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PREFACE 
 
 The present work was mainly performed at Institute of Chemistry, University of 

the Punjab, Quaid-e-Azam Campus, Lahore. A variety of plant materials including the 

wastes/byproducts from cereal crops that can be explored for biosorption process, are 

available in the local markets/fields of Lahore. Waste biomass generated from Sorghum 

bicolor L. was selected in this study. The reasons behind its selection include easy 

availability, cost-effectiveness, enormous production rate each year and the most 

importantly, it was unexplored. The present study explores the biosorption characteristics 

of Sorghum biomass before and after and its solvent less modification with urea and 

thiourea. The purposed method of modification in this study is green because no organic 

solvent is used. The metals selected in this study are toxic and currently in used in many 

industrial applications. 

 There are a number of references styles used worldwide to refer to the cited work. 

In the present study, APA (American Psychological Association, 2010) reference 

guideline has been followed. All the mathematical operations on the data and drawing of 

graphs have been performed using the Microsoft Excel 2007 program. Certain 

mathematical equation are repeated in the “Results and Discussion”, only for the 

convenience of the reader. In addition much of literature in “Introduction” has recently 

been published in Reviews in Environmental and Bio/Technology, 2015, 14:211-228, a 

well-reputed journal in the Springer group.    
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ABSTRACT 

 Biosorption is an upcoming technique that refers the use of non-conventional 

lignocellulosic materials for the detoxification of metal contaminated waters. Various 

byproducts resulted from agricultural practices have been investigated for this purpose. 

The present study explores the use of dead biomass generated from Sorghum biocolor L. 

termed as “Sorghum biomass” in its native as well as in modified form for the 

remediation of metal contaminated waters. The modification of Sorghum biomass was 

successfully carried out using commercial urea and thiourea as modifying agents under 

microwave irradiation. Divalent lead, cadmium and copper and trivalent chromium were 

chosen for the biosorption studies due to their hindrance to biological degradation and 

toxicity to life and environment.  

 Sorghum biomass in its native state (SB) and modified states [urea modified 

(USB) and thiourea modified (TSB)] was characterized chemically and physically. The 

physical characteristics were performed using various analytical techniques like CHNS, 

FTIR, SEM, BET surface area and Bulk density. The chemical characteristics were 

explored using Bohem’s titration procedure and points of zero charge (pHpzc

 The use of SB, USB and TSB for selected metal ions detoxification was explored 

in batch mode. The effect of various process parameters like biosorbent dosage, contact 

) 

determination. There was a strong evidence of the presence of functional groups like 

hydroxyl, carboxyl, amino, amido etc. that were responsible for metal ions binding to 

biosorbents surface. The increment in surface functionality was observed in USB and 

TSB. Chemical characteristics confirmed the surface alteration in terms of functional 

groups as a result of modification of SB by urea and thiourea.  



   

 

 

time, pH of medium, temperature and initial metal ions concentration was studied and 

optimized. The optimum removal of metal ions by SB, USB and TSB was found at 

slightly acidic pH. The data obtained was analyzed using renowned equilibrium models 

in order to provide insight in to mechanism of the process. The Langmuir model showed 

a better fit to equilibrium data as compared to other models. The maximum biosorption 

capacities of SB, USB and TSB for the studied metal ions binding were calculated using 

Langmuir equation. The values obtained in case of TSB were highest showing the 

efficacy of it relative to SB and USB. USB also showed significantly higher biosorption 

capacity values than SB. Kinetic modeling of the equilibrium data showed that the 

studied biosorption process was governed by pseudo-second order mechanism and 

boundary layer diffusion was the rate determining step. Thermodynamic studies were 

also performed which showed that biosorption of studied metal ions by SB, USB and 

TSB was endothermic and spontaneous.  

 Desorption studies of metal loaded SB, USB and TSB were also carried out in 

acidic as well as basic medium. Acidic medium was found as the best desorbing medium 

for metal ions / biomass recovery.  

 The results of our experimental studies indicated that a batch process can be used 

in an economic and eco-friendly way for metal ions detoxification on industrial scale. 

Modification was carried out without any solvent making the process more feasible. Both 

Sorghum biomass and modifying agents, urea and thiourea, are easily available. Hence 

urea and thiourea modified Sorghum biomass appears to be a good choice for 

detoxification of metal ions from industrial effluents.       
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1. Introduction 

Heavy metals are highly toxic, show bioaccumulation and persistency against 

biodegradation (1, 2). These enter the aquatic system via various industrial activities like 

electroplating, battery manufacturing, leather tanning, etc (3). A list of 13 toxic heavy 

metals (antimony, arsenic, beryllium, cadmium, chromium, copper, lead, mercury, nickel, 

selenium, silver, thallium, and zinc) has been generated by the USEPA in 1978 (4). 

Sources and toxicity of some common heavy metals are enlisted in Table 1. 

Safe disposal of wastewater (especially considering the heavy metal content) is 

the critical environmental challenge for industries. Numerous methodologies have been 

developed in this regard as tabulated in Table 2. The materials used in these methods are 

generally highly expensive rendering these uneconomical for developing countries. 

Moreover, some of these methods generate concentrated sludge during the wastewater 

treatment process which poses another disposal problem. In addition, some of these 

methods become ineffective or too costly at low metal ions concentrations i.e. 100 mg/L 

or below (5-7). For this reason, there is a constant need to search for better technology for 

heavy metal removal while considering its cost and efficiency. 

 

1.1 Biosorption – an effective solution 

Biosorption is a broad term referring to the removal of materials (metal ions, 

organic compounds etc.) due to the attractive forces between the substrate and biosorbent 

(material generated from biological origin). It offers a promising technique to metal 

contaminated waters even at low concentration, with advantages like (1) high efficiency 

(2) low cost (3) easy operation and (4) metal recovery etc. Both living as well as dead 



Chapter 1  Introduction 

 

2 

biomass have been utilized for the effective removal of metal ions. Using living biomass, 

the removal of metal ions from aqueous solution is also termed as bioaccumulation. 

Biosorption and bioaccumulation show various mechanisms for the metal removal (8, 9). 

Bioaccumulation is a slow process as compared to biosorption due to its nutrient 

dependence (8).  

 

Table 1.1: Sources and toxicity of some common heavy metals (adapted from 
Farooq et al. (10)) 
Metals Sources Toxicity to Humans 
Lead Electroplating, batteries 

manufacturing, Pigments 
 

Brain damage, malaise, loss of 
appetite, anaemia 

Cadmium Electroplating, smelting, alloy 
formation, pigments, plastics, 
mining 
 

Carcinogenic, renal disturbance, lung 
insufficiency, bone lesions, weight 
loss 

Mercury Forest fires, fossil fuel burning, 
chloralkali industries 

Neurological and renal disturbances, 
impairment of pulmonary function, 
corrosive, to skin, eyes, kidney 
damage 
 

Chromium Electroplating, tanneries, textile, 
metallurgy, paints, Steel 
manufacturing 
 

Carcinogenic, mutagenic, teratogenic, 
vomiting, severe diarrhea, lung tumors 

Arsenic Smelting, mining, fossil fuels, 
rock sediments 

Gastrointestinal symptoms, 
disturbances of cardiovascular and 
nervous system functions, bone 
marrow depression, haemolysis, liver 
tumors 
 

Copper Circuit board manufacturing, 
electronics plating, drawing of 
wires, copper polish, paints 
 

Reproductive damages, neurotoxicity, 
dizziness, diarrhea 

Nickel Non-ferrous metal, mineral 
processing, paint manufacturing, 
electroplating, steam electric 
power plants 

Chronic bronchitis, lung cancer 
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Biosorbents can be further classified in to (1) from microbial origin and (2) from 

lignocellulosic materials. This paper includes the recent studies on the biosorption 

efficiency and capacity of lignocellulosic materials, their methods of chemical alteration, 

optimal working conditions and preference order of biosorbents. 

 

Table 1.2: Common methods to remove heavy metals from wastewater 
Methods Advantages Disadvantages 

Chemical 
Precipitation 
 

Easy operation, cost-effective  Large amount of sludge, extra 
operational cost for sludge disposal 

Chemical 
Coagulation 
 

Sludge Settling, dewatering Costly, high consumption of 
chemicals 

Ion-exchange 
 
 

Selective for metal ions, 
regeneration of materials 

Costly, available for less number of 
metal ions  

Electrochemical 
methods 
 
 

Selectivity for metal ions, no 
chemical consumption, Most 
of the metals can be removed  

High capital and running cost, 
current density 

Adsorption 
using activated 
carbon 
 

High efficiency (>99%) Costly, No regeneration, 
performance depends on adsorbent 

Membrane 
Filtration 
 
 

Low space requirement, low  
pressure, high separation 
selectivity 

High operation cost 

Electro-dialysis High selectivity High operation cost due to 
membrane fouling and energy 
consumption 
 

Photo-catalysis Removal of metals and 
organic pollutant 
simultaneously, less harmful 
by-products 

Long time duration, limited 
applications 

Source: Nguyen et al. (3) 
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1.2 Biosorption using biomass from microbial origin 

Microbial biomasses contain several functional groups on their cell wall and can 

bind metal ions from dilute aqueous solutions. Several microbial biomasses including 

algae (11-13), fungi (14-16), bacteria (17), sea weeds (18-20), have been used for metal 

recovery from aqueous solutions. Biosorption capacities of microbial biomasses for metal 

binding as reported by some researchers are enlisted in Table 3.  

Use of microbial biomasses has an advantage of high efficiency for low 

concentration of metal ions. The problems and the costs associated with the growth 

conditions, nutrient dependence, and place for growth at gross levels make such 

application less suitable for industrial adoption especially in developing countries. 

Moreover, the invariable weather conditions also affect their growth. 

  

1.3 Biosorption using lignocellulosic materials 

Lignocellulosic materials are generated due to agricultural activities and thus 

sometimes also termed as agricultural wastes or agricultural byproducts. These may be 

different parts of plant materials like stem, bark, leaves, roots, fruit peals, husk, hull, shell 

and bran etc. Cellulose, hemicelluloses and lignin are the main components of these 

materials. Lignocellulosic materials offer strong forces of attraction for the binding of 

metal ions due to presence of high content of hydroxyl group (21, 22). Certain other 

functional groups including amino, amido, carboxyl, esters, alcohols, carbonyl, sulphur 

containing groups and acetamide are also present on the surface of lignocellulosic 

materials.These functional groups bind metal ions either by replacing them with 

hydrogen ions (ion exchange), adsorption or by donation of electron pairs (complex 
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formation). Due to rich in functional groups, lignocellulosic materials could be a massive 

source as adsorbent materials for the detoxification of metal contaminated waters (5, 23-

25). 

