(N-isopropylacrylamide-
co-2-hydroxyethyl acrylate)

UV-Vis, FE-SEM, TEM, EDX UV-Vis was used for determination of øSPR of Ag nanoparticles
loaded into microgels. Effect of temperature on øSPR of Ag
nanoparticles within microgel was also studied by UV-Vis
spectroscopy. SEM was used to find surface morphology of
polymer microgels and nanoparticles loaded polymer microgels.
TEM analysis was performed to determine size and size
distribution of polymer microgel particles and Ag nanoparticles.
EDX confirmed presence of Ag nanoparticles in polymer
microgels system.

[124]

Gold-Poly(N-isopropylacrylamide)-
(N, N-dimethylaminoethyl
Methacrylat)

DLS, HRTEM, UV-Vis DLS was used for determination of hydrodynamic radius of
microgels particles at different pH values of the medium. Optical
properties of hybrid microgel were studied by UV-Vis. Effect of
temperature on øSPR of gold nanoparticles loaded into microgels
was also studied. HRTEM analysis was performed to determine
size and size distribution of polymer microgel particles and Au
nanoparticles.

[125]

Silver, Gold-poly(N-
isopropylacrylamide)

TEM, DLS, Static Light scattering
(SLS), UV-Vis

DLS was used for determination of hydrodynamic radius of
microgels particles at different temperature. UV-Vis was used for
determination of øSPR of metal nanoparticles loaded into
microgels below and above LCST. Stability of metal
nanoparticles within microgels was also studied by UV-Vis
spectroscopy. TEM analysis was performed to determine size
and size distribution of polymer microgel particles and Au
nanoparticles. SLS gave information of effect on internal
structure of microgel structure due to metal nanoparticles
because core and shell of polymer network have different cross
linking density.

[126]

Silver-Poly(N-isopropylacrylamide-
acrylic acid) and poly(N-
isopropylacrylamide-
methacrylic acid)

FTIR, SEM,DLS, UV-Vis FTIR analysis was used for identification of various functionalities of
microgels system. DLS was used for determination of
hydrodynamic radius of microgels particles at different pH
values of the medium. UV-Vis was used for determination of
øSPR of silver nanoparticles loaded into microgels. SEM was used
to find surface morphology of polymer microgels and
nanoparticles loaded polymer microgels.

[127]

Silver-Poly(N-isopropylacrylamide-
acrylamide-methacrylic acid)

FTIR, DLS, TEM, UV-Vis FTIR analysis was used for identification of various functionalities of
microgel system. DLS was used for determination of
hydrodynamic radius of microgel particles at different pH values
of the medium. UV-Vis was used for determination of øSPR of
silver nanoparticles loaded into microgel. Stability of Ag
nanoparticles within microgel was also studied by UV-Vis
spectroscopy. TEM analysis was performed to determine size
and size distribution of polymer microgel particles and Ag
nanoparticles.

[128]

(continued)
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UV-spectrophotometery also confirmed the presence of sil-
ver nanoparticles in microgel system. Wang et al.[130]

employed TEM, SEM, gel permeation chromatography, UV-
Vis, 1H NMR and FTIR for characterization of silver nano-
particles loaded thermoresponsive nanofibrous hydrogels. 1H
NMR spectra was used to find PNA/NMA mol ratio of
resulting hydrogels. Molecular weight of the polymer hydro-
gels was estimated by gel permeation chromatography. In
situ reduction of Agþ ion was monitored by time dependent
UV-spectra of aqueous dispersion and change in absorbance
gave reduction rate of silver ions and the appearance of sur-
face Plasmon resonance peak confirmed formation of silver
nanoparticles within polymer dispersion. SEM and TEM
images showed that nanofibers were homogeneous in their
diameter and silver nanoparticles were evenly distributed in
fibrous structure. The change in morphology of fibrous
hydrogels upon increase in silver nanoparticles concentra-
tion and their size was also studied by SEM. FTIR spectra
were recorded for both pure and hybrid system to find
some sort of interaction between silver nanoparticles and
different functionalities of polymer network. Chen et al.[131]

have synthesized Au nanodots based PNA hybrid microgels.
Characterization of synthesized hybrid material was under-
taken using UV-visible spectrometer, fluorescence spectro-
photometer, TEM, HRTEM, energy dispersive X-rays
(EDX), DLS and FTIR. From TEM images, it was confirmed
that microgels have many gold nanodots in its structure.
Size of nanodots was measured by HRTEM which was
1.8 ± 0.2 nm. EDX was used to confirm presence of gold
nanodots in microgel network. Thermo-responsive behavior
of microgels and hybrid microgels was studied by measuring
hydrodynamic radius of both pure and hybrid particles at
different values of temperature of the medium using DLS.
Nature of interaction of gold nanodots with different func-
tionalities of microgels was also investigated by FTIR.
Different functional groups were confirmed by some charac-
teristics peaks observed in FTIR spectra of prepared micro-
gels. Ma et al.[132] have synthesized pH and temperature
responsive magnetic material for controlled release of dyes
by loading Fe3O4 nanoparticles into poly(N-isopropylacryla-
mide-co-methacrylic acid) microgels. Formation of this
hybrid 1D nanochain was confirmed by using TEM, SEM,
TGA, vibrating sample magnetometery (VSM), UV-visible

spectrophotometery, Powder X-ray differaction (XRD), FTIR
and X-ray photoelectron spectroscopy (XPS). Fibrous struc-
ture and incorporation of nanoparticles was confirmed by
TEM and SEM. XPS was used to confirm the surface groups
of 1D Fe3O4/(PNA-MAA-BIS) composite and presence of C,
N, O was also confirmed by using this technique. TGA was
used to find relative percentage of magnetic material in
polymer network. Linkages and functional moieties were
confirmed by using FTIR. FTIR, TEM and TGA have been
employed by Wu et al.[133] for characterization of PNA
modified with Fe3O4/Au nanoparticles which exhibited both
magnetic and thermal responsive behavior. FTIR spectra
showed all characteristics peaks for PNA stretching and
bending vibrations. It was concluded that free PNA was
removed by dialysis therefore these absorption peaks were
for PNA modified on surface of Fe3O4@Au nanoparticles.
Spherical shape and morphology of nanoparticles was
demonstrated from TEM images. Similarly, in order to find
amount of inorganic residue in hybrid material, TGA was
performed. Weight loss at two temperatures was observed.
First minor weight loss was observed due to loss of water
and at higher temperature major weight loss was associated
with removal of PNA by degradation process.

Reduction of toxic chemicals

Organic dyes and nitroarenes are important industrial chem-
icals associated to textile and pharmaceutical industries.
They are thrown out in the form of aqueous waste from
these industries in bulk amount. These chemicals produce
several diseases in human being and cause serious health
problems to aquatic animals and even plants. It is a need of
time that these chemicals should be degraded to less toxic
chemicals by using some appropriate technique. Use of
hybrid microgels as catalysts for rapid conversion of dyes
and nitroarenes into useful material is the best strategy for
the treatment of industrial waste containing nitroarenes and
organic dyes. Brief summary of few hybrid microgels used
for reductive removal of nitroarenes and organic dyes in
aqueous medium is given in Table 2.

A brief overview on chemical reduction and photocata-
lytic degradation of nitroarenes and organic dyes

Table 1. Continued.

Hybrid Microgels Characterization Techniques Purpose of the technique Reference

Silver-Poly(N-isopropylacrylamide-
acrylic acid)

Photo correlation Spectroscopy,
Atomic Force microscopy, TEM,
UV-Vis.

TEM analysis was performed to determine size and size distribution
of polymer microgel particles and Ag nanoparticles. AFM
confirmed core-shell structure in dry form. PCS showed swelling
properties of core-shell system. øSPR and stability of Ag
nanoparticles within polymer network was confirmed by UV-Vis
spectroscopy.

[109]

Silver-poly(styrene-co-N-
isopropylacrylamide)/poly(N-
isopropylacrylamide-co-
methacrylic acid)TiO2

EDX,FTIR, XRD, TGA, UV-Vis, TEM EDX confirmed presence of Ag nanoparticles in polymer microgels
system. FTIR analysis was used for identification of various
functionalities of microgels system. XRD was used to determine
crystalline nature of nanoparticles. Size of nanoparticles was also
determined. UV-Vis was used for determination of øSPR of silver
nanoparticles loaded into microgels. TGA was used to determine
thermal durability of polymer microgels and %age loading of
nanoparticles into polymer microgels. TEM confirmed
morphology of nanoparticles.

[41]
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respectively in the presence of hybrid microgels have been
presented in the following subsections.

Hybrid microgels catalyzed reduction of nitroarenes

Reduction of nitroarenes into their corresponding aryl-
amines has gained much attention of researchers because of
industrial significance of reduction products.[43,45,140] The
catalytic reduction of nitroarenes into arylamines in the
presence of hybrid microgels is carried out in aqueous
medium using some suitable reducing agent. Frequently
used reducing agent is NaBH4. Catalytic reduction of nitro-
arenes with NaBH4 in the presence of hybrid microgels have
been widely reported in literature.

[121] Most of nitroarenes
are Colored compounds and absorb in UV-Visible region
giving maximum absorption at particular wavelength which
is called their kmax. Therefore progress of the reaction can
easily be monitored spectrophotometrically. Concentration
of hybrid catalyst in reaction mixture is kept very small to
avoid the interference of plasmonic resonance peak with
measurement of concentration of nitroarenes at its kmax.