Table 1.3: Biosorption capacities of various microbial biomasses 
Type Name of Specie Metal Biosorption 

capacity 
(mg/g) 

Reference 

Bacteria Bacillus megaterium Cr(VI) 30.7 (26) 

 Pseudomonas 
putida 

Zn(II) 17.7 (27) 

  Cu(II) 8.0 (28) 

 Bacillus sp. Cu(II) 16.3 (29) 

 Halomonas sp. Cu(II) 12.023 (30) 

Yeast Yeast Ni(II) 46.3 (31) 

  Cr(VI) 86.95 (32) 
 

  Cu(II) 144.9 (33) 

Algae Laminaria japonica Re(VII) 1.45 (at pH = 6) (34) 

 Azollafiliculoides Pb(II) 124 (35) 

  Cd(II) 58 (35) 

  Cu(II) 33 (35) 

  Zn(II) 34 (35) 

 Chlorella vulgaris Zn(II) 17 (36) 
 

 Spirogyra sp. Pb(II) 140.84 (12) 

 Caulerpa lentillifera Pb(II) 28.7 (37) 

 Gelidium algae Pb(II) 64.0 (38) 

 Chlamydomonas 
reinhardtii 

Pb(II) 96.3 (39) 
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Fungi Penicillium 
chrysogenum 

Ni(II) 55 (40) 

  Cu(II) 92 (40) 

 Mucor rouxii Pb(II) 25.22 (41) 
 

  Zn(II) 16.62 (41) 
 

  Cd(II) 8.36 (41) 
 

  Ni(II) 6.34 (41) 
 

 Cunninghamella 
echinulata 

Pb(II) 45 (42) 

  Cu(II) 20 (42) 

  Zn(II) 18.8 (42) 

 Rhizopus arrhizus Ni(II) 29.52 (43) 

  Cu(II) 17.58 (43) 

 Polyporous 
versicolor 

Ni(II) 57 (44) 

 Pleurotus 
cornucopiae 

Cu(II) 25 (45) 

 Pleurotus ostreatus Cr(III) 2.36 (46) 

  Cu(II) 8.06 (47) 

  Ni(II) 20.40 (47) 

  Zn(II) 3.22 (47) 

  Cr(VI) 10.75 (47) 

 Silica gel-
immobilized L. 
salmonicolor 
 

Ni(II) 114.44 (48) 

 Ganoder malucidum Cr(III) 2.16 (49) 
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There are numerous studies using lignocellulosic materials to replace the already 

operated instrumental/chemical methods for the removal of metal ions from wastewater. 

A number of reviews have been published in this regard (10, 50-53). The adoption of this 

technique in place of conventional technologies is advantageous due to the high affinity 

and high selectivity of lignocellulosic materials towards heavy metal ions (54). 

Moreover, the low cost, agricultural origin and abundant availability provides the 

feasibility towards its applicability at large scale (55). In addition, the lignocellulosic 

materials can be processed, applied and recovered without potentially devastating the 

environment (56). The recyclability of these adsorbent materials for the purpose of heavy 

metal ions treatment is thought to reduce the wastes in an eco-friendly way, thus making 

lignocellulosic materials superior. Hence, it agrees well with the vision to develop 

sustainable method of waste management. 

 

1.4 Biosorbent selection criteria  

The selection of best lignocellulosic materials is not an easy task. Different 

researchers give different views about the selection of suitable biosorbent materials. 

Some researchers believe that low cost and easy availability is the best selection criteria 

(55, 57). This criterion is most helpful for the developing countries where the industrial 

investment need to be small. While some argues that high adsorption capacity and 

selectivity should be the deciding factor in the selection of biosorbent materials (8, 58). 

Most of the studies given in this regard revealed that a good biosorbent material should 

meet several requirements like, high adsorption capacity, high selectivity, low cost, easy 

desorption and regeneration with negligible leaching into aqueous systems. 
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1.5 Comparison of adsorption capacity of different lignocellulosic materials  

A number of studies have been carried out to find out the adsorption capacity of 

biological materials (Table 4). Some of these emphasize on the removal efficiency of 

biosorbents for metal ion, while others highlight the uptake capacity of biosorbent 

materials for heavy metal ions. Comparison on the basis of removal efficiency (removal 

percentage) is not preferable because it does not give clear idea about the binding of ions 

per unit mass of biosorbent material. For instance, Anwar et al. (59) reported that 2 grams 

of powdered banana peels can remove 89.2% lead ions from its 50 mL  aqueous solution 

of 50 mg/L concentration after shaking it for 20 min. However, the reported maximum 

adsorption capacity (2.18 mg/g) was significantly low. Similar trend have been reported 

by other researchers (60-62). 

A variety of literature is available in this regard. Classifying the reported studies, 

the loading capacities of lignocellulosic materials may be compared in two categories (1) 

untreated lignocellulosic materials and (2) pretreated/modified lignocellulosic materials. 
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 Table 1.4: Biosorption capacities of various lignocellulosic materials 
Metal ion Adsorbent qmax References  (mg/g) 

As(V) Pine leaves 3.27 (63) 

 Sorghum Biomass 2.765 (64) 

 M. Oleifera 2.16 (65) 

Cd(II) Cortex banana waste 67.20 (66) 

 Neem Bark 27.57 (67) 

 Sawdust 26.73 (67) 

 T. aestivum 23.20 (55) 

 Cashew nut shell 22.11 (2) 

 T. aestivum (straw) 14.56 (68) 

 T. aestivum (straw) 11.56 (69) 

 Sorghum biocolor L. 7.87 (70) 

 Castor seed hull 6.98 (71) 

 Banana Peels 5.71 (59) 

 A. hypogea shells 2.81 (72) 

Pb(II) T. aestivum 90.09 (55) 

 S. melongena 71.42 (73) 

 C. inophyllum seed husk 34.51 (74) 

 Pine cone activated carbon 27.53 (75) 

 Solid waste of olive oil 23.69 (76) 

 Pigeon pea hulls powder 23.64 (77) 

 P. dioica 22.37 (78) 
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 Pine cone powder 16.34 (79) 

 T. resupinatum 10.38 (80) 

 N. sativa seeds 8.08 (81) 

 Sorghum biocolor L. 6.289 (70) 

 S. bengalense 4.431 (82) 

 A. nilotica leaves 2.51 (83) 

 Banana Peels 2.18 (59) 

 A. sisalana (sisal fiber) 1.34 (23o (C) 84) 

Cr(III) Yellow passion-fruit shells 85.1 (85) 

 Agave Bagasse 11.44 (86) 

 Agave lechuguilla 11.31 (87) 

 Sorghum Bicolor L. 7.03 (88) 

 Olive stone 4.08 (89) 

 Pea waste 3.56 (57) 

 P. longifolia 1.87 (22) 

Cr (VI) Wheat bran 310.58 (90) 

 Pistachio hull waste 116.3 (91) 

 Rice Bran 58.9 (92) 

 Rice Husk 52.1 (93) 

 Sawdust 41.52 (94) 

 Wheat bran 40.8 (92) 

 Eichhornia crassipes root 

activated carbon 

36.34 (95) 
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 F. religiosa 26.25 (96) 

 Rice Straw 3.15 (97) 

 A. scholaris 1.45 (62) 

Cu(II) T. indica seed powder 133.24 (98) 

 Rose petals waste 124.21 (99) 

 Watermelon shell 111.10 (54) 

 Cortex lemon waste 70.40 (66) 

 Cortex orange waste 67.20 (66) 

 Cortex banana waste 36.00 (66) 

 T. aestivum 21.01 (55) 

 O. Sativa 12.36 (100) 

 Sorghum biocolor L. 4.34 (70) 

 Olive solid waste 3.81 (101) 

 P. longifolia leaf powder 1.74 (102) 

Ni(II) Orange peels 62.30 (103) 

 Cassava peels 57.00 (104) 

 Moringa oleifera bark 30.38 (105) 

 Pigeon pea hulls powder 23.63 (77) 

 S. bengalense 15.79 (106) 

 Water bamboo husk 8.40 (107) 

 Banana peels 5.133 (108) 

 P. longifolia leaf powder 4.08 (102) 

 Egg plant peels 3.205 (108) 
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 A. hypogea shells 2.82 (72) 

 Sugarcane baggase 2.23 (109) 

 Olive solid waste 2.16 (101) 

 Sweet potato peels 0.509 (108) 

Zn(II) Cedrusdeodara sawdust 97.39 (6) 

 Orange waste 43.16 (110) 

 Carrot residues 29.61 (111) 

 Sugar beet pulp 17.78 (112) 

 Sawdust 14.10 (67) 

 Neem Bark 13.29 (67) 

Co(II) S. bengalense 14.7 (113) 

 P. longifolia leaf powder 3.99 (102) 

Fe (III) Water bamboo husk 4.7 (107) 

Hg (I) Sugarcane bagasse  35.71 (114) 

Hg(II) Bacillus subtilis biomass 68.5 (115) 

 Eucalyptus bark 34.60 (116) 

 Allium sativum L. 0.6497 (117) 
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1.5.1 Untreated lignocellulosic materials 

Table 4 illustrates the adsorption capacitates of various untreated lignocellulosic 

materials for heavy metal uptake. There is a large variation in the adsorption capacities of 

different lignocellulosic materials for heavy metals. The influencing factors are origin of 

biomass, nature of adsorbent, surface morphology of adsorbent, metal variation, uptake 

mechanism and nature of binding forces. As can be seen from Table 4, some of the 

biosorbent material shows extremely large biosorption capacities for heavy metal without 

any pretreatment. One gram of rose petal waste adsorbed 124.1mg of copper from 

aqueous solution (99), 310.58 mg of Cr(VI) by one gram of wheat bran (90), 111.10 mg 

copper by one gram of powdered watermelon shells (54) etc. This can be attributed to the 

availability of large number active sites for metal binding. A study conducted by Anwar 

et al. (59) released that banana peels show relatively high biosorption capacity for 

cadmium (5.71mg/g) than for lead (2.18mg/g). Some lignocellulosic materials tended to 

prefer heavy metals compared to other biosorbents. Copper uptake by lemon waste 

(70.4mg/g) was greater than banana (36mg/g) and orange (67.20mg/g) waste (66). 

Similar effect has been noted by Kakalanga et al. (108) for nickel removal from aqueous 

solution. They introduced an order banana peels > egg plant peels > sweet potato peels 

for nickel adsorption based on their loading capacities.  

It has also been observed that same biosorbent material showed different 

biosorption capacity for same metal ion. T. aestivum showed different adsorption 

capacities for binding cadmium ions; 11.56mg/g, 14.56mg/g and 23.20mg/g (55, 68, 69). 

Similar effect has been reported for wheat bran for Cr(VI) uptake; 310.58mg/g and 
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40.8mg/g (90, 92). This variation can be due to the variation in cellulose content, growth 

conditions, processing/handling conditions etc.  