Moreover reducing agent is used in excess as compared to
substrate concentration in most cases to make catalytic
reduction of nitroarenes pseudo first order. This strategy is
applied to investigate the kinetics of reaction.

Under aforementioned conditions reduction of nitroar-
enes in the presence of hybrid microgels follows pseudo first
order kinetic model which can be written as

� dCt

dt
¼ kapp:Ct (1)

Integrated form of this equation can be written as

ln
Ct

Co

� �
¼ �kapp:t (2)

Here Ct represents concentration of substrate at any time
t, Co is concentration at t¼ 0 and kapp is the apparent rate
constant for pseudo first order reaction. For spectrophoto-
metric monitoring of progress of catalytic reduction of
nitroarenes, Ct is replaced by At and Co by Ao, respectively,
because absorbance of a substrate at its kmax is a linear func-
tion of its concentration according to Beer Lambert’s law.
The values of kapp for catalytic reduction of a nitroarene in
the presence of a hybrid microgel catalyst is determined

from the slope of plot of ln At
Ao

� �
vs time.

Hybrid microgels with different morphologies have been
used for catalytic reduction of nitroarenes which have been
described in following sections.

Microgels filled with nanoparticles catalyzed reduction of
nitroarenes
Microgels filled with nanoparticles are efficient catalysts for
reduction of nitroarenes in aqueous medium due to easy
diffusion of reactants and reducing agent to surface of nano-
particles. Iqbal et al.[141] have reported poly(N-isopropyla-
crylamide-co-methacrylic acid) microgels loaded with Ag
and Au nanoparticles as catalysts for reduction of 4-NP andTa
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found that this reaction follows pseudo first order kinetics.
They also concluded that Au nanoparticles showed better
catalytic activity than Ag nanoparticles under similar condi-
tions. Shah et al.[142] have used multiresponsive poly(N-iso-
propylacrylamide-vinyl acetic acid-acrylamide) microgels
with different mol percentages of vinyl acetic acid loaded
with silver nanoparticles for catalytic reduction of 4-NP to
4-AP in aqueous medium and reported that this reduction
process followed pseudo first order kinetics. It is interesting
that rate of catalytic reduction of 4-NP can be enhanced by
increasing the content of vinyl acetic acid in polymer net-
work. It was concluded that the value of kapp becomes dou-
ble by increasing mol %age of vinyl acetic acid from 4% to
12% which may be attributed to increase in hydrophilicity
of the network. Hydrophilic network facilitates the diffusion
of hydrophilic substrate towards the catalytic surface as
reported by Wu et al. in case of yolk-shell hybrid microgel
system.[55] Similarly effect of acrylic acid feed contents on
hydrophilic, hydrophobic nature of polymer microgel system
have also been studied by Farooqi et al.[73] using silver-
poly(N-isopropylacrylamide-acrylic acid). They found that
value of apparent rate constant decreased and induction
time of catalytic reduction of nitrobenzene increased with
increase in mol%age of acrylic acid because hydrophilic
nature of microgel increased with increase of acrylic acid
mol%age due to which migration of hydrophobic nitroben-
zene inside network became difficult which resulted in
decrease in apparent rate constant and increase in induction
time of catalytic reduction of nitrobenzene in aqueous
medium using NaBH4 as reducing agent.

Core-shell hybrid microgels catalyzed reduction of
nitroarenes
Core-shell microgels loaded with nanoparticles as discussed
above have been also utilized for catalytic reduction of nitro-
arenes in aqueous medium. Yang et al.[143] have used core-
shell hybrid microgel system with polystyrene core and
poly(N-isopropylacraylamide-co-methacrylic acid) shell filled
with Ag nanoparticles for catalytic reduction of hydrophobic
nitrobenzene and hydrophilic 4-nitrophenol in aqueous
medium. The most interesting feature of their study was
selective reduction of substrate under specific reaction con-
ditions. T�VPTT favors 4-NP reduction while condition
T�VPTT favors NB reduction which may be attributed to
difference of hydrophilicity of the polymeric network under
different reaction conditions as discussed in last paragraph
of Section “Microgels filled with nanoparticles catalyzed
reduction of nitroarenes”. Zhang et al.[144] used P(St-PNA)/
(PNA-MAA)/PPy-Ag core-shell hybrid microgels for reduc-
tion of 4-Nitrophenol into 4-AP for evaluating catalytic
activity of the system. It was observed that temperature
dependence of kapp does not follow typical Arrhenius behav-
ior of the reaction which can be attributed to volume phase
transition of core-shell hybrid microgel system. Yan et al.[41]

have reported polymer-TiO2/Ag core-shell hybrid system
with poly(styrene-N-isopropylacrylamide) core and poly(N-
isopropylacrylamide-methacrylic acid) shell containing TiO2

for reduction of 4-NP in aqueous medium. Polymer-TiO2

composite was found to be temperature responsive due to
presence of N-isopropylacrylamide component in the poly-
meric composite. However thermo-responsive behavior of
polymer-TiO2 composite was found to be relatively poor
than the pure polymeric system but introduction of TiO2

into shell region controlled size and size distribution of Ag
nanoparticles. Even distribution of Ag nanoparticles favors
better catalytic behavior of core-shell system. They used this
polymeric-TiO2/Ag composite as catalyst for reduction of 4-
Nitrophenol using NaBH4 as reducing agent. They also
investigated catalytic activity of hybrid system at various
temperatures and found that catalytic reduction does not
followed typical Arrhenius trend. Brandel et al.[109] have
synthesized acrylamide based core-shell polymer microgels
with both core and shell responsive in nature with different
VPTT and fabricated Ag nanoparticles for catalytic reduc-
tion of nitroarenes. They used 4-nitrophenol reduction with
NaBH4 as model reaction and found that reductive degrad-
ation follows pseudo first order kinetics and variation of
temperature do not follow typical Arrhenius trends due to
diffusional barrier caused by shrinkage of polymeric network
at T�VPTT. Tuning of catalytic activity of core-shell
hybrid microgels by varying temperature of the medium is
one of the interesting features of such catalytic systems
because reduction of substrate may be carried out at
required rate of reaction by adjusting the temperature of the
medium at certain value. Temperature of the medium is not
only the factor which may tune catalytic activity of the core-
shell hybrid microgel system. Core-shell system having sen-
sitivity to a specific stimulus may be designed to develop
tunable catalytic system. For example some of us have pre-
pared core-shell hybrid microgels with gold nanoparticle
core and polymeric shell sensitive to CO2.

[91] Using this
core-shell system catalytic reduction of 4-NP, NB and
hexacyanoferrate(III) was carried out under N2 and CO2

environment separately and it was observed that catalytic
reduction was more feasible in CO2 environment due to
change of –COOM to –COOH of polymer network which
resulted change in polymer nanoparticle interaction. Under
these circumstances more surface of nanoparticle was avail-
able for reactants which increased rate of reaction compared
to N2 environment showing tuneability of core-shell micro-
gel system under CO2/N2 environment.

Laser light tunable catalytic reduction of 4-NP using
core-shell hybrid microgels with gold nano rod core and
ionic liquid microgel shell loaded with gold nanoparticles
has been reported by Wang et al.[38] They used gold nano-
rods coated with silica as core and thermo-responsive shell
based on N-isopropylacrylamide containing Au nanopar-
ticles in shell region which served as catalyst for reduction
of 4-NP. Laser light tuneability of this core-shell system was
related to gold nanorods which absorbed laser light radia-
tions and release heat by radiation-less relaxation process.
This heat caused shell shrinking resulted decrease in rate of
reduction of 4-NP because movement of reactants towards
surface of catalyst was hindered. In this study, laser light
served as switch to control catalytic activity of core-shell
hybrid microgel. Rate of reaction was higher in the absence
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of laser light but slower in presence of laser light. Similarly,
Li et al.[92] have also developed laser light sensitive core-
shell system in which they used gold nanorods as core and
PNA thermo-responsive shell carrying Ag nanoparticles in
shell region serving as catalyst for reduction of 4-NP using
NaBH4 as reducing agent. This system is superior to above
one due to replacement of Au nanoparticles by Ag nanopar-
ticles in shell region of core-shell system. Catalytic activity
was tuned by laser light irradiation and it was observed that
with irradiation of light, catalytic activity of hybrid system
decreased due to shrinkage of shell which decreased surface
area of nanoparticles and movement of reactants became
difficult to nanoparticles surface. They also observed that
catalytic activity was dependent upon power density (PD) of
laser light at a particular wavelength. They observed that
with increase in PD, rate of reaction first decreased due to
shrinkage of responsive shell and then increased dramatic-
ally because some Ag nanoparticles came to surface of shell
and interaction of reactants to surface of nanoparticles
became easy.

Hollow microspheres hybrid microgels catalyzed reduction
of nitroarenes
Hollow microspheres serve as better catalysts for reduction
of nitroarenes because migration of reactants and reducing
agent to catalyst surface is easy due to presence of empty
space in interior region of polymeric system. Xie et al.[111]

have used Ag-poly(N-isopropylacrylamide) hybrid micro-
spheres for catalytic reduction of 4-Nitrophenol. They used
KBH4 as reductant for conversion of 4-NP to 4-AP.
Reduction of 4-NP was observed under various reaction
operating conditions and it was observed that kapp is
dependent on various factors. It was also concluded that
reaction did not followed typical Arrhenius trend.

Chemical reduction of 4-NP into 4-AP catalyzed by metal
nanoparticles loaded polymer microgels with different mor-
phologies have been reported by various research-
ers[31,80,145–147] and a lot of publications have been found in
last five years. It is important to direct attention to reduc-
tion of nitroarenes other than 4-NP. Moreover most of the
reports cited above just describe reduction of 4-NP moni-
tored by spectrophotometry without separation and purifica-
tion of the product. It is important to separate out and
purify the products for its practical use. Amount of NaBH4

must be reduced to avoid its serious toxic effects on envir-
onment. An excellent effort in this regard has been made by
Begum et al.[148] who have used poly(N-isopropylacryla-
mide-co-acrylamide) hybrid microgels for conversion of a
variety of nitroaernes into their corresponding arylamines
under mild reaction conditions using relatively small
amount of NaBH4 (6–8 equivalent). They separated out and
purified the products to determine their %age yield. Purified
products were confirmed by 1H NMR, 13C NMR and mass
spectrometry.

Photocatalytic degradation of nitroarenes

Nitroarenes are toxic chemicals and it is common practice
to reduce these chemicals to less toxic chemicals using
NaBH4

[70] reducing agent in presence of hybrid microgels of
various morphologies in aqueous medium. However nitroar-
enes can be also degraded photo catalytically. For example
Rave et al.[149] have reported an inorganic material ZnS and
an organic-inorganic Hybrid material ZnS-Bispy (4,4-
Bipyridine) by using a simple solvothermal method for
photocatalytic reduction of 4-nitrophenol. Photocatalytic
reduction of 4-nitrophenol was carried out under UV light
using sodium sulfite as hole scavengers. From decrease in
absorbance at 400 nm it was observed that organic-inorganic
hybrid catalyst was more efficient than ZnS catalyst. Hybrid
photocatalysts with high percentage of 4,4-bipyridine were
found more efficient probably due to availability of electrons
and high surface area. Under UV light irradiation photogen-
erated holes react with sulfite ions and electrons are trans-
ferred to organic acceptor from ZnS surface (Conduction
band �1.8V). These electrons were responsible for reduc-
tion of 4-nitrophenol to 4-aminophenol. Yoon et al.[83] have
also synthesized thin layer based responsive material for photo-
degradation of 4-NP. They have developed thin layers of gold
of varying thickness and fabricated on their surface thermo-
responsive N-isopropylacrylamide based polymeric network for
incorporation and stabilization of ZnO nanoparticles. This
responsive thin layered system was used as catalyst for photo-
degradation process under UV and visible light irradiation.
Several factors affected catalytic activity such as temperature,
thickness of film and light. For example thick layered catalyst
did not showed catalytic activity under visible light irradiation
because electrons generated at ZnO nanoparticles were unable
to reach surface of Au layer. So low density of polymer and
thin layer gave better results in this regard.

Hybrid microgels catalyzed reductive degradation
of dyes

Organic dyes are important industrial chemicals because of
their large use in textile industry,[150] paper production indus-
try,[151] leather industry,[152] food industry,[14] agriculture,[153]

hair coloring [154] and photoelectrochemical cells.[155] Dyes are
commonly classified on the basis of their chromophoric
groups. Most of the industrial dyes contain azo (–N¼N–)
group in them. However derivatives anthraquinone, xanthenes,
sulfur and phthalocyanine are also important.[156]

Large amount of synthetic organic dyes is thrown as
waste in form of industrial effluents. Appearance of water
and clarity is disturbed by the presence of these reactive
dyes. Even low concentration of dye (1mg/dm3) causes
visible coloration in water. Presence of synthetic dyes in
water can cause serious health risks to aquatic animals and
human beings. Several scientists have been studying toxicity
and impact of these pollutants and their removal had been
a great challenge for environmental scientists.[157]

It is also known fact that dyes are stable organic chemi-
cals and cannot be easily removed from aqueous medium.
Even sun light, microbes and temperature only cannot
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remove these dyes from waste water. Research related to the
removal of these dyes from water bodies have gained a lot
of interest in last decade.[158–164] Several methods such as
physico-chemical methods, chemical methods,[164] advanced
oxidation processes,[165] microbial treatment,[166] enzyme
decomposition[167] and electrochemical methods [168]

have been developed for removal of dyes from aqueous
medium. Some important methods have been summarized
in Figure 6.

Chemical reduction of organic dyes using nanocatalytic
systems have gained importance due to their good efficiency,
high stability and reusability. A variety of metallic,[169]

bimetallic[170] and metal oxide[171] nanoparticles have been
used as catalysts for reduction of organic dyes. Now a day’s
efficiency of these catalysts is being controlled by using sta-
bilizers such as polymer matrix,[172] microgels,[173] den-
dimers,[174] which avoid aggregation of nanoparticles and
make their removal easy after waste treatment. Inorganic
nanoparticles loaded into smart polymer microgels for
reductive removal of organic dyes from aqueous medium is
one of the main subjects of this review. A lot of advance-
ments have been made in this area.[175] Tang at al.[176] have
used Ag nanoparticles loaded into poly(N-isopropylacryla-
mide-2-(dimethylamino)ethylmethacrylate) microgels as
catalyst for reductive degradation of methylene blue in aque-
ous medium. Kinetics of the reaction was investigated using
pseudo first order kinetic model described in Section
“Hybrid microgels catalyzed reduction of nitroarenes”. The
value of apparent rate constant was determined at different
values of temperature of the medium to explore the process
of catalysis. The system was found an effective catalyst for
reductive degradation of methylene blue in aqueous
medium. Shah et al [177] have reported poly(N-isopropyl
acrylamide-co-methacrylic acid-co-hydroxyethyl methacryl-
ate) microgels loaded with Au and Ag nanoparticles for
catalytic reduction of congo red and methylene blue dyes in
aqueous medium. Both dyes are Colored and their ømax val-
ues fall in UV-Visible region. Therefore their catalytic

reduction can be monitored easily spectrophotometrically.
NaBH4 in the presence of catalyst reduced dye efficiently
due to reduction of azo (N¼N) group to NH-NH in aque-
ous medium. They found that microgels covered with metal
nanoparticles were better catalysts as compared to microgels
filled with nanoparticles which may be attributed to easy
access of metal nanoparticles by reactant molecules in case
of microgels covered by nanoparticles based catalysts in
comparison to microgels filled with metal nanoparticles
based catalysts. Catalytic reduction of methylene blue was
found to be more facile as compared to that of congo red.
Reason is related to enhance electronegative character of
methylene blue due to which it easily accepts electrons from
metal nanoparticles which accepts electrons from BH4

�1

through electron relay mechanism. Shah et al.[142] recently
reported silver nanoparticles loaded temperature responsive
microgels composite for reduction of methylene blue. They
observed that reduction of dye followed typical Langmuir-
Hinshelwood mechanism. Borohydride ions from NaBH4

are adsorbed on the surface of nanoparticle catalyst and
leave hydrogen atoms on surface of catalyst. In next step,
methylene blue from its aqueous solution is adsorbed on
surface of catalyst and is reduced by hydrogen atoms already
attached with Ag surface.

Naseem et al.[175] have reviewed catalytic reduction of
Congo red using NaBH4 as reductant using various nano-
catalysts. In this review article, different catalytic systems
with respect to support and stabilizing systems have been
classified. Polymer stabilized nanocatalysts, inorganic sup-
ports for stabilization of nanocatalysts, biologically stabi-
lized catalysts and synthetic organic systems for
stabilization of nanocatalysts have been discussed in this
review article. However this review is limited to catalytic
reduction of congo red. In present review, we have focused
on reduction of niroarenes and organic dyes by hybrid
microgels in aqueous medium using NaBH4 reductant.
Moreover photocatalytic reduction of organic dyes in the
presence of hybrid microgels has been discussed in present
review. Naseem et al.[178] have used Ag-polystyrene-
poly(N-isopropylmethacrylamide-acrylic acid) core shell
system for catalytic reduction of Congo red dye under
various reaction conditions and observed that reduction
reaction was dependent upon various reaction conditions
and follows pseudo first order kinetics. The catalyst was
found to be recyclable due to presence of polystyrene core
which makes this catalytic system easily separable by cen-
trifugation under low RPM.

Photocatalytic degradation of dyes under UV/
visible light

Photocatalysis under UV/Visible irradiation have gained a
lot of attention since few years due to good efficiency and
non-toxicity of the process.[179–181] It is considered that
photocatalysis is an effective method of removal of organic
dyes from aqueous medium because no additional reducing
agent is needed in this reduction process. Photocatalytic
reduction usually involves oxidation reduction reactions

Figure 6. Methods for removal of dyes from waste water.
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which are responsible for degradation of toxic chemicals.
Mechanism of photocatalysis have been discussed several
times[182] as shown in Figure 7.