The variation in the biosorption capacities of lignocellulosic materials in the 

literature is very diverse and it becomes very hard to choose best lignocellulosic materials 

for heavy metal binding. However, an overview of the literature suggests that various 

lignocellulosic materials are potential candidates for metal removal from aqueous 

solutions on industrial scale due to their low cost and high effectiveness regarding metal 

binding. 

 

1.5.2 Pretreated/Modified lignocellulosic materials 

Several studies have been conducted using untreated lignocellulosic materials to 

eliminate heavy metal ions from aqueous solutions (Table 4). Though, significant 

drawback are also accompanies their usage such as low adsorption capacity in many 

cases, release of soluble organic matter / lignin in to the solution. This leached organic 

load cause increase in chemical oxygen demand (COD), biochemical oxygen demand 

(BOD) and total organic carbon (TOC) eventually depleting the dissolved oxygen content 

in treated water samples. Modification of raw lignocellulosic materials eliminates such 

type of drawbacks. There is an emerging trend to modify the lignocellulosic materials to 

enhance the binding capacity, minimize leaching of soluble organic compounds and 

colored substances (56, 118). 

Several methods of modifying the biosorbent materials have been reported in the 

literature including physical modification, chemical modification, cell modification etc. 

(Fig 1). Physical modification is the simplest one but less effective. In contrary, chemical 
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modifications are highly effective (119). Several chemical modifying agents have been 

reported in literature. These agents can be classified as bases, acids and organic 

compounds etc. Some other methods also have been reported to cause an increase in 

number of functional groups and graft polymerization. It was claimed that pretreatment 

of biological material significantly increase the biosorption capacity of the material (58, 

62). Improved biosorption can be attributed to better ion-exchange, increment in number 

and types of functional groups, metal holding capacity of already present groups that 

favors increased metal uptake. The latest findings of some researchers regarding effect of 

modification are summarized in Table 5. 

 

 

Fig 1.1: Classification of pretreatment methods 

 

The effect of mineral acids on the adsorption capacity of biosorbent materials 

have been reported by Lasheen et al. (120). Their study revealed that treatment of orange 

peels with nitric acid (HNO3

121

, 0.1M) removed potassium and calcium ions, thus making 

the uptake of cadmium ions more attractive. Similar findings have been reported by  

Osama et al. ( ). Rehman et al. (62) reported that pretreatment with hydrochloric acid 

(HCl, 0.1M) significantly increased the Cr(VI) removal efficiency (87.33%) of the 
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biological material as compared to the raw biomass (47.38%). Boota et al. (122) in their 

study has revealed that modification of biomass with sulfuric acid increased the negative 

sites on the biomass surface with an increment in surface area, thus increasing the 

biosorption capacity of the biomass significantly for metal cations. 

Inorganic bases have also been used as modifying agents. Rehman et al. (62) found that 

use of Sodium hydroxide (NaOH, 0.001M) increasd the adsorption capacity of A. 

scholarlis to 163.4% than its raw form. In another study conducted by the same group, 

they reported a decrease in the adsorption capacity of biological material (P. longifolia) 

pretreated with 0.01M NaOH (123). The reason may attribute the change in surface 

morphology is different for different materials. Ofomaja and Naidoo (79) investigated the 

effect of concentration of NaOH on the pine cone powder regarding its metal uptake 

capacity. They found that increase in concentration of NaOH (0.01M-0.05M) increases 

the Pb(II) uptake capacity of modified pine cone powder (39.41%-51.47%) as compared 

to raw pinecone powder. They claimed that bond formed between Pb(II) ions and the 

active sites on the said biomass were stronger for the pretreated adsorbent. The results 

obtained were in good agreement with a previous study conducted by Kumar and 

Bandyopadhyay (124). 

Modification of non-living biological materials with organic compounds has also 

been reported in recent literature. The literature in this regard reveals that adsorption 

capacity of lignocellulosic materials is directly related with number of functional groups 

on the biomaterial surface (125, 126). Garcia-Mendieta et al. (127) has reported that 

treatment of green tomato husk with  formaldehyde (0.2%) slightly increases its uptake 

capacity for Mn(II) and Fe(III). Hu et al. (128) found that modification of pineapple peel 
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fibers with succinic anhydride increased its biosorption capacity significantly. The reason 

attributed to the increase in metal binding sites was due to modification of dead biomass. 

A relatively new modification method has been proposed by Farooq et al. (118). They 

claimed that modification of wheat straw with urea in solid state under microwave 

irradiation increases the Pb(II) uptake capacity to significantly high levels (822.8%). 

They stated that modification under these conditions increases the nitrogen content in the 

studied biomass, which was in turn confirmed by FTIR-spectra (Fourier Transform 

Infrared) and elemental analysis. This along with increase in surface area resulted in 

producing an effective biosorbent for metal removal from aqueous solutions. Similar 

finding have been recently reported for Cr(III) removal by urea modified sorghum 

biomass (88). Modification of functional groups present on the surface of orange peels by 

graft polymerization has been investigated by Feng et al. (129). They revealed that this 

modification improves the ion exchange and chelation capacity of the raw orange peels.  

Literature revealed that chemical pretreatment of lignocellulosic materials causes 

significantly increase in the adsorption capacity. However, this may contain some 

drawbacks. The cost of treatment may rise, creating difficulty for industrial adoption. In 

addition, treatment may cause weight loss as found by Garcia-Mendieta et al. (127). They 

reported 26.7% weight loss during modification of green tomato husk with formaldehyde 

(0.2%). This loss might be due to the dissolution of lignin in the formaldehyde solution. 

Weight loss hinders the use of lignocellulosic materials for long term use. Conversely, 

Lasheen et al. (120) reported that there is no appreciable weight loss during modification 

of orange peels with HNO3 (0.1M). Moreover, the use of vast chemicals as modifying 

agents may cause the leaching of organic compounds which are unexpected. For this 



Chapter 1  Introduction 

 

18 

reason, there is still a need of investigating the methods for modification which increase 

the metal uptake capacity while considering the mentioned challenges. 

 

Table 1.5: Effect of modification on biosorption capacities of lignocellulosic 
materials 
Biosorbent Modifying 

Agent 
Metal 
ions 

qm Change 
in q

 
(mg/g) m

References 
 (%) 

T. aestivum 
 

Urea Cd(II) 39.22 (+)822.8 (118) 

S. bengalense 
 

Urea Pb(II) 12.65 (+)167.4 (130) 

Sorghum 
Bicolor L. 
 

Urea Cr(III) 16.36 (+)132.7 (88) 

O. Sativa 
 

Urea Cu(II) 19.19 (+)55.2 (100) 

Sorghum 
Bicolor L. 
 

Thiourea Pb(II) 17.82 (+)183.4 (131) 

Orange peels The grafted 
polymerization 
 

Ni(II) 162.6 (+)1555.8 (129) 

Orange peels The grafted 
polymerization 
 

Cd(II) 293.3 (+)362.9 (129) 

Orange peels The grafted 
polymerization 
 

Pb(II) 476.1 (+)319.5 (129) 

Green 
Tomato husk 

Formaldehyde 
(0.2%) 
 

Mn(II) 15.22 (+)10.89 (127) 

Green 
Tomato husk 

Formaldehyde 
(0.2%) 
 

Fe(III) 19.83 (+)5.09 (127) 

P. longifolia NaOH(0.01M) 
 

Cr(VI) 0.165 -96.5 (123) 

Pine cone 
powder 
 

NaOH(0.01M) 
  

Pb(II) 22.78 (+)39.41 (79) 

Pine cone 
powder 
 

NaOH(0.01M)  Pb(II) 24.75 (+)51.47 (79) 

A. scholaris NaOH(0.001M) Cr(VI) 3.82 (+)163.4 (62) 



Chapter 1  Introduction 

 

19 

 
Orange peels NaOH and 

CaCl
 

2 

Cu(II) 70.73 (+)59.73 (132) 

Orange peels NaOH and 
CaCl
 

2 

Pb(II) 209.8 (+)84.84 (132) 

Orange peels NaOH and 
CaCl
 

2 

Zn(II) 56.18 (+)164.38 (132) 

Sawdust NaOH (1.0M) 
 

Cd(II) 73.62 (+)~280 (133) 

Orange peels NaOH 
 

Cu(II) 50.25 (+)41.3 (134) 

Rice Husk NaOH 
 

Cd(II) 20.24 (+)135.90 (124) 

Rice Husk NaHCO
 

3 Cd(II) 16.18 (+)88.58 (124) 

Sugar cane 
bagasse  

Hydrous ferric 
hydroxide 
 

As(V) 22.1 --- (135) 

Orange peels HNO3
 

 (0.1M) Cd(II) 13.7 (+)229.3 (120) 

Orange peels HNO3
 

 (0.1M) Cu(II) 15.27 (+)378.6 (120) 

Orange peels HNO3
 

 (0.1M) Pb(II) 73.53 (+)544.4 (120) 

A. scholaris HCl (0.1M) 
 

Cr(VI) 6.88 (+)374.5 (62) 

P. longifolia HCl (0.1M) 
 

Cr(VI) 5.128 (+)8.21 (123) 

C. reticulata H2SO4

 

 and 
EDTA 

Cu(II) 87.14 --- (122) 

C. reticulata H2SO4

 

 and 
EDTA 

Zn(II) 86.40 --- (122) 

Wheat 
residue 

Epichlorohydrin, 
DMF, EDTA, 
TEA 
 

Cr(VI) 322.58 --- (136) 

Rice Husk Epichlohydrin 
 

Cd(II) 11.12 (+)29.60 (124) 
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1.6 Governing Mechanisms of Biosorption 

It is important to look into the mechanism involved in binding of metal ions with 

lignocellulosic materials if the material is intended to be used as an alternative method of 

metal removal from aqueous solution. The actual mechanism of biosorption is not fully 

understood yet because it is found to be affected by various factors including (1) types of 

lignocellulosic material, (2) Chemistry of metal solution, (3) environmental conditions, 

etc. Several mechanisms have been proposed for binding of heavy metal ions onto 

biosorbent surfaces (Fig 2).. 

 

 

Fig 1.2: Mechanism of Biosorption 

  

 Feng and Guo (132) examined the mechanism of Cu(II), Zn(II) and Pb(II) ions 

removal using orange peels and found that ion-exchange predominantly governed the 

process. X-ray fluorescence experiment confirmed that the heavy metal ions was replaced 

by Ca(II) ions. Farooq et al. (137) in their previous study also reported that Pb(II) 
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removal from aqueous solution using Triticum aestivum followed adsorption as well as 

ion-exchange mechanism. They confirmed thorough pH measurement that decrease in pH 

of the solution during the process was a result of the exchange of Pb(II) ions from 

solution with H+ 138 ions from biomass. Similar results were found by Taha et al. ( ) using 

potato peel for Pb(II), Cd(II) and Zn(II) adsorption. They also observed the exchange of 

hydrogen ions with these ions as confirmed by pH decrease of the solutions during 

processing. These findings were in good agreement with another previous study 

conducted by Panda et al. (126).  