It has been observed that metals, metal oxides and metal
sulfides such as Ag, Au, ZnS, TiO2 serve as efficient photo-
catlysts for degradation of several dyes and nitroarenes in
aqueous medium.[183] General mechanism of catalysis shows
that there is generation of conduction band electrons and
valance band holes if light irradiated on catalyst having
greater energy than band gap of the material. There are two
possibilities for these photogenerated electrons i.e. they can
reduce the organic pollutant or they are absorbed by some
electron acceptor specie such as O2 adsorbed on catalyst sur-
face or dissolved in water. This oxygen is reduced to super-
oxide radical anion O2

��. Similarly photogenerated holes
can oxidize organic substrate directly or react with OH- or
H2O to oxidize them to hydroxide free radical. Thus gener-
ated highly oxidizing species are responsible for degradation
of toxic organic substrates.[184] Similarly if samples are irra-
diated by visible light instead of UV radiation the reported
mechanism shows that this mechanism is somewhat differ-
ent from that observed under UV irradiation.[185] Krieger
et al.[186] have synthesized a pH responsive system based on
cationic porphyrin and anionic poly(amidoamine) to give a
supramolcular system which is photoresponsive in addition
to pH responsive. They used this material for photodegrada-
tion of methyl orange under UV/Vis conditions. They
reported that porphyrine generated singlet oxygen which
oxidized the dye. It was also found that this reaction follows
first order kinetics. A new light sensitive and thermosensi-
tive hybrid material was reported by Wang et al.[187] based
on PNA-MAH-b-CD. This material was used for removal of
methyl orange by photcatalytic degradation. They observed
decrease in absorbance even before start of catalytic reaction
possibly due to adsorption of dye on hybrid system. It was
observed that in case of responsive hydrogel/TiO2-
MWCNTs adsorption was more efficient compared to TiO2-
MWCNTs. Progress of reaction showed that TiO2 was less
efficient catalyst than TiO2-MWCNTs and hydrogel/TiO2-
MWCNTs. Hybrid systems removed dye almost 100% but
pure TiO2 degraded dye upto 73%. This enhanced

photocatalytic activity was attributed to electron transfer
between TiO2 and MWCNTs. Similarly incorporation of
thermo-responsive material increased adsorption capacity of
material showing its enhanced catalytic activity. Thus photo-
catalytic degradation of dyes using responsive material by
adsorption phenomenon was an efficient process. Wen
et al.[188] have synthesized poly(N,N’-methylenebisacryla-
mide-acrylic acid) nanofibres loaded with silver nanopar-
ticles. They reported pH responsive nature of hybrid
material due to presence of carboxylic group of acrylic acid.
These nanofiberous responsive material appeared very effi-
cient for adsorption of methylene blue dye at various pH
values. Similarly presence of silver nanoparticles made them
an efficient photo catalyst for reduction of methylene blue.
Experimental results showed that at pH 7 photocatalytic
activity was maximum compared to at pH 2.2. Hence photo-
catalytic efficiency of hybrid nanofibers can be tuned by pH
variation. A thermo responsive hybrid fibrous ZnO/PNA
material was synthesized by Yu et al.[189] using electrospinig
method. They also observed photocatalytic activity of this
hybrid material above and below LCST of PNA. Rhodamine
B was selected as model dye for observing catalytic efficiency
of hybrid material. Hybrid material showed maximum effi-
ciency for photocatalytic degradation of Rhodamine B above
LCST but below LCST of PNA gel was in shrunken state
and did not show an appreciable catalytic efficiency. It was
also observed that hybrid ZnO was more efficient catalyst as
compared to pure ZnO nanoparticles. photocatalytic effi-
ciency was tuned by temperature of reaction. Jia et al.[85]

used core-shell hybrid microgels with Cu2O cubic core and
poly(N-isopropylacrylamide) shell for photocatalytic degrad-
ation of methyl orange in aqueous medium. Photocatalytic
activity of Cu2O-PNA core-shell system was found to be 450
times higher than that of pure Cu2O under similar reaction
conditions. Moreover photocatalytic activity of the core-shell
hybrid system may be modulated by varying the temperature
of the medium because of thermo-responsive nature of PNA
network surrounded Cu2O cubes. Liu et al.[84] have reported
poly(N-Isopropylacrylamide-acrylic acid) microgels loaded
with CdS to photocatalytically degrade rhodamine B dye.
They observed that upto 20% of dye was removed from
aqueous solution by absorption/adsorption in 3 hours but
irradiation under UV radiation showed higher removal effi-
ciency and almost all dye was degraded in 3 hours. Products
of photo degradation were detected by mass spectrometry.
They further observed decrease in catalytic efficiency of
hybrid microgels after 5 cycles of its use because upto 60%
of dye was removed in 3 hours. This was related to degrad-
ation of CdS and leaching of CdS nanoparticles from micro-
gel network after 5 recycles. Zou et al.[190] synthesized
poly(N-hydroxymethyl acrylamide)-Ag/AgCl composite
material for photo catalytic degradation of methyl orange
under visible light irradiation. They observed that high AgCl
content increased catalytic efficiency because greater %age
removal was observed. Moreover it was also observed that
after 3 times of recycling catalytic efficiency decreased due
to photocorrosion.

Figure 7. Mechanism of photocatalysis by UV irradiation.
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Summary

In this tutorial review, we have presented recent literature
analysis reported on catalytic and photocatalytic reduction
of nitroarenes and organic dyes in the presence of smart
polymer microgels loaded with inorganic nanoparticles in a
systematic way. This critical survey gives brief overview of
synthesis, classification and characterization of smart poly-
mer hybrid microgels used for catalytic reduction of nitroar-
enes and organic dyes. Such hybrid microgels may be
categorized on the basis of inorganic nanoparticles loaded
into polymer microgels and morphology of resulting hybrid
microgel systems. Kinetics and mechanism of catalytic and
photocatalytic reduction of nitroarenes and organic dyes cat-
alyzed by hybrid microgels have been reviewed critically.
Reduction process catalyzed by microgels filled with nano-
particles, core-shell hybrid microgels, hollow hybrid micro-
gels and hybrid microgels covered by inorganic
nanoparticles has been discussed in this review. Hybrid
microgels are efficient catalysts due to their stability, recyc-
lability, reusability and ease of separation.

Different metal nanoparticles such as Ag, Au, Pd and Pt
etc have been incorporated into microgels and their catalytic
behavior towards reduction of dyes and nitroarenes have
been evaluated. This review describes that good control over
size of nanoparticles, their uniform distribution into micro-
gel and stable existence within microgel network are import-
ant factors which should be well controlled to get best
catalytic systems in this regard. There should be good
understanding of interaction between nanoparticles and
microgel network which is major factor for stabilization of
nanoparticles. It has been summarized that pH, temperature
and ionic strength of the medium are among factors that
can control catalytic behavior of hybrid microgels. The
problems associated to hybrid microgels catalyzed reduction
which have not been properly addressed in literature are
given in the form of future directions at the end of review.
We believe that present review will be interesting for
researchers working in this area to explore the hidden
aspects of this research domain.

Future directions

This literature review reveals that smart polymer microgels
loaded with nanoparticles of noble Au, Pt, Pd, Rh and Ag
have been reported for catalytic and photocatalytic reduction
of dyes and nitroarenes. Noble metal nanoparticles may be
replaced by cheap metal nanoparticles to reduce the cost of
reduction process. Similarly new synthetic strategies should
be designed to get good control over size, shape and morph-
ology of catalytic systems which are necessary for improve-
ment of catalytic activity of hybrid systems. Sometimes
efficiency of catalyst decreases after only one or two cycles
of catalytic process. This could be attributed to leakage of
nanoparticles from microgel network or poisoning of cata-
lyst due to some retarding agents. There is need to explore
those factors which cause reduction in their catalytic activity.
For this purpose, complete mechanisms of reactions and
interaction between nanoparticles and microgels should be

explored. Most of the studies dealing reduction of nitroar-
enes involves NaBH4 as reducing agent which itself is a toxic
substance. Alternate reducing agents may be found and uti-
lized for reduction of nitroarenes and organic dyes to make
the process green. Moreover it is more better to introduce
reducing moieties as permanent components of the poly-
meric systems during their synthesis to eliminate the use of
any external reducing agent.

Most of the hybrid microgels catalyzed reduction process
just deal model reaction without a broad scope of the sub-
strate. It is important to extend catalytic activity of hybrid
microgel systems toward reduction of nitroarenes having
different functionalities on their benzene rings. This litera-
ture survey also reveals that only decolouration of the
organic dye in the presence of hybrid microgels have been
discussed in reported publications. The reduction products
should be separated out and should be characterized to find
their toxicity.

This literature survey reveals that hybrid microgels may
be recycled by simple centrifugation and may be re-used
as catalyst again for the same reaction or any other reac-
tion but leaching of inorganic nanoparticles from polymer
microgels and changes occurring in their morphologies
during/after catalysis have not been reported in the most
of the publications. The recycled hybrid microgels should
be analyzed using spectroscopic and microscopic analysis
to investigate the changes occurred in microgel structure
and morphologies of nanoparticles as well as micro-
gel particles.
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H I G H L I G H T S

• Polymer microgel particles have excellent ability to adsorb heavy metal ions from aqueous medium.

• Adsorption of cobalt ions on microgel particles is a result of donor–acceptor interaction and occurs in various steps.

• Reduction of adsorbed metal ions produced nanoparticles inside the sieves of polymer network.

• Hybrid microgels were excellent catalysts for reductive degradation of toxic chemicals.

A R T I C L E I N F O
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A B S T R A C T

Microgels were obtained by method of free radical precipitation polymerization and characterized by TEM, DLS
and FTIR. Adsorption of Co2+ ions was studied under various conditions of pH, concentration of metal ions and
that of microgels. Different adsorption isotherms were applied to study mechanism of adsorption process.
Kinetics and mechanism of the adsorption process was investigated by pseudo 1st order, pseudo 2nd order and
intra-particle diffusion modeling. In situ reduction of Co2+ ions loaded into the polymer microgel was carried
out to get hybrid system for catalytic degradation of 4-nitrophenol, Eosin and Methylene blue.

1. Introduction

Heavy metal compounds are important chemicals of various in-
dustries including mining, battery manufacturing, smelting and elec-
tronics [1] and their extensive use produces a large amount of industrial
waste [2] which is discharged inappropriately and leads to release of
ions of heavy metals into water bodies. Most of the heavy metal ions are
carcinogens and are causing severe water pollution which is responsible
for various diseases in humans and animals [3]. Extraction of heavy
metal ions from waste water is gaining importance day by day [4].
Several technologies have already been documented for treatment of
discarded water. Chemical precipitation [5], filtration [6], reverse os-
mosis [7] and adsorption [8] are widely used operations for elimination
of toxic metallic ions from polluted water. All above methods have their
own benefits and drawbacks. Most of these technologies involve use of

other toxic chemicals and high processing cost particularly when they
are applied at large scale [9].

Adsorption method is considered as an ideal technology for removal
of ions of heavy metals from aqueous solution because of its easy pro-
cedure and availability of a variety of adsorbents such as waste from
agriculture [10], inorganic materials [11], polymers [12] and microgels
[13]. Elhafez et al [14] have employed rice husk from agricultural
waste for recovery of Cu2+ ions by adsorption methodology under
different conditions. They have observed that variations in pH and
temperature of the medium affect adsorption phenomenon. Biosorbents
and modified biosorbents have been extensively used for recovery of
ions of heavy metals from water [15]. It has been proved that various
functionalities present in biosorbents are accountable for extraction of
ions of heavy metals from water. Incomplete removal of ions of heavy
metals from aqueous medium is one of the drawbacks of bio-sorption
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due to limited number of chelating groups in biosorbents. Synthetic
polymeric material with high content of chelating functionalities may
be an alternate of biosorbent. Such material may have high adsorption
capacity and may be used as adsorbent to extract high %age of ions of
heavy metals from aqueous medium. Use of responsive polymer mi-
crogels is one of the best choices in this regard. Simple and facile
synthesis, control over porosity and chelating functionalities of micro-
gels during synthesis [16], excellent stability in a broad temperature
and pH range and responsiveness towards temperature [17], pH [18]
and salt concentration [19] and good ability to bind heavy metal ions,
make them potential candidates for extraction of ions of heavy metals
from polluted water medium. Externally tunable adsorption capacity is
another fascinating feature of microgel based adsorbents. Pan et al [20]
have done some excellent work in this regard who immobilized N-iso-
propylacrylamide (NIPAm) based thermo-sensitive polymer microgels
loaded with Fe3O4 nanoparticles on graphene oxide nanosheets for
extraction of lead ions from water. The adsorption capacity of the
Fe3O4-p(NIPAm) system was found to be thermally tunable and easily
separable by external magnetic field. We believe that adsorption ca-
pacity of N-isopropylacrylamide or N-isopropylmethacrylamide
(NIPMAm) based microgel systems may be further improved using
copolymer microgels composed of NIPAm or NIPMAm and ionic
monomers like acrylic acid and methacrylic acid as adsorbent as re-
ported by Morris et al [21] and others [22]. Our group has already
reported poly(styrene-N-isopropylmethacrylamide-acrylic acid) core
shell microgel system for adsorptive removal of ions of heavy metals
from aqueous medium [23]. Amide group of acrylamide has good
chelating ability for heavy metal ions and its polymerization with N-
isopropylacrylamide and acrylic acid may result in fabrication of poly
(N-isopropylacrylamide-acrylamide-methacrylic acid) [p(NAM)] mi-
crogel adsorbent for extraction of heavy metal ions from aqueous
medium. Co2+ ion was selected as model heavy metal ion to be re-
moved from aqueous medium to test the adsorption potential of p
(NAM) microgels because Co(II) is a highly toxic substance and its re-
lease from various industries including paint, pigment, mining and
nuclear power plants has become the source of water pollution. High
dose of Co(II) causes various diseases including low blood pressure,
lungs irritation, bone defect and paralysis. Moreover adsorbed cobalt
(II) ions may be reduced to generate cobalt nanoparticles for catalytic
applications [24–26]. To the best of our knowledge, extraction of Co2+

ions from polluted water by p(NAM) microgel system for in-situ gen-
eration of cobalt nanoparticles and use of resulting hybrid system [Co-p
(NAM)] for degradation of toxic dyes has not been reported previously.

Herein, we have synthesized p(NAM) polymer microgels which are
responsive to both pH and temperature of the medium. Co2+ ions
present in water were extracted by using p(NAM) as adsorbent. The
Effect of dose of p(NAM) and Co2+ ions, time for adsorption and pH
values on adsorption process was investigated. Various adsorption and
kinetic parameters were evaluated using different adsorption isotherms
and kinetic models to discuss adsorption process. Co2+ ions loaded into
the p(NAM) were reduced to form cobalt nanoparticles within the
sieves of polymeric network. Resulting Co-p(NAM) was used as catalyst
for reductive degradation of 4-nitrophenol (4-NP), Eosin (ES) and
Methylene blue (MB).

2. Experimental

2.1. p(NAM) microgel synthesis

Precipitation polymerization is considered one of the best techni-
ques for synthesis of homogeneous polymer microgels [16,27]. This
technique has been widely applied by our group and others for synth-
esis of various polymer microgel systems with different morphologies
[28–30]. The p(NAM) particles dispersion was prepared using pre-
cipitation polymerization already reported by us [18].

In this typical synthesis, N-isopropylacrylamide (1.03 g), acrylamide

(0.023 g), crosslinker (0.046 g) and surfactant (0.05 g) were mixed in
95 mL doubly deionized water in a three necked round bottom flask
(250 mL). Mixture was subjected to stirring for 20 min in order to
dissolve reactants properly under N2 atmosphere at room temperature.
Then 26 µL methacrylic acid was injected into the mixture of reaction.
Then temperature was raised to 78 °C under nitrogen purging and
maintained for 30 min. 0.10 M initiator solution (5 mL) was added to
reaction mixture to commence polymerization process. After inclusion
of initiator, clear mixture became turbid which showed initiation of
polymerization process. Reaction mixture was kept on stirring under N2

atmosphere at 78 °C for four hours to complete process of polymer
particles formation. The prepared p(NAM) dispersion was cooled to
room temperature for further one hour. Unreacted monomers, surfac-
tant and initiator were removed by dialysis using spectra pore macro-
molecular porous membrane tubing with cut off number of
12000–14000 at room temperature for 7 days.

2.2. Adsorption study

Adsorption of metal ions into p(NAM) microgels was studied under
different conditions like p(NAM) dose, Co2+ metal ions dose, pH of the
medium and agitation time for extraction of Co2+ ions. For this pur-
pose, 10 mL of 50.0 mg/L cobalt acetate solution taken in a conical flask
was subjected to agitation for 90 min at 125 RPM with varying p(NAM)
microgel content in range of 0.26–2.1 mg/mL in order to optimize
adsorption dose at ambient temperature. Microgel particles loaded with
cobalt ions were extracted from mixture by simple centrifugation at
15,000 rpm for one hour. Then metal ion concentration in solution was
determined by atomic absorption spectrophotometer. Co2+ ions con-
centration was changed from 10 to 80 mg/L by keeping p(NAM) at
1.1 mg/mL and time of agitation at125 RPM for one hour and 30 min.
Similarly, pH of the medium was varied from1.43 to 11.25 to study
percentage removal of Co2+ ions from water as a function of pH by
keeping p(NAM) and Co2+ ions content at 1.1 mg/mL and 50 mg/L
respectively at agitation speed of 125 RPM for 90 min. The pH value of
solution was regulated using one molar HCl and NaOH solution. Time
for agitation was also changed from 0 to 105 min to study effect of time
of agitation on extraction of Co2+ ions while p(NAM) and ion con-
centration were kept at 1.1 mg/mL and 50.0 mg/L respectively. The %
age removal of Co2+ was calculated using equation (1).

⎜ ⎟= ⎛
⎝
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⎠
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where Co and Ce are starting and equilibrium concentrations of Co2+

ions respectively. Similarly, adsorption capacity was also calculated
using formula given in Eq. (2).
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where “m” is mass of p(NAM) microgels and “V” is solution volume in
liters.

2.3. Synthesis of Co-p(NAM) hybrid microgels

Microgel loaded with cobalt nanoparticles was prepared by redu-
cing cobalt ions loaded into the sieves of p(NAM) particles. To do this,
14 mL of microgel dispersion was dissolved in 36 mL doubly deionized
water and 0.5 mL of 0.05 mM cobalt acetate solution was mixed with
constant stirring for 25 min in a flask under N2 environment for re-
moval of air from aqueous medium. Then 5 mL NaBH4 solution
(0.50 mM) was poured into the solution with constant stirring under N2

supply and stirring was continued for further 70 min. Change in color of
polymer microgel confirmed formation of cobalt nanoparticles inside
the polymer network. Unreacted reactants were removed by dialysis of
hybrid microgel for 55 min against distilled water.
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2.4. Catalytic reduction experiments

Catalytic potential of Co-p(NAM) hybrid system was explored by
carrying out reduction/degradation of 4-nitrophenol, Eosin and
Methylene blue by BH4

- in the presence of Co-p(NAM). For 4-ni-
trophenol reduction, reaction mixture (2.50 mL) containing 0.072 mM
4-NP, 12 mM NaBH4 and 0.56 mg/mL Co-p(NAM) was taken in a quartz
cuvette and then subjected to time dependent UV–Visible spectro-
photometric scanning in wavelength range of 200–500 nm. Time de-
pendent UV–Visible spectra of reaction mixture (2.5 mL) of a dye
(0.10 mM), NaBH4 (12 mM) and 0.56 mg/mL was scanned in
200–750 nm wavelength range in order to monitor catalytic reduction
of Eosin and methylene blue at room temperature.