Studies revealed that more than one mechanism can govern the retention of heavy 

metal onto biosorbent at the same time. Netzahuatl-Munoz et al. (139) found that ion-

exchange and electrostatic attraction were the governing mechanisms involved in Cr(III) 

retention on Cupressus lusitanica bark. They also found that change in oxidation state of 

chromium affected the mechanism. Cr(IV) was found to be removed by four step 

mechanism by the same specie: (1) Cr(VI) complexes formation, (2) change in oxidation 

state from Cr(VI) to Cr(III), (3) carboxyl groups formation and (4) formation of Cr(III)-

carboxylate complexes.  

Using modern technologies like Fourier Transform Infrared Spectrophotometer 

(FTIR), Scanning Electron Microscope (SEM), Transmission Electron Microscope 

(TEM), Energy dispersive X-ray (EDX) along with basic titration, scientists are able to 

discover that ion-exchange, surface precipitation, metal chelation by active functional 

groups like carboxyl and hydroxyl groups predominantly governs the biosorption 

mechanism (79, 140). Salman et al. (131) in their recent study revealed that carboxyl and 

hydroxyl functional groups present on the surface of sorghum biomass were mainly 
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responsible for Pb(II) elimination from aqueous solution along with adsorption as 

confirmed by FTIR. They also confirmed the effect of functional groups by 

altering/modifying the sorghum surface using thiourea.  The adsorption capacity of the 

adsorbent was found to be increased by many times due to newly inducted functional 

groups which confirmed the metal chelation on biosorbent surface. This may be 

attributed to the better chelation offered by sulfur containing groups compared to nitrogen 

and oxygen already present on the biosorbent surface. Their finding were in good 

agreement with the previous study conducted by Haquea et al. (64). Employing 

potentiometric titration and FTIR it was found that carboxyl and hydroxyl groups were 

mainly responsible for arsenic ions chelation onto the surface of sorghum bicolor L. 

Various other studies affirmed the effective interaction of carboxyl and hydroxyl groups 

towards heavy metal ions (2, 80, 120, 129).  

Reviewing the literature, it is apparent that functional groups like carboxyl, 

hydroxyl, amino and thio, etc. on the lignocellulosic materials play important role in 

removal of metal ions from aqueous solution. However, it does not guarantee the 

effective removal of metal ions in varying conditions. The reason behind is that the 

process of biosorption is influenced by various condition. For example, the number of 

binding sites, their accessibility, chemical state of binding sites and affinity between the 

sites and metal ions (119).  

Studies also revealed that surface adsorption (monolayer or multilayer) can also 

be the possible route of metal ion elimination from aqueous media. Different 

mathematical models (equilibrium models) have been presented to investigate the 

distribution of metal ions between the solution and biological materials. The famous 
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equilibrium models along with their mathematical equation are enlisted in Table 6. 

Literature shows that most of the studied biosorption systems followed Langmuir 

equilibrium model which indicated that monolayer adsorption was the possible 

mechanism of metal ions retention on the biomass surface. Adsorption capacities 

calculated form Langmuir equation of the recently reported studies has already been 

mentioned in Table 4. The agreement of Freundlich equilibrium model to experimental 

data showed the adsorption on heterogeneous surface in a multilayer fashion. Some 

studies claimed that the adsorption of metal ions follows Freundlich model more as 

compared to others (84, 92, 137). Mean free energy calculated from Dubinin-

Radushkevich model can predict the nature of adsorption. Din and Mirza (106) reported 

that the nature of Ni(II) adsorption onto S. bengalense is physical. This attributes to the 

physical attractive forces offered by the electronegative functional groups present on the 

surface of biological materials. In contrast, the adsorption of arsenic onto pine leaves had 

shown chemical nature of adsorption process (63). Uluozlu et al. (141) reported similar 

results suggesting that biosorption processes of Pb(II) and Cr(III) ions onto P. tiliaceae 

was carried out by chemical ion-exchange instead of physical attraction.      
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Table 1.6: Adsorption equilibrium models: description and nomenclature 
Model Non-linear form Nomenclature References 
Langmuir . .

1 .
m e

e
e

b q Cq
b C

=
+

 
qe (mg/g) = adsorption capacity 
at equilibrium; Ce (mg/L) = metal 
concentration at equilibrium; qm

 

 
(mg/g) = monolayer adsorption 
capacity of adsorbent; b (L/mg) = 
Langmuir constant related to the 
free energy of adsorption. 

(142) 

Freundlich 1/. n
e F eq K C=  qe (mg/g) = adsorption capacity 

at equilibrium; Ce (mg/L) = metal 
concentration at equilibrium; KF

 

 
(L/g) and n are indicative of the 
extent of adsorption and the 
degree of non-linearity, 
respectively. 

(143) 

Tempkin .ln .e T T eq B K C=  BT (kJ/mol) = heat of adsorption; 
KT (L*mol/kJ*g) = adsorption 
potential; qe (mg/g) = adsorption 
capacity at equilibrium; Ce

 

 
(mg/L) = metal concentration at 
equilibrium 

(144) 

Dubinin–
Radushkevich 

2.exp( )e mq q β= − ε  qe (mg/g) = adsorption capacity 
at equilibrium; qm (mg/g) 
theoretical saturation constant; β 
(mol2/J2

 

) = constant connected 
with the mean free energy of 
adsorption; ε (J/mol) = Polanyi 
potential   

(145) 

 Polanyi Potential 
1ln 1

e

RT
C

ε
 

= + 
   

R (J/K.mol) = universal constant; 
T (K) = working temperature; Ce

 

 
(mg/L) = metal concentration at 
equilibrium 

 

 Mean free energy 
of adsorption 

1
2

E
β

=   

Physical and chemical adsorption 
can be predicatable from the 
magnitude of mean free energy of 
adsorption. 
E = 1 – 8 kJ/mol (Physical 
adsorption) 
E > 8 kJ/mol (Chemical 
adsorption)  
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Redlich-
Peterson 

.
1 .

R e
e

R e

K Cq
C βα

=
+

  
KR = Redlich-Peterson constant 
(L/g); αR = constant having unit 
(L/mg); Ce

 

 (mg/L) = metal 
concentration at equilibrium; β = 
exponent that lies between 0 – 1. 

(146) 

Toth 
1

.

( )

T e
e

t
T e

K Cq
q C

=
+

  
qe (mg/g) = adsorption capacity 
at equilibrium; Ce (mg/L) = metal 
concentration at equilibrium; qT 
(mg/g) = Toth maximum 
adsorption capacity; KT

 

 = the 
Toth constant; t = the Toth model 
exponent. 

(147) 

Sips .
1

s

s

s

m s e
e

s e

q K C
q

K C

β

β=
+

  
qe (mg/g) = adsorption capacity 
at equilibrium; Ce (mg/L) = metal 
concentration at equilibrium; Ks 
(L/mg) = Sips equilibrium 
constant; qms (mg/g) = Sips 
adsorption capacity; βs

 

 = Sips 
model exponent 

(148) 

 
 
 
 
1.7 Biosorption Kinetics 

Kinetic studies have been reported to evaluate the reaction rate and its order 

involved. The simplest model initially applied in this regard is the Elovich model shown 

as  

ln( ) ln( )
t

a b tq
b b
×

= +    …...Equation 1.1 

where, ‘qt’ represents the amount of adsorbate adsorbed at a given instant of time, ‘a’ and 

‘b’ are constants, ‘a’ gives an idea about rate constant and ‘b’ shown the rate of 

adsorption at zero coverage. 
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As an alternative, pseudo-first order and pseudo-second order kinetic model have 

appeared in the literature and numerous studies have been evaluated using these models. 

Pseudo-first order is based on the fact that rate of reaction is proportional to number of 

free accessible binding sites present on the biosorbent material. It is can be expressed as  

1( )t
e t

dq k q q
dt

= −    …..Equation 1.2 

where qe (mg/g) is the amount of adsorbing specie at equilibrium, qt (mg/g) is the amount 

of adsorbing specie at a given time t, k1 

1ln( ) lne t eq q q k t− = −

is the rate constant for first order reaction. The 

linear form of pseudo-first order model is expressed as 

  ….Equation 1.3 

Taking ‘ln(qe –qt)’ on y-axis and ‘t’ on y-axis, linear plot is generated having the 

slope ‘- k1’ and intercept ‘lnqe’. From value of intercept ‘qe’ can b calculated and 

compared to the experimental value. The precision between the calculated and 

experimental ‘qe

Pseudo-second order model is based on the fact that rate of biosorption is 

proportional to the square of number of active binding sites on the surface of biosorbent. 

It is represented as  

’ values gives an idea about the possible order of the biosorption process.  

2
2 ( )t

e t
dq k q q
dt

= −    .…Equation 1.4 

 Where ‘k2 149’ is rate constant for second order reaction. Its linear form is shown as ( ); 

2
2

1

t e e

t t
q k q q
= +

   …..Equation 1.5 

A plot between (t/qt) and (t) should generate a straight line having slope of (1/qe) 

and intercept (1/k2qe
2). The calculated qe value compared with that of experimental 
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value. Another important factor which determines the applicability of specific model to 

the experimental kinetic data is the correlation coefficient R2. Value close to 1 (R2

150

 > 

0.98) shows the fitness of experimental data to kinetic model ( ).  

 Salman et al. (131) and Athar et al. (80) in their recent studies has suggested a 

demonstrative reaction between divalent metal cation and active sites on biomass.  

M + 2B B2M
   …..Equation 1.6 

where, ‘M’ represents the divalent metal ion and ‘B’ represents the active site on 

the biomass surface. According to their suggestion the biosorption rate would be directly 

proportional to square of number of accessible binding sites present onto the biosorbent 

surface. This statement corresponds to the term (qe - qt)2 

120

in the pseudo-second order 

model. The best fit of the pseudo-second order model indicates that one divalent metal 

binds to two monovalent binding sites ( ). Numerous other studies in the literature 

have reported the best fit of pseudo-second order model to biosorption kinetic data (55, 

70, 77, 88, 100, 118, 129, 151, 152). 

As per theoretical concept, the biosorption process takes place in three stages (1) 

mass transfer of sorbents from the aqueous phase onto the solid surface, (2) sorption of 

solute onto the surface sites and (3) Internal diffusion of solute via either a pore diffusion 

model (intra-particle diffusion) or homogeneous solid phase diffusion (boundary layer 

diffusion). The sorption of solute onto the surface sites is rapid enough as compared to 

other steps so it is unlikely to be rate determining step. Mckay et al. (153) introduced a 

mathematical model to study the mass transfer as a rate determining step.  