3. Results and discussions

3.1. Synthesis of p(NAM) adsorbent and Co-p(NAM) particles

Microgel particles to be used as adsorbents were prepared using
technique of free radical precipitation polymerization. Schematic il-
lustration of synthesis of polymer microgels is given in Fig. 1. Pre-
cipitation polymerization is considered as an excellent technique for
synthesis of monodisperse microgel particles [29]. At high temperature,
ammonium per sulfate produced free radicals which started poly-
merization process. These radicals converted carbon–carbon double
bond to C-C single bond. In this way, monomers were polymerized to
give microgel particles. Surfactant was used to stabilize these microgel
particles and to control their size and size distribution as reported in
literature [31]. During polymerization process, solution became turbid
due to light scattering caused by change in refractive index of microgel
dispersion [16].

Cobalt ions from aqueous solution of cobalt acetate were in-
corporated into dilute dispersion of polymer microgel particles. The pH
value of microgel dispersion was kept higher than that of pKa of me-
thacrylic acid during loading of cobalt ions into the p(NAM) network.
At pH ≥ pKa of methacrylic acid, microgel particles remained in
swollen form due to deprotonation of –COOH groups of p(NAM).
Negatively charged p(NAM) hydrophilic system facilitates the diffusion

of positively charged cobalt ions from bulk region to polymeric network
for their efficient adsorption. Then NaBH4 was used to reduce Co2+ ions
already adsorbed in p(NAM) network to form cobalt nanoparticles.
Change in color of microgel dispersion confirmed formation of cobalt
nanoparticles in the sieves of polymer microgel dispersion [32].

3.2. Characterization of p(NAM) microgel adsorbent

Formation of p(NAM) polymeric network, loading of Co2+ ions and
cobalt nanoparticles was confirmed by various techniques including
FTIR, DLS and TEM. FTIR spectra showing different functionalities in
polymer network is given in Fig. S1 (a) in supporting information. The
band at 2977 cm−1 is related to asymmetric stretching of C-H bonds.
Bending of C-H of methylene groups was noted at 1508 cm−1. A peak at
1363 cm−1 showed presence of –CH3 group in polymeric network.
Another peak at 1636 cm−1 was associated to amide group present in
network chain and an intense peak at 3289 cm−1 showed hydrogen
bonding between amide group and water molecules present in sieves of
polymer network. FTIR results of p(NAM) microgel sample have good
agreement with FTIR data of similar microgel system already reported
by us and others [31,33]. Similarly, FTIR spectra of p(NAM) after ad-
sorption of cobalt ions from aqueous solution is given in Fig. S1 (b). All
peaks are lying at same position however decrease in intensity of peaks
showed replacement of some water molecules in polymer network by
cobalt ions.

DLS analysis was performed to investigate pH responsive character
of p(NAM) polymer particles. For this purpose, hydrodynamic radius
(Rh) of p(NAM) was determined at various pH values of the medium
using methodology reported by our group [34]. It was seen that with
increase in medium pH, Rh value increased gradually, however pro-
minent increase was observed between pH range of 3–5 because max-
imum ionization of carboxylic groups of p(NAM) was occurred in this
range (pKa of methacrylic acid = 4.68) [35]. With increase in pH value
of the medium, carboxylic groups of methacrylic acid get ionized to
carboxylate ions. Thus electrostatic repulsive forces between carbox-
ylate groups having negative charges were responsible for their swel-
ling at pH > pKa as given in Table S1. The pH dependent swelling of p
(NAM) microgel system can be used to tune its adsorption capacity.

Fig. 1. Synthesis illustration of p(NAM) polymer microgels, pH sensitivity, adsorption mechanism and catalytic behavior for reductive degradation of toxic organic
substances.
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Negatively charged carboxylate groups of swollen p(NAM) particles
may attract positively charged metal ions into polymeric network more
efficiently at pH≥ pKa of methacrylic acid in comparison to uncharged
protonated carboxylic acid groups of p(NAM) at pH < pKa.

Morphology and size of p(NAM) particles was inquired by TEM
analysis of dilute aqueous dispersion of polymer particles. TEM image
of p(NAM) dispersion is shown in Fig. S2. TEM image confirms that p
(NAM) particles are in spherical shape with diameter range of
290–300 nm. The p(NAM) particles are of almost similar size. TEM
image shown in Fig. S2 was obtained after one weak of its synthesis by
air drying of dispersion for one night on carbon coated copper grid.
There is no sign of aggregation of particles in TEM image which reflects
that microgel dispersion can be easily stored without aggregation.
Moreover, p(NAM) particles may be may immobilized on solid support.
Stability of p(NAM) microgel particles over the time and even on drying
makes them a sustainable candidate for different applications including
their use as adsorbent.

3.3. Adsorption study

Effect of various conditions such as pH, agitation time, concentra-
tion of p(NAM) and that of adsorbent on extraction of Co2+ ions onto p
(NAM) microgel system was investigated to optimize the conditions for
the highest possible uptake of Co2+ ions from aqueous by p(NAM)
adsorbent.

The pH value of the medium greatly affected adsorption of Co2+

ions onto p(NAM) microgel particles because of variation in charge
density of microgel particles with variation in pH. The interaction be-
tween functionalities of polymer microgels (adsorbent) and Co2+ ions
(adsorbate) depends upon the pH of the solution. At low pH (pH ≤ pKa
of methacrylic acid), functionalities of microgel particles remain pro-
tonated and there is no significant interaction between metal ions and
microgel particles which hinders their adsorption to microgel particles.
At higher pH values (pH ≥ pKa of methacrylic acid), deprotonation of
–COOH groups of microgels occurs and microgel particles acquire ne-
gative charge which facilitates the diffusion of positively charged metal
ions (Co2+ ions) from bulk to negatively charged p(NAM) network.
Therefore, medium pH effect on adsorption of Co2+ on p(NAM) ad-
sorbent, was investigated by varying the pH of medium from 1.43 to
11.25 using p(NAM) (1.1 mg/mL) and Co2+ ions (50 mg/L). Impact of
increase in solution pH upon %age removal of Co2+ ions from water is
given in Fig. S3(a). It was seen that with increase in pH of the system
(from 1.43 to 6.51) there was a significant increase in removal per-
centage of Co2+ ions from water as shown in Fig. S3(a) because of
ionization of –COOH groups and increase in electrostatic interaction
between negatively charged carboxylate groups of p(NAM) and posi-
tively charged Co2+ ions but further change in pH did not affect re-
moval %age of Co2+ ions to significant extent and it became almost
constant. In fact, maximum deprotonation of groups of methacrylic acid
present in network of p(NAM) microgel to carboxylate groups took
place at or above pH= 5 (pH > pKa). Therefore, maximum interaction
between Co2+ ions and negatively charged microgel network happened
at pH > pKa which resulted in better recovery of Co2+ ions from
aqueous medium in comparison to that at low pH (pH < pKa).
Moreover at low pH value, there was a competition between adsorption
of Co2+ ions and H+ ions on p(NAM) network and removal percentage
of cobalt ions was found to be low due to retardation in metal ions
adsorption caused by H+ ions adsorption on the same system. However,
at high pH value (pH > 6), no further deprotonation occurs and re-
moval percentage of Co2+ ions becomes independent of solution pH.
The similar behavior of pH dependence of %age removal of Cu(II) ions
by adsorption phenomenon using poly(styrene-N-iso-
propylmethacrylamide-acrylic acid) core–shell microgel particles has
been observed by our group [23]. Although %age removal is in-
dependent of pH at pH > 6 but it is well known that metal ions may be
converted to insoluble hydroxides at pH > 7. Therefore pH range of

5.50–6.50 was selected as optimum condition for further studies.
Agitation time is another factor which influences the recovery of

Co2+ ions onto microgel particles surface. In order to investigate the
impact of agitation time on extraction of Co2+ ions by p(NAM), ad-
sorbent (1.1 mg/mL) and metal salt (50 mg/L) were agitated for
0–105 min at 125 RPM. Whole experiment was performed at an am-
bient temperature and pH = 6.51. It can be seen from Fig. S3 (b) that
the removal %age of metal ions increases gradually with time of agi-
tation and then becomes almost constant. The increase in agitation time
increases the transfer of ions from bulk region to the surface region.
Therefore adsorption of cobalt ions on p(NAM) microgel particles was
observed to be increased with time of agitation up to agitation time of
75 min. At agitation time ≥ 75 min, %age removal versus time plot
gave a plateau. The period of 75 min is the time required to establish
equilibrium between adsorption and desorption of Co2+ ions on p
(NAM). At the stage of equilibrium, rate of adsorption of Co2+ ions on p
(NAM) becomes equal to that of their desorption from p(NAM). Thus
further increase in time of agitation does not enhance removal per-
centage of Co2+ ions. Maximum removal of Co2+ ions from aqueous
medium was found to 96% at optimum agitation time of 75 min.

Effect of content of metal ions to be adsorbed on removal %age of
Co2+ ions from water was also investigated by varying adsorbate
concentration from 10 mg/L to 80 mg/L using p(NAM) adsorbent
(1.1 mg/mL) at pH = 6.51 with agitation time of 90 min at 125 RPM.
Fig. S3(c) is showing that by increasing Co2+ concentration, percentage
removal increased gradually up to 40 mg/L concentration of metal ions
in solution but further increase in concentration did not affect per-
centage removal of Co2+ ions. Removal of Co2+ ions from bulk water
was due to adsorption of Co2+ ions on p(NAM) which is controlled by
mass transfer of ions from solution to polymer network [36]. Mass
transport of Co2+ ions from bulk region to surface region can be in-
creased by increasing Co2+ concentration which may result in increase
of percentage removal of Co2+ ions. At [Co2+] > 40 mg/L, removal %
age of Co2+ ions was seen to be independent of Co2+ content because
of complete coverage of adsorption sites of p(NAM).