1
11ln ln . . .

1 1
e d d

s
o d d d

C m K m K S t
C m K m K m K

β
     +

− = −     + +     
 ……Equation 1.7  
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where ‘md’ is the mass of the biosorbent per unit volume, ‘K’ is the constant obtained 

from Langmuir constants, ‘β1’ is the mass transfer coefficient, and ‘Ss’ is the outer 

specific surface of the biosorbent particles per unit volume of particle free slurry. The 

value of ‘md’ and ‘Ss

d
Wm
v

=

’ can be calculated by using the following expressions 

    …..Equation 1.8  

6
(1 )

d
s

p p

mS
d ρδ ε

=
−

    …..Equation 1.9 

where ‘W’ is the amount of the biosorbent used, ‘v’ is the volume of particle free slurry 

solution, ‘dp’ represents diameter of particle, ‘δρ’ is the density of particles and ‘εp’ is the 

porosity of the biosorbent particles. If the plot between ln(Ce/Co – 1/(1+md

A mathematical expression (equation 1.10) termed as intra-particle diffusion 

model (IPD) has been appeared in the literature for investing which type of diffusion 

could govern the reaction rate (

K)) and time 

(t) comes out as a straight line then mass transfer would be considered as rate 

determining step, otherwise internal diffusion (boundary layer diffusion or intra-particle 

diffusion) will be the rate determining step. 

154). 

1/2
t idq k t=    ….Equation 1.10 

where, kid is the intra-particle diffusion constant. If the plot between ‘qt’ and ‘t1/2

55

’ (the 

straight line) passes through origin then rate determining step is the intra-particle 

diffusion. Otherwise boundary layer diffusion could be considered as the rate determining 

step. Most of the reported cases indicated that a combination of intra-particle and 

boundary layer diffusion governed the process ( , 118, 130, 155-157). 
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1.8 Thermodynamic parameters 

Temperature change has a significant influence on the sorption of metal ions. 

Temperature change is directly related with the kinetic energy of metal ions. Increase in 

temperature accounts for the increased diffusion process. Since lignocellulosic materials 

are porous substances, the possibility that diffusion together with adsorption cannot be 

neglected as a mechanism of metal retention onto its surface.  

ΔGo (Gibbs free energy), ΔHo (Enthalpy) and ΔSo 

ln DG RT K°∆ = −

(Entropy) are the important 

thermodynamic parameters related with to temperature change of biosorption system.  

   …..Equation 1.11 

where R (8.314 Jmol-1K-1) is universal gas constant, T is temperature in Kevin scale and 

KD (Co-Ce/Ce) is the distribution coefficient. ΔHo
 and ΔSo can be calculated from the 

linear of lnKD

ln D
S HK
R RT

° °∆ ∆
= −

 and 1/T obtained from the linear equation 1.12. 

   …..Equation 1.12 

Another linear expression (equation 1.14) can be used to calculate the values of 

ΔHo
 and ΔSo obtained from the rearrangement of the equation 1.12 in which the plot of 

ΔGo

ln DRT K H T S° °− = ∆ − ∆

 vs T yields a straight line. 

   …..Equation 1.13  

G H T S° ° °∆ = ∆ − ∆     …..Equation 1.14  

These parameters give important information about the biosorption process. ΔGo 

is an indicative of the feasibility of biosorption process. Its negative value shows that the 

biosorption process is feasible in the working conditions. The increment in its magnitude 

with negative sign with increase in temperature shows that the feasibility of the process 
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increases with increase in temperature. ΔHo

Various studies use these parameters to evaluate the thermodynamic relation of 

the biosorption process.  

 indicates the energy change in the 

biosorption system. Its positive value shows that the biosorption process is endothermic 

and has negative value for exothermic process.  

 Feng et al. (129) reported that biosorption of Pb(II), Cd(II) and Ni(II) using 

orange peels was a spontaneous process as the calculated free energy value appears with 

negative sign. Cd(II) biosorption onto urea modified wheat straw was also found to be 

spontaneous and endothermic (118). Several other studies in the recent and previous year 

shows similar findings for heavy metal sorption using lignocellulosic materials (106, 130, 

131, 157). In contrast, some studies reported that the biosorption process for metal ions 

removal using lignocellulosic biomass is exothermic. Uluozlu et al. (141) found positive 

values of free energy and negative value of enthalpy for the biosorption of Pb(II) and 

Cr(III) using P. tiliaceae biomass. This indicates the decrease in feasibility of metal 

sorption with increase in temperature and its exothermic nature. Singh et al. (90) also 

found that the removal of Cd(II) using wheat bran was an exothermic process. 

 

1.9 Biosorbent Selected for Study 

Biomass generated from Sorghum bicolor L., commonly called sorghum is a 

grass species cultivated for its edible grain. Sorghum originated in eastern countries and 

cultivated widely in tropical and subtropical regions. S. bicolor is perennial specie. It 

grows in clumps that may reach over 4m high. The grain is small, ranging from 3 to 

4 mm in diameter.  

http://en.wikipedia.org/wiki/Poaceae�
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Fig 1.3: Sorghum biomass (Sorghum Bicolor L.) 

 

S. bicolor is an important staple food crop in eastern countries, South Asia, and 

Central America, and is the fifth major cereal crop in the world after wheat, rice, maize 

and barley. It is also grown by many of the developed and developing nations for animal 

feed (64). S. bicolor provides plentiful waste product which could be used for metal 

sorption. Due to its massive growth every year, it is cost-effective and also easily 

available. It has been used by researchers for the treatment of metal contaminated soils 

mostly under cultivation conditions (158). This indicates that S. bicolor has the uptake 

capacity for metals and can be effectively used for our purpose. The uptake capacity can 

be more enhanced by suitable chemical modifications. 
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Moreover, the use of such a cost-effective and easily available biomass has a wide 

scope in developing countries like Pakistan where expensive and modern techniques for 

the removal of heavy metals cannot be adopted; consequently allowing a gradual increase 

in the concentration of heavy metals in the environment.  
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2. Experimental Work 

2.1 Chemical Used 

All chemicals/reagents used were of analytical grade obtained from Merck 

(Germany).  

• Metallic salts (to prepare working solutions of metal ions) 

Lead nitrate     Pb(NO3)

Cadmium nitrate   Cd(NO

2 

3)

Chromium chloride hexahydrate CrCl

2 

3.6H2

Copper sulphate pentahydrate  CuSO

O 

4.5H2

• Acidic and Basic reagent (to maintain the pH of solution and for Boehm titration) 

O 

Sodium hydroxide   NaOH (0.1M) 

Hydrochloric acid   HCl (0.1M) 

Sodium Carbonate   Na2CO3 

Sodium Bicarbonate   NaHCO

(0.1M) 

3 

• Other reagents 

(0.1M) 

Nitric acid     HNO3 

 Sulphuric Acid   H

(0.1M) 

2SO4 

 Sodium Chloride   NaCl 

(0.1M) 

 Methylene Blue   C16H18N3

 Urea      N

SCl 

2H4

 Thiourea    N

CO 

2H4

 

CS 
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2.2 Instrumentation Used 

• Fourier Transformed Infrared Spectrophotometer (FTIR, Shimadzu) 

• Atomic Absorption Spectrophotometer (AAS, Perkin Elmer-AAnalyst 100) 

• Scanning Electron Microscope (SEM; JEOL-JSM 6480) 

• Elemental Analyzer (Vario Elementar EL-III) 

• Brunauer, Emmett and Teller Surface Area Analyzer (BET; Micromeritics-

Chemisorb 2750)  

• UV/Vis Spectrophotometer (Labomed-UVD 3500) 

• pH meter (Adwa-AD130) 

 

2.3 Primary processing of Biosorbent 

Sorghum biocolor L. (commonly called as ‘Charee’ in Pakistan) was selected for 

the study. It was collected from the local markets of District Lahore, Pakistan. Crude 

sorghum plant was chipped, washed with double distilled water in order to remove dust 

and dried in air. The dried biosorbent was then ground to fine powder using pin mill and 

sieved to obtain the fraction of different particle size (30-40mesh, 40-50mesh, 50-60mesh 

and above 60mesh ASTM). All the fractions were stored in air tight polyethene bag for 

further processing. 

 

2.4 Modification of Biosorbent 

The modification of sorghum biosorbent was done according to the method 

adopted by Orlando et al. (159). Two modifying agents (Urea and Thiourea) were used to 

modify the powdered Sorghum biosorbent in solid phase under microwave radiation. For 
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this purpose, the biosorbent and modifying agent were taken in china dish in a ratio 1:2 

by mass. After thorough mixing it was irradiated with microwaves using conventional 

microwave oven (Dawlance-2450MHz) for a time interval of 12min (for urea 

modification) and 9min (for thiourea modification). The obtained material was placed in 

boiling water for 30min and filtered while hot. Filter cake was washed with hot distilled 

water and dried in oven at 110o

 

C till the constant mass. The dried modified biosorbents 

were stored in air tight polyethene bags for further use. The urea modified sorghum and 

thiourea modified sorghum were labeled as USB and TSB respectively. The unmodified 

sorghum biosorbent was abbreviated as SB in further discussion.  

2.5 Characterization of Biosorbents  

Various Instrumental and chemical techniques were employed to characterize the 

biosorbents (SB, USB and TSB) including elemental analysis, BET surface area analysis, 

FTIR spectrophotometry, scanning electron microscopy (SEM), concentration of total 

acidic and basic functional groups, zero point charge pH value (pHpzc

 

) and bulk density.     

2.5.1 Elemental Analysis 

A weighed amount (4-5mg) of sample biosorbent was introduced to the sample 

holder in such a way that it did not escape through it. The sample holder (folded boat) 

was then introduced into elemental analyzer for analysis. The analysis was also 

performed for Corn gluten (C = 45.27%, H=5.98%, N=10.38%, S=0.85%) taken as 

standard. The analysis was performed three times in order to increase precision.  

The results shown in Table 3.1 are the mean values along with standard deviation.  
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2.5.2 BET Surface Area Analysis 

A weighed amount of the sample biosorbent was added to a glass sample holder. 

The sample was degassed for 30 minutes with helium maintaining the flow rate at 20 

SCCM (standard cubic centimeters per minute) at 200o

The results obtained are illustrated in Table 3.1. 

C. Surface area of the sample was 

measured by switching with 30% Nitrogen in helium at liquid nitrogen temperature.  