Similarly, concentration of microgel particles (adsorbent) must also
affect %age removal of metal ions from aqueous solution because with
the increase in microgel particles concentration, cavities available for
adsorption of Co2+ must increase which should result in increase in
percentage removal of Co2+ from water. In order to investigate this
aspect, concentration of metal ions was maintained at 50 mg/L while
that of p(NAM) was varied between of 0.26 mg/L and 2.10 mg/L at pH
of 6.51. The mixture was agitated with agitation speed of 125 RPM at
laboratory temperature for 90 min. The removal %age of Co2+ ions as a
function of p(NAM) concentration is given in Fig. S3(d). It is clear from
Fig. S3 (d) that %age removal of Co2+ ions increases gradually with
increases in p(NAM) concentration due to increase of available sites for
adsorption of Co2+ ions. Our observations have good agreement with
results reported by Kyzas et al [37] who studied removal of cobalt ions
from aqueous solution as a function of content of adsorbent (activated
carbon produced by waste potato peels).

3.4. Adsorption isotherms

Langmuir, Freundlich, Temkin and Dubinin-Radushkevich adsorp-
tion isotherms were applied to check validity of model and to explore
the mechanism of adsorption process. Adsorption isotherms relate ex-
tent of adsorption of metal ions to amount of metal ions in solution at a
given temperature [38]. Langmuir isotherm describes monolayer ad-
sorption on the outer surface of adsorbing substance. In Langmuir ad-
sorption isotherm, it is considered that no further adsorption takes
place after formation of monolayer on adsorbent and adsorbed metal
ions are in equilibrium with metal ions in solution. Langmuir adsorp-
tion isotherm in its linear form is as follows.
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In this expression (3), Ce (mg/L) represents equilibrium concentra-
tion of Co2+ ions, qe (mg/g) represents metal ion mass adsorbed at
equilibrium while qm is the highest possible adsorption capacity of p
(NAM) microgel system that was determined from slope of plot of Ce/qe
vs Ce and b is “Langmuir constant” which was evaluated from the value
intercept of the same plot using Eq. (3). It was found that value of qm for
adsorption of cobalt ions from solution was 312.5 mg/g and value of b
was 0.323 L/mg with R2 = 0.514 showing that data of adsorption of
Co2+ on p(NAM) does not fit favorably to Langmuir model of adsorp-
tion isotherm. Value of maximum adsorption capacity of p(NAM) has
been compared with some other adsorbents as shown in Table 1. The RL

value (called separation factor) can be evaluated from the value of
Langmuir constant (b) and initial bulk concentration of Co2+ ions (Co)
using the formula RL = 1/(1 + bCo). RL gives information regarding
favorability of adsorptive attachment of metal ions on adsorbing sub-
stance. RL value in range of 0–1 is taken as a criteria of favorable ad-
sorption [39]. The value of RL in case of adsorption of cobalt ions onto p
(NAM) microgel particles was found to be 0.0588 which indicated that
Co2+ ions were favorably adsorbed on p(NAM) microgel system.

Another isotherm proposed by Freundlich was applied to interpret
the process of adsorption. Linear form of Freundlich expression is given
in equation (4).

= +
n

lnq 1 lnC  lnKe e f (4)

In Eq. (4), Kf and n are Freundlich constants and their values are
dependent of nature of adsorbate and adsorbent. In order to find the Kf

and 1/n values, ln(qe) was figured as a function of ln(Ce) as shown in
Fig. 2(a) and value of Kf and 1/n was obtained from values of intercept
and slope of the plot respectively. The values of Kf and n are listed in
Table 2. Experimental data was found to be best fitted in Freundlich
adsorption model with R2 = 0.9055 in comparison to Langmuir ad-
sorption isotherm model (R2 = 0.514).

Dubinin-Radushkevich adsorption isotherms (DR-modeling) was
usually used to explore the adsorptive extraction of metal ions by a
porous adsorbent [p(NAM)]. Eq. (5) is a linear form of DR-isotherm
used for adsorption of Co2+ ions on porous p(NAM) microgel particles.

= −q q βεln lne DR
2 (5)

where qe (mg/g) represents amount of Co2+ ions adsorbed per unit
mass of p(NAM) microgels at equilibrium and qDR (mg/g) is theoretical
saturation capacity of the system. β (mol2/Kj2) is also DR constant
while the of ε was calculated using formula ε = RTln[1 + 1/Ce], where
R is general gas constant, T is absolute temperature and Ce (mg/L) is
Co2+ ions equilibrium concentration. The value of ln(qe) was plotted
against ε2 for determination of DR constants (qDR and β). The values of
β and qDR were determined from the values of slope and intercept of the
plot of ln(qe) vs ε2 shown in Fig. 2 (b). The value of mean free energy
per molecule was calculated from the value of β using formula, E = [1/
(2β)1/2]. Values of qDR, β and E are given in Table 2. The plot of ln(qe)
vs ε2 was a straight line according to Eq. (5) with R2 = 0.9666, quite
closed to unity as compared to Freundlich and Langmuir adsorption
isotherm models.

Co2+- p(NAM) interaction was also studied by using Temkin ad-
sorption isotherm model. The linear form of Temkin adsorption iso-
therm model used in present study is given in Eq. (6).

Table 1
Comparative analysis of p(NAM) system with different adsorbents reported in literature for removal of cobalt ions from aqueous solution.

Adsorbent Adsorption capacity (qm) (mg/g) Adsorption isotherm Kinetic model Reference

Lemon peel 22 Langmuir Pseudo 2nd order [40]
Battery industry waste 35 Langmuir Pseudo 1st order [41]
2-Hypnea Valentiae algae 46.03 Langmuir Pseudo 2nd order [42]
Cocos nucifera leaf powder 3.691 Freundlich Pseudo 2nd order [43]
Mesoporous carbon activated with silica gel and sucrose 4.1 Langmuir Pseudo 2nd order [44]
Poly(N-isopropylacrylamide-acrylamide-methacrylic acid) 312.5 Temkin Pseudo 2nd order This work

Fig. 2. (a) Freundlich isotherm (b) DR- isotherm (c) The Temkin isotherm model for adsorption of cobalt ions from aqueous solution onto p(NAM) polymer microgel
particles.
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where BT and KT are Temkin constants. The values BT and KT for ad-
sorption of Co2+ ions on p(NAM) were determined from intercept and
slope of plot of qe versus ln(Ce) shown in Fig. 2(c). The values of BT (J/
mol) and KT (L/g) are listed in Table 2. The qe was found to be a linear
function of ln(Ce) with R2 = 0.9738. The values of R2 for fitting of
experimental data into Langmuir (0.514), Freundlich (0.9055), DR
(0.9666) and Temkin (0.9738) models suggested that Temkin modeling
of adsorption isotherm was the best fitted model for experimental data
obtained from adsorption of cobalt ions onto p(NAM) microgel. R2

value has become criteria of fitting of adsorption isotherm model on
experimental data [38].

3.5. Adsorption kinetics

In order to elaborate mechanism of recovery of Co2+ by p(NAM)
microgels, various kinetic modeling such as pseudo 1st order, pseudo
2nd order and intra-particle diffusion model were applied. Linear form
of pseudo 1st order and pseudo 2nd order kinetic models are as follows

− = − +q q k t qln( ) lne t e1 (7)

= +t
q k q

t
q

1

t e e2
2 (8)

where qe (mg/g) is the mass of metal ions adsorbed per unit mass of p
(NAM) microgels at equilibrium while qt (mg/g) is the weight of metal
ions adsorbed on p(NAM) at any time (t). The value of pseudo first
order rate constant (k1 = 0.024 min−1) was evaluated from slope of
plot of ln(qe - qt) vs time shown in Fig. 3 (a) using Eq. (7) while the
value of qe (mg/g) in case of 1st order type kinetic modeling was
computed from value of intercept of the same plot shown in Fig. 3 (a).
The values of qe (mg/g) and pseudo second order rate constant
(k2 = 0.0041 L/mol.min) were determined from value of slope and
intercept of plot of t/qt vs time respectively given in Fig. 3 (b) using Eq.
(8). Values of qe (mg/g), k1 and k2 are given in Table 3. The value of R2

for 1st and 2nd order rate constant were found to be 0.9463 and 1.00
respectively. Regression factor (R2) values confirms that 2nd order ki-
netic model is the most suitable model to describe adsorption of Co2+

onto p(NAM) microgels. Data fitting into 2nd order equation indicates
that one Co2+ ion is attached with two chelating functionalities that is
quite understandable in case of adsorption of divalent cation into p
(NAM) crosslinked polymeric system where more than one functional-
ities may approach to Co2+ ion. Adsorption mechanism was also ex-
plored by Intra-particle diffusion model (IPD). Linear form of IPD is
shown below

= +q k t Ct ipd
1
2 (9)

In Eq. (9), kipd is called IPD rate constant and C represents boundary
thickness. A multi-linearity correlation was observed in case of plot of
qt vs t1/2 according to IPD model shown in Fig. 3(c). Curve shown in
Fig. 3 (c) can be divided into three regions. Initially qt increases slowly
with t1/2 in the 1st region followed by rapid variation in 2nd region.
First stage represented the instantaneous movement of metal ions from
bulk region to microgel surface. Therefore qt is not significantly varied
with time. In the 2nd region, surface Co2+ ions start to adsorb on outer

region of p(NAM) microgel particles because most of the surface sites
were vacant for adsorption of Co2+ on p(NAM) surface. In the 3rd re-
gion of the plot, qt was found to be increased slowly again with t1/2 and
then became constant which may be attributed to slow diffusion of
Co2+ ions from microgel surface to inside the p(NAM) network and
unavailability of vacant sites of adsorbent. Similar trend of qt vs t1/2

plot for adsorption of heavy metal ions on polystyrene-poly (N-iso-
propylmethacrylamide-acrylic acid) core/shell gel particles has been
reported by Naseem et al [23]. Kinetics and IPD parameters have been
summarized in Table 3.