 

2.5.3 FTIR Spectrophotometry 

Potassium bromide (KBr) disc method was used to obtain FTIR spectra of 

biosorbent materials. For this purpose, the finely ground biosorbent was thoroughly 

mixed with excess of potassium bromide (1:100 by mass) in a pestle mortar. This 

powdered mixture was transferred to a mechanical press and a very high pressure (10-50 

kpsi) was applied. The mixture was converted in to a transparent disc or pellet. This KBr 

disc was placed in the sample holding section of FTIR spectrophotometer and spectrum 

was scanned in the whole fundamental IR range (4000-650cm-1

The FTIR spectra of SB, USB and TSB are shown in Fig 3.1a, 3.1b and 3.1c, 

respectively. 

). 

 

2.5.4 Scanning Electron Microscopy (SEM) 

A small amount of finely powdered biosorbent was spread over a metallic 

conducting tape and directly introduced in the sample area of scanning electron 

microscope (JEOL-JSM6480). The micrographs of the biosorbent in the pure state were 

obtained and shown in Fig 3.2a, 3.2b and 3.2c. 
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2.5.5 Concentration of Surface Acidic and Basic functional groups 

Total acidic and basic groups were determined by employing Boehm titration 

procedure with slight modifications (160). For acidic functional groups, solutions of 

sodium hydroxide (NaOH, 0.1M), sodium carbonate (Na2CO3, 0.1M) and sodium 

bicarbonate (NaHCO3

For total basic sites, each biosorbent (100mg) was added in 50mL of hydrochloric 

acid (HCl, 0.1M) in a beaker and covered with aluminum foil. The contents were allowed 

to stir for 2 hrs, left for five days with occasional stirring and filtered. A specified volume 

(10mL) of the filtrate was titrated against standard sodium hydroxide (NaOH, 0.1M) 

solution. The results obtained were used to calculate the total basic sites on the biosorbent 

surface. 

, 0.1M) were prepared. A specific amount (100mg) of biosorbent 

(SB, USB and TSB separately) was added in 50mL of each base in separate beakers and 

covered with aluminum foil. The contents were allowed to stir for 2hrs, left for five days 

with occasional stirring to establish equilibrium and filtered. A fixed volume (10mL) of 

the solution was titrated against standard hydrochloric acid (HCl, 0.1M) and the number 

of acidic functional groups were calculated from the results obtained.  

The concentration of surface acidic and basic functional groups on SB, USB and 

TSB as determined using the above procedure is illustrated in Table 3.1. 

 

2.5.6 pHpzc

A method described by Onyango et al. (

 Value 

161) was employed to determine the point 

of zero charge value of pHpzc for each biosorbent. A known volume (50mL) of sodium 

chloride (NaCl, 0.1M) was taken in different Erlenmeyer flasks. pH of the solutions were 
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adjusted to 2, 3, 4, upto 10 using hydrochloric acid (HCl, 0.1M) and sodium hydroxide 

(NaOH, 0.1M). Each biosorbent (500mg) was added to all pH ranges separately and 

stirred for 1hr. The flasks contents were allowed to stay for 48hrs with occasional 

stirring. The final pH of the solutions was noted after filtration. A graph between 

difference of final and initial pH (ΔpH) and initial pH was plotted to obtain the zero point 

value of pH (pHpzc

The zero point values for SB, USB and TSB were calculated from the respective 

plot and are tabulated in Table 3.1       

) shown in Fig3.3.  

 

2.5.7 Bulk Density 

Bulk density of the biosorbents (SB, USB and TSB) was determined by taking a 

specific volume of biosorbent and their masses measurement separately. For this, a 

measuring cylinder of 50mL was taken and carefully cut down at the upper mark. Now 

filling of cylinder will give us a specified volume (50mL). The cut cylinder was weighed 

precisely. Now it was first filled with SB in such a way that no further SB can be added. 

The filled cylinder was weighed again and difference in the weight was noted, which 

corresponded to the mass of specified volume of SB (50mL). The bulk density (g/mL) of 

SB was calculated from mass to volume ratio. Bulk densities of USB and TSB were 

determined in a similar fashion.  

Table 3.1 contains the bulk densities of SB, USB and TSB.    
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2.6 Preparation of Working Solutions 

Stock solution (1000mg/L) of each metal was prepared by dissolving an 

appropriate amount of the corresponding metal salt per liter in separate volumetric flasks. 

Two to three drops nitric acid (HNO3

Different working solutions of known concentration (05, 10, 15, ….., 50mg/L) for 

each metal ion were prepared by successive dilution of stock solution. 

, 2%) was added to each stock solution in order to 

avoid any precipitation during storage and working. 

 

2.7 Analysis of Metals 

Flame Atomic Absorption Spectrophotometer (Perkin Elmer, AAnalyst 100) was 

used to determine the metal concentrations in working samples. The calibration line was 

developed for each metal ion using working standard solution. The concentration of 

specific metal ion in its sample was calculated using the regression parameters of the 

respective calibration line. The development of calibration line was periodically repeated 

in order to have minimum deviation and for continuous monitoring of instrumental 

response. The optimum working specifications of the instrument i.e. characteristic 

wavelength, slit width, acetylene to air ratio and detection limit is enlisted in Table 2.1 
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Table 2.1: Optimum working specification for metal analysis by AAS 
Metals Wavelength 

(nm) 
Slit Width 
(nm) 

Acetylene:Air Detection 
Limit 
(mg/L) 

Lead (Pb) 283.3 0.7 1 : 3 0.01 

Cadmium (Cd) 228.8 0.7 1 : 3 0.01 

Chromium 

(Cr) 

357.9 0.7 1 : 2 0.01 

Copper (Cu) 324.8 0.7 1 : 3 0.01 

 

2.8 Biosorption Process 

The biosorption of the heavy metal ions was carried out in batch process using 

indigenous and modified sorghum biosorbent (SB, USB and TSB). 

 

2.9 Process Parameters 

Effect of following process parameter was studied during the biosorption process 

• Biosorbent dosage 

• Contact time  

• pH of solution 

• Temperature of solution  

• particle size of biosorbent 

• Initial metal ion concentration 

Batch biosorption study was carried out by varying all these parameters one by one 

keeping the rest of the parameters constant. As a general methodology, a known amount 

of biosorbent was added in specified volume of metal ions solution. One of the above 



Chapter 2  Experimental Work 

 

41 

parameters was varied with pre-defined values while the other parameters kept constant. 

In each step of study, one parameter was optimized and used in the rest of the steps. After 

biosorption in each step, the solution contents were filtered. The filtrates were subjected 

to metal analysis by atomic absorption spectrophotometer. Initially added concentration 

(Co, mg/L) of metal ion and concentration of metal ion after biosorption (Ce, 

(%) 100o e

o

C CR
C
−

= ×

mg/L) were 

used to calculate the percentage removal (Equation 2.1) of metal ions and uptake capacity 

(q, mg/g) of the biosorbent (Equation 2.2).  

    ……Equation 2.1 

𝑞 = (𝐶𝑜−𝐶𝑒)𝑉
𝑚

    ……Equation  2.2  

 

2.9.1 Biosorbent Dosage 

Metal ions solution (50mg/L, 50mL) was taken in different Erlenmeyer flasks and 

marked as 1, 2, 3, and so on. Different amounts of biosorbent (0.2g, 0.4g, 0.6g and so on) 

were added to flask number 1, 2, 3, and so on, respectively. The contents of the flasks 

were allowed to shake using orbital shaker for a predefined time interval (60min) and at 

constant agitation speed (150rpm). After the completion of time, the flask contents were 

filtered and subjected to metal analysis by AAS. Method is repeated for all metallic 

solution (Pb(II), Cd(II), Cr(III) and Cu(II) ) separately and for each biosorbent (SB, USB 

and TSB). 

The effect of SB, USB and TSB dose on the biosorption of Pb(II), Cd(II), Cu(II) 

and Cr(III) are shown in Fig 3.4a, 3.4b, 3.4c and 3.4d, respectively.  
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2.9.2 Contact Time 

Metallic solution (25mg/L, 50mL) was taken in different Erlenmeyer flasks and 

marked as 1, 2, 3, and so on. A fixed amount of biosorbent (obtained from the 

experiments conducted in section 2.9.1) was added to each flask and allowed to stir for 

varying time period. For instance, the flask number 1 was removed from the top of orbital 

shaker after 5min, flask number 2 was removed after 10min and so on for all the flasks 

with 5min interval. The contents of all flasks removed after varying time of contact were 

filtered and subjected to metal analysis by AAS.  

Same procedure was repeated for higher concentrations of each metal ion solution 

i.e. 50mg/L, 100mg/L and 200mg/L using each biosorbent (SB, USB and TSB) 

separately. Method was repeated for different metal ions and other biosorbents.     

The effect of contact time on the biosorption of Pb(II), Cd(II), Cu(II) and Cr(III) 

by SB, USB and TSB are shown in Fig 3.5a, 3.5b, 3.5c and 3.5d, respectively.  

 

2.9.3 pH of Solution 

Metal ions solution (50mg/L, 50mL) was taken in different Erlenmeyer flasks and 

marked as 1, 2, 3, and so on. The pH of the flask number 1 was adjusted to 1 (as precise 

as possible) using hydrochloric acid (HCl, 0.1M) and sodium hydroxide (NaOH, 0.1M). 

The pH of the second flask was adjusted to 2 and so on. After pH adjustment a fixed 

amount of biosorbent (optimized value from 2.9.1) was added and allowed to stir for a 

predefined period of time (optimized value from section 2.9.2). The flask content was 

then filtered after completion of the time period and remnant concentration of metal ions 
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was determined through AAS. Method was repeated for different metal ions and other 

biosorbents. 

Variation of biosorption of metal ions by SB, USB and TSB as a function of pH 

are shown in Fig 3.6a, 3.6b, 3.6c and 3.6d.      

 

2.9.4 Temperature of Solution 

Metal ions solution (50mg/L, 50mL) added to in different Erlenmeyer flasks and 

marked as 1, 2, 3, and so on. The pH of solutions was adjusted to pre-determined 

optimum value (section 2.9.3). To each flask, a pre-determined optimum amount of 

biosorbent (section 2.9.1) was added and allowed to stir for an optimum period of time 

(section 2.9.2) at different temperatures (10-40o

Effect of temperature on the biosorption of studied metal ions by SB, USB and 

TSB are shown in Fig. 3.7a, 3.7b, 3.7c and 3.7d.       

C). The flask contents were then filtered 

and analyzed for remaining metal concentration. Method was repeated for different metal 

ions and other biosorbents. 

 

2.9.5 Particle Size of Biosorbent 

Metallic solution (50mg/L, 50mL) was taken in different Erlenmeyer flasks and 

marked as 1, 2, 3, and so on. To each flask, a pre-determined optimum amount of 

biosorbent (section 2.9.1) with varying particle size were added and allowed to stir on the 

top of orbital shaker for an optimum time period (section 2.9.2). After biosorption, the 

contents of flask were filtered and analyzed for remaining metal ion concentration. 

Method was repeated for different metal ions and other biosorbents.  
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Effect of particle size on Pb(II), Cd(II), Cu(II) and Cr(III) biosorption by SB is 

shown in Fig 3.8  

 

2.9.6 Initial Metal ion Concentration 

Effect of initial metal ions concentration was investigated by a fixed volume (50 

mL) of the metallic solutions of varying concentration (20, 40, 60, 80, …., 220mg/L) in 

different Erlenmeyer flasks. The solutions were adjusted to optimum pH value (section 

2.9.3). To each flask, a fixed amount of biosorbent (optimum value obtained from section 

2.9.1) was added and allowed to stir for predefined optimum period of time (section 

2.9.2). The solutions were then filtered and analyzed for remaining metal ion 

concentration. Same method was repeated for other metal ions and biosorbents.  

 

2.10 Mathematical Modeling of Biosorption Process 

Different mathematical models available in the literature were applied to evaluate the 

data obtained during biosorption. The modeling can be classified in the following way. 

• Equilibrium modeling 

• Kinetic modeling 

• Thermodynamic modeling 

 

2.10.1 Equilibrium Modeling 

The data obtained in the experiment conducted in section 2.9.6 was used to check 

the suitability of various equilibrium models. Langmuir, Freundlich, Temkin and 

Dubinin-Radushkevich models in linear as well as in non-linear fashion were employed 
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on equilibrium data to investigate their suitability of fit. Table 2.2 illustrates shows their 

linear and non-linear mathematical equations. 

 

Table 2.2: Equilibrium models studied for the biosorption of Pb(II), Cd(II), Cu(II) 
and Cr(III) by SB, USB and TSB 
Equilibrium Model Linear Equation Non-linear Equation 

Langmuir model 1
𝑞𝑒

=
1

𝑏. 𝑞𝑚𝑎𝑥.𝐶𝑒
+

1
𝑞𝑚𝑎𝑥

 𝑞𝑒 =
𝑏. 𝑞𝑚𝑎𝑥.𝐶𝑒
1 + 𝑏.𝐶𝑒

 

Freundlich model 
𝑙𝑜𝑔𝑞𝑒 = 𝑙𝑜𝑔𝐾𝑓 +

1
𝑛
𝑙𝑜𝑔𝐶𝑒 𝑞𝑒 = 𝐾𝑓𝐶𝑒

1/𝑛 

Temkin model 𝑞𝑒 = 𝐵𝑇𝑙𝑛𝐶𝑒 + 𝐵𝑇𝑙𝑛𝐾𝑇 𝑞𝑒 = 𝐵𝑇ln (𝐾𝑇 .𝐶𝑒) 

Dubinin-Radushkevich 
model 

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑞𝑚 − 𝛽𝜀2 𝑞𝑒 = 𝑞𝑚exp (−𝛽𝜀2) 

 

 

2.10.2 Kinetic Modeling 

To a specified volume of metallic solution (50mL), fixed amount of biosorbent 

(optimized in section 2.9.1) was added the system was kept in contact on an orbital 

shaker. After a predefined time intervals (5min), the flask contents were filtered and 

filtrates were subjected to metal analysis by AAS. The data thus obtained was used to 

check the goodness of fit for Elovich model, pseudo-first order and pseudo-second order 

kinetic model. This eventually gave an idea about the kinetic mechanism of the process. 

Mass transfer and Intra-particle diffusion model was also employed on the kinetic data in 

order to have an idea about the possible rate determining step during the process. Linear 

equation of all kinetic models used in this study are tabulated in Table 2.3 
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Table 2.3: Kinetic models studied for the biosorption of Pb(II), Cd(II), Cu(II) and 
Cr(III) by SB, USB and TSB 
Kinetic Model Linear Equation 

Elovich model ln( ) ln( )
t

a b tq
b b
×

= +  

Pseudo-first order model 1ln( ) lne t eq q q k t− = −  

Pseudo-second order model 
2

2

1

t e e

t t
q k q q
= +  

Mass transfer model 
1

11ln ln . . .
1 1

e d d
s

o d d d

C m K m K S t
C m K m K m K

β
     +

− = −     + +     
 

Intra-particle diffusion model 1/2
t idq k t=  

 
 

2.10.3 Thermodynamic Modeling     

To a specified volume of metallic solution (50mL), fixed amount of biosorbent 

(optimized in section 2.9.1) was added. The system was kept in contact on an orbital 

shaker for a pre-optimized (section 2.9.2) period of time at optimum pH (section 2.9.3) at 

different temperatures (10-50oC). After the completion of time period the solutions were 

filtered and analyzed for remnant metal concentration. The method was repeated with 

different metals and other biosorbents. The data thus obtained was used to determine the 

values of thermodynamic parameters including standard enthalpy change (ΔHo), Gibb’s 

free energy (ΔGo) and standard entropy change (ΔSo

 

).  
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2.11 Desorption Studies 

Desorption studies for the metal loaded biosorbents was carried out in acidic and 

basic medium. Different mineral acids including sulfuric acid (H2SO4, 0.1M), 

hydrochloric acid (HCl, 0.1M) and nitric acid (HNO3

Metal loaded biosorbents were prepared by soaking a specific amount of 

biosorbent (SB, USB and TSB) in a concentrated solution (1000mg/L) of the studied 

metal ions (Pb(II), Cd(II), Cu(II) and Cr(III)) separately for 24hours. The metal enriched 

biosorbents were then filtered and dried for further studies. 

, 0.1M) were used acidic desorption 

medium. For basic medium, sodium hydroxide (NaOH, 0.1M) was used. 

 

2.11.1 Selection of Desorbing Agent 

Considering the hydrochloric acid (HCl, 0.1M) as desorption medium, a known 

amount of metal loaded biosorbent (500 mg) was added to a fixed volume of desorbing 

agent (50 mL). The contents was allowed to stir for 20 min and then filtered. The filtrates 

were subjected to metal analysis by AAS. Similar procedure was adopted for other metal 

loaded biosorbent using all acids and base prepared for the purpose. The eluted 

concentration of metal ions from metal loaded biosorbent to desorption medium was used 

to select best desorbing agent. 

The desorption capacity (qdes, mg/g) and percentage desorption values were 

calculated using equation 2.3 and equation 2.4. 

( )/ des
des

v Cq mg g
m
×

=   …..Equation 2.3  

(%) 100des

sorb

qDes
q

= ×    …..Equation 2.4
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After selection of best desorbing agent, following factors which may affect the 

desorption efficiency of desorbing agent were checked. 

• Effect of change in concentration of desorbing medium 

• Effect of contact time on desorption 

 

2.11.2 Effect of Change in Concentration of Desorbing Medium  

Different range of concentrations (0.01M, 0.05M, 0.1M 0.5M and 1.0M) of pre-

determined best desorbing agent (section 2.11) were prepared. 

To a known volume (50mL) of desorbing agent (0.01M), a fixed amount of metal 

loaded biosorbent (500mg) was added and allowed to keep in contact for 30min. 

Afterwards the solution was filtered and analyzed for eluted metal concentration from 

metal loaded biosorbent. Similar procedure was repeated for the other metal loaded 

adsorbents and for all concentration ranges of desorbing medium prepared for the 

purpose. The results thus obtained were used to determine the suitable concentration of 

the desorbing agent. 

Effect of change in concentration of best desorbing agent (HCl) on metal ions 

desorption from metal loaded SB, USB and TSB are shown in Fig 3.28a, 3.28b, 3.285c 

and 3.28d. 

 

2.11.3 Effect of contact time on desorption 

To a specific volume (50mL) of best desorbing agent (0.1M), a known amount of 

metal loaded adsorbent (500mg) was added. The system was allowed to remain in contact 

with continuous stirring for a 30min with a predefined varying time interval (5min). The 
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solutions after each time interval were taken off from the shaker and filtered. The eluted 

concentration of metal ions from metal loaded biosorbent with varying time intervals was 

analyzed through AAS. The method was repeated for other metal loaded adsorbents.   

Efficacy of the best desorbing agent (HCl) on the desorption of metal ions from 

metal loaded SB, USB and TSB as function of contact time are shown in Fig 3.29a, 

3.29b, 3.29c and 3.29d. 
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3.  Results and Discussion 

Aqueous environment is currently exposed to the hazards of various kinds of 

pollutants which have a harmful effect on biological systems (162). Industrial activities 

produce huge amounts of wastewater daily, which are usually discharged without 

effective treatment into the surrounding environment, leading to detrimental effects on 

aquatic, plant and human life. Soluble heavy metals ions such as lead, chromium, copper 

and cadmium are among the major metallic pollutants in wastewater. These contaminants 

are usually generated by different industrial as well as domestic processes and are 

hazardous to the environment due to their non-biodegradability (163). 

With the ever-increasing use of water for municipal and industrial purposes, it has 

become more important to appraise water quality on a continuous basis. Selection of 

water treatment process is a complex task involving the consideration of many factors 

including, available space for the construction of treatment facilities, reliability of process 

equipment, eco-friendliness, waste disposal constraints, desired finished water quality 

and capital/operating costs. A number of technologies are available with varying degree 

of success to control water pollution. However, most of them require substantial financial 

input and their use is restricted because of cost factors overriding the importance of 

pollution control. The search of an eco-friendly, cost effective and operationally easy 

process along with simplicity in design has led to the use of biomass of agricultural and 

microbial origin (164). Living microorganisms are less preferred due to cost associated 

with their growth conditions and nutrient dependence and limited ability to bind metal 

ion at high concentrations (165, 166). It has been reported in recent studies that 

biosorption process has a great potential for treatment of wastewater (54, 66, 89).  
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The present study focuses on the use of an agricultural waste biomass Sorghum 

bicolor L. to remove Pb(II), Cd(II), Cr(III) and Cu(II) from aqueous media. Biosorption 

process was carried out in a batch mode. Various physical parameters which can affect 

the experimental setup were studied and optimized. These include biosorbent dosage, 

contact time, solution pH, temperature and particle size of biosorbent etc. While studying 

these parameters the data obtained was used to explore the kinetics and adsorption 

characteristics of the process involved via mathematical modeling. Cell surface 

modification of the biosorbent using urea (USB) and thiourea (TSB) and its effect on the 

process was also part of the present work. To have an insight into the process mechanism, 

the sorghum biomass (SB) was modified using a solvent-less and eco-friendly ‘green’ 

process using microwaves. The characterization of biosorbents (SB, USB and TSB) was 

also performed in terms of change in surface morphology during modification of raw 

sorghum biomass and indication of feasibility to their use in the process. The biosorption 

efficiencies of SB, USB and TSB were compares in order to check the effect of 

modification towards metal ions removal. The simple and modified biosorbents, after 

being employed in the process, were also used to study desorption of heavy metal ions 

from their surfaces i.e. regeneration / recycling of biosorbent material.   