3.6. Catalytic study

After detailed investigation of extraction of Co2+ ions by p(NAM)
microgels, Co2+ ions loaded into microgels were reduced and the re-
sulting hybrid system [Co-p(NAM)] was then used as active catalytic
specie for reduction of 4-NP, ES and MB. Catalytic activity of Co-p
(NAM) was initially tested for reduction of 4-NP into 4-aminophenol.
This catalytic model reaction was selected because of the multiple
reasons. 4-NP is highly toxic substance. Its presence in water is re-
sponsible for various health issues in human being and aquatic animals.
It is soluble in water and does not degrade easily in aqueous medium
while its reduction product is relatively less toxic and useful reagent
[45]. Therefore 4-NP is converted into a useful substance (4-amino-
phenol) on the surface of metal nanoparticles loaded into polymer
microgels using suitable reducing agent (NaBH4). Catalytic reduction of
4-NP to 4-AP has become a benchmark reaction to test catalytic activity
of metal nanoparticles [46] because its progress can be easily mon-
itored by easily available technique called UV–Visible spectro-
photometry. Catalytic reduction of 4-NP is usually carried out in the
presence of nanoparticles of expensive metals [47–49] while salts of
cobalt are in-expensive and are easily available as precursors for the
fabrication of cobalt nanoparticles. UV–Visible spectra of catalytic re-
duction of 4-NP into 4-AP with BH4

- in the presence of Co-p(NAM) in
water medium is shown in Fig. 4(a). Cobalt nanoparticles loaded in p
(NAM) serve as catalyst and provide surface for reduction of 4-NP with
BH4

-. Gradual decrease in absorbance at 400 nm along with increase in
absorbance at 300 nm showed progress of reaction because con-
centration of 4-NP decreased and that of 4-AP increased with time and
change in color from yellowish to colorless was observed. The loga-
rithm of remaining fraction of 4-NP concentration [ln(At/Ao)] was also
figured against time, in order to apply pseudo first order kinetic model.
The linear portion of the plot where ln(At/Ao) was a function of time,
was used to find the value of apparent rate constant for reduction (kapp)
of 4-NP as given in Fig. 5 (a). The value of kapp calculated from Fig. 5
(a) was found to be 0.3921 min−1. Similarly, some controlled experi-
ments were also performed to further explore the catalysis by Co-p
(NAM). A reaction was performed by adding pure p(NAM) microgel and
NaBH4 into aqueous solution of 4-NP and progress of reaction was
monitored by UV–Visible spectroscopy but no change in absorbance
value at 400 nm was observed event after 55 min of addition of re-
actants as shown in Fig. 6(a) which means microgel and NaBH4 col-
lectively cannot reduce our substrate because reaction is kinetically
restricted. Moreover, p(NAM) is not a true catalyst. Mixture of 4-NP and
NaBH4 without p(NAM) and Co-p(NAM) was also monitored for half an

Table 2
Adsorption parameters for adsorption of Co2+ ions onto poly(N-isopropylacrylamide-acrylamide-methacrylic acid) polymer microgels calculated from Langmuir,
Freundlich, DR and Temkin models.

Langmuir modeling Freundlich modeling
qm (mg/g) B RL R2 n Kf (L/g) R2

312.5 0.323 0.0588 0.514 0.519 153.39 0.9055

DR-model The Temkin model
qDR (mg/g) β (mol2/KJ2) E (KJ/mol) R2 BT (j/mol) KT (L/g) R2

1226.84 7 × 10-7 8.5 × 102 0.9666 157.87 602.44 0.9738
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hour as given in Fig. 6 (b) but no change in absorbance value at 400 nm
was observed which means NaBH4 alone cannot reduce 4-NP into 4-AP.
In another controlled experiment, microgel loaded with cobalt nano-
particles was added to solution of 4-NP and reaction condition was
maintained and UV scans were taken but very small change in absor-
bance was observed which was due to adsorption of 4-NP to polymer
microgel. However, no complete reduction took place as shown in Fig. 6
(c). It showed that hybrid microgel alone cannot reduce 4-NP into 4-AP
because Co-p(NAM) is inert and is not a source of hydrogen. Similarly,
microgel was added to 4-NP solution and scans were taken for 30 min as
shown in Fig. 6 (d), a very small decrease in absorbance was due to
adsorption of 4-NP to microgel network but no significant decrease in
absorbance at 400 nm was noted which showed that microgel itself
cannot serve as catalyst or hydrogen source. From these controlled
experiments, it was concluded that polymer microgel loaded with co-
balt nanoparticles can serve as catalyst in presence of NaBH4 and can
reduce 4-NP as shown in Fig. 4(a) in which 4-NP is reduced into 4-AP
with NaBH4 (hydrogen source) on the outer surface of Co nanoparticles
immobilized into p(NAM).

Similarly, catalytic reduction of methylene blue and eosin was also
carried out using BH4

- as reductant specie in the presence of Co-p(NAM)
and progress of both reactions was monitored by UV–Visible spectro-
scopy as shown in Fig. 4 (b) and Fig. 4 (c) respectively. The value of ln
(At/Ao) was plotted against time of reaction for catalytic elimination of

Eosin and Methylene blue at their respective λmax values (571 nm for
Eosin and 665 nm for methylene blue). Linear portion of plots of ln(At/
Ao) vs time was used to calculate kapp for catalytic reduction of both
dyes as shown Fig. 5 (b) and (c). The kapp value for methylene blue was
found to be 0.7586 min−1 and for eosin 0.6177 min−1.

4. Conclusion

Homogeneous polymer microgel particles were successfully pre-
pared by free radical precipitation polymerization method in aqueous
medium. These polymer microgels were found to be pH responsive in
aqueous medium. Synthesized polymer microgel particles were used as
adsorbent for removal of cobalt ions from aqueous solution. It was
observed that various factors such as pH of the medium, time, con-
centration of adsorbent and concentration of metal ions greatly affected
the adsorption of Co2+ onto microgel particles. Different isotherm
models were applied on adsorption of Co2+ ions on p(NAM) microgels.
Temkin model was seen to the best fitted on data collected from ad-
sorption of Co2+ on p(NAM) microgels. 2nd order kinetic model was
found to be best fitted to explore adsorption phenomenon. Process of
adsorption of Co2+ ions on p(NAM) microgel system involves multi-
steps including diffusion from bulk to surface region, surface region to
inside of microgel particles and attachment of Co2+ ions with various
functionalities of polymeric network. Polymer microgel particles were
found to have very good adsorption capacity compared to other ma-
terials. Moreover, polymer microgel loaded with Co2+ ions were used
to prepare Co nanoparticles within sieves of polymer microgels. Co-p
(NAM) has a potential to be used as efficient catalyst for reduction of 4-
NP and organic dyes in aqueous medium.
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Fig. 3. (a) pseudo 1st order (b) pseudo 2nd order and (c) intra-particle diffusion modelings to elaborate mechanism of extraction of Co2+ ions from aqueous solution
onto p(NAM) polymer microgel particles.

Table 3
Kinetic parameters evaluated from pseudo first order, pseudo second order and
IPD models for adsorption of Co2+ ions adsorption onto p(NAM) microgels.

Pseudo 1st order kinetic modeling
parameters

Pseudo 2nd order kinetic modeling
parameters

k1 (min−1) qe (mg/g) R2 k2 (L/mol
min)

qe (mg/g) R2

0.024 15.95 0.9463 0.0041 434.78 1

Intra-particle Diffusion modeling parameters
kipd (mg/g
min1/2)

C (mg/g) R2

1.533 422.95 0.936
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Fig. 4. UV–Visible spectra for catalytic degradation of (a) 4-nitrophenol [conditions: Co-p(NAM) = 0.56 mg/mL, [BH4
-] = 12.00 mM, [substrate] = 0.072 mM] (b)

Methylene blue [conditions: Co-p(NAM) = 0.56 mg/mL, [BH4
-] = 12.00 mM, [MB] = 0.10 mM] (c) Eosin [conditions: Co-p(NAM) = 0.56 mg/mL, [BH4

-

] = 12.00 mM, [ES] = 0.10 mM].

Fig. 5. Pseudo first order kinetic modeling for catalytic reduction of (a) 4-NP [conditions: Co-polymer microgel = 0.56 mg/mL, [BH4
-] = 12.00 mM,

[substrate] = 0.072 mM] (b) Methylene blue [conditions: Co-p(NAM) = 0.56 mg/mL, [BH4
-] = 12.00 mM, [substrate] = 0.10 mM] (c) Eosin [conditions: Co-p

(NAM) = 0.56 mg/mL, [BH4
-] = 12.00 mM, [substrate] = 0.10 mM].
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