 

3.1  Characterization of Biomass (SB, USB and TSB) 

3.1.1 Elemental Analysis 

Elemental analysis in terms of percentage carbon, hydrogen, nitrogen and sulfur is 

an important tool to investigate the quantity of these elements in the studies material and 

also to confirm the incorporation of added materials. Elemental analysis has been 
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performed for raw sorghum biomass (SB), urea modified sorghum biomass (USB) and 

thiourea modified sorghum biomass (TSB) and data obtained is tabulated in Table 3.1. 

The data clearly showed that nitrogen content in case of USB is significantly increased by 

approximately 10-folds as compared with SB. While in case of TSB, nitrogen content 

increased by ≥ 10-folds while sulfur content is significantly increased by almost 30-folds. 

So, incorporation of modifying agents (urea and thiourea) has been confirmed by 

elemental analysis. The incorporation of nitrogen and sulfur on the surface of USB and 

TSB is expected to increase the quantity of effective binding sites as compared to SB. 

3.1.2  BET Surface Area Analysis 

BET surface area analysis gives an idea about the exposed area of the studied 

material towards analyte and hence the efficiency of material can be predicted. The 

biosorbents (SB, USB and TSB) were analyzed for their surface area via chemisorption 

method and the results obtained are illustrated in Table 3.1. The surface area of SB was 

found to be 7.5186 m2/g; indicating that this material has an appreciable potential to bind 

metal ions. The modification of SB with urea (USB) causes a significant (≥ 4-fold) 

increase in surface area (32.503 m2/g) which indicates that USB has high potential to 

bind metal ions as compared to SB. The slight decrease in surface area in case of TSB 

(7.1627 m2

 

/g) may be attributed to the formation of cross linked channels within the 

surface of TSB due to the presence of sulfur (a good electron pair donor as compared to 

O and N). Such a cross linking may cause an increase in bulk density of TSB as 

compared to SB and USB. 
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Table 3.1: Characterization of SB, USB and TSB 
Parameter Specification / units SB USB TSB 

Elemental 

Analysis 

C (%) 44.51 + 0.50 43.16 + 0.30 44.29 + 0.30 

H (%) 6.97 + 0.05 7.12 + 0.04 7.05 + 0.04 

N (%) 0.86 + 0.05 8.24 + 0.05 9.37 + 0.05 

S (%) 0.17 + 0.02 0.15+0.03 4.76 + 0.04 

BET Data BET surface area (m2/g) 7.5186 32.503 7.1627 

 Monolayer volume (cm3/g) 1.727 7.466 1.645 

Boehm’s 

Titration 

Total acidic groups (mmol/g) 8.40+ 0.02 7.98+ 0.02 8.04+ 0.02 

Carboxylic (mmol/g) 6.50+ 0.02 6.21+ 0.02 6.18+ 0.02 

Lactones (mmol/g) 1.16+ 0.02 1.01+ 0.02 1.18+ 0.02 

Phenols (mmol/g) 0.74+0.02 0.76+ 0.02 0.68+ 0.02 

Total basic groups (mmol/g) 3.18+ 0.02 4.03+ 0.02 3.95+ 0.02 

pHpzc  5.9 6.2 6.7 

Bulk 
Density 

(g/cm3) 0.204 0.179 0.419 

 

 

 

3.1.3  Fourier Transform Infrared Spectrophotometry (FTIR) 

FTIR is an important tool to determine the characteristic functional groups present 

on the biosorbent surface that could be responsible for binding of metal ions. Ground and 

dried sorghum biomass (SB) was subjected to solid phase FTIR analysis (KBr disc 

method) for its characterization in terms of functional groups (potential binding sites). 
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Fig 3.1a shows the FTIR spectrum of raw sorghum biomass (SB). It indicates the 

presence of various functional groups which may be considered as possible binding sites 

for metal ions. A broad peak observed at 3338.78cm-1 indicates the presence of hydroxyl 

group (-OH). A peak observed at 2918.30cm-1 shows the presence of alkyl group (-R). 

The spectrum also indicates the presence of carbonyl group (C=O) having a peak at 

1637.56cm-1, and other peaks at 1514.12, 1421.54, 1246.02 and 1157.29cm-1 indicate 

asymmetric stretching frequency of carboxylate ion (O=C-O- 167) ( ). Thus, FTIR 

spectrum indicates that SB is rich in oxygen-containing functional groups. 

The urea modified sorghum biomass (USB) was also subjected to solid phase 

FTIR analysis. A notable change in spectrum was observed as illustrated in Fig 3.1b.An 

appreciable change in the spectrum in the region 3750-3200cm-1 as compared to Fig 3.1a 

is due to the incorporation of urea onto the surface of sorghum. Relatively sharp peaks at 

3315.25 and 3275.32cm-1 also confirm the presence of secondary amides. A sharp peak 

appeared at 1635.27cm-1 indicating the presence of secondary amides. Another peak at 

612.36cm-1 affirms the presence of aliphatic secondary amides which absorbs between 

the region 610-625cm-1 167( ). It can be inferred from the peak data that most of the 

carboxylate functional groups are converted into secondary amides thus increasing the 

nitrogen content due to the binding of urea with sorghum biomass. In other words, the 

functionality of USB has been increased as compared to SB. 

Sorghum +
Microwave Radiation

12 mins
Sorghum -NHCONH2H2NCONH2
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The thiourea modified sorghum biomass (TSB) was also subjected to solid phase 

FTIR analysis. A prominent change in spectrum was observed as illustrated in Fig 3.1c in 

relation to FTIR spectrum of SB (Fig 3.1a).The broad peak of –OH group, which was 

observed in Fig 3.1a at 3338.78cm-1, is not present in the Fig 3.1c. This indicated that 

modification of sorghum biomass influenced the already present –OH group. The peaks 

at 3612.67, 1649.17cm-1 indicates the presence of secondary amines. The appearance of 

new sharp peaks at 2380.16cm-1 and 2305.79cm-1 affirms the presence the 

isothiocyanates group (-N-C=S), peak appeared at 1024.20cm-1

167

 also confirms its presence  

( , 168). Peaks observed at 1516.05, 1460.11 and 1417.68cm-1 indicates the presence 

of carboxylate ion (O=C-O-

Comparison of the FTIR spectrum data for SB and TSB affirm the incorporation 

of thiourea in the sorghum biomass. Thus, TSB becomes enriched with nitrogen and 

sulfur content as compared to SB. Thus the functionality of TSB has been increased as 

compared to SB.  

).   

Sorghum + Sorghum -NHCSNH2H2NCSNH2
Microwave Radiation

09 mins  
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Fig 3.1a: FTIR Spectrum of raw sorghum biomass (SB) 

 

 

Fig 3.1b: FTIR Spectrum of Urea-modified Sorghum biomass (USB) 
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Fig 3.1c: FTIR Spectrum of Thiourea-modified Sorghum biomass (TSB) 

 

It can be concluded from the FTIR data that modification of raw sorghum 

biomass with urea and thiourea showed a marked influence on its surface in terms of 

changes in binding sites. The modification of SB with urea increased the nitrogen content 

where as modification with thiourea increased the nitrogen as well as sulfur content. This 

may result in the enhancement of binding capacity of USB and TSB as compared to that 

of SB due to increment in electronegative binding sites. Moreover, modification of SB 

with thiourea increase the sulfur content, which has a greater tendency to donate electron 

pair, may result in greater binding capacity when compare with USB. Due to this electron 

pair donation tendency, cross links between the surface functional groups can also be 

present that may cause the increase in bulk density of TSB as compared to SB and USB. 
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3.1.4 Scanning Electron Microscopy (SEM) 

Raw biosorbent (SB) and modified biosorbents (USB and TSB) were subjected to 

the scanning electron microscopy and their images obtained are shown in Fig 3.2a, 3.2b 

and 3.2c, respectively. The SEM images of all biosorbents reveal their surface 

morphology. Images show that their surface is highly porous and rough / irregular, and 

thus can facilitate the binding of metal ion. In addition, the pores are large enough to 

allow the penetration of metal ions into the biosorbent material. Comparison of Fig 3.2a, 

3.2b and 3.2c also reveals that the modification of SB with urea (USB) and thiourea 

(TSB) increases the surface roughness and porosity of the material. This indicates that 

modified biosorbents (USB and TSB) offers greater attraction / sites to bind metal ions. 

 

 

 

 

 

 

Fig 3.2a: SEM image of SB at different magnifications (x500, x1000, x2700) 
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Fig 3.2b: SEM image of USB at different magnifications (x500, x1000, x2700) 

 

 

 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig 3.2c: SEM image of TSB at different magnifications (x500, x1000, x2700) 
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3.1.5 Concentration of Surface Acidic and Basic Functional Groups 

The concentration of acidic and basic functional groups present on the surface of 

SB, USB and TSB was estimated by adopting Boehm’s titration procedure with slight 

modifications. It was based on the fact that when a heterogeneous solid surface is brought 

into contact with different bases (NaOH, Na2CO3, NaHCO3) and acid (HCl), the 

concentration of functional groups like –COOH, phenols, lactones and basic groups can 

be determined. Sodium bicarbonate (NaHCO3) neutralizes only carboxylic acid groups (-

COOH), sodium carbonate (Na2CO3

The concentration of total acidic sites including carboxylic, lactones and phenols 

was found to be 8.4mmol/g of SB. The concentration of surface carboxylic groups, 

lactones and phenols on SB was also calculated separately having values 6.5mmol/g, 

1.16mmol/g and 0.74mmol/g, respectively. The total basic functional groups on the 

surface of SB were estimated to be 3.18mmol/g. One important piece of information 

derived from this analysis is that SB contains a high number of carboxylic acid groups, so 

the modification of these groups into amide is easily explained as indicated in FTIR 

analysis.  

) reacts with carboxylic groups (-COOH) as well as 

lactones, and sodium hydroxide (NaOH) being a strong base neutralizes all surface acidic 

groups (-COOH, lactones and phenols). Hydrochloric acid (HCl) gives an estimate about 

the concentration of total basic functional groups. The results obtained in terms of total 

acidic, carboxylic, phenols, lactones and total basic functional groups are illustrated in 

Table 3.1. 

For USB, the total acidic sites were estimated to be 7.98mmol/g. For carboxylic 

acid groups, lactones and phenols, the values were found to be 6.21mmol/g, 1.01mmol/g 
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and 0.76mmol/g, respectively. The total basic sites on USB surface were calculated to be 

4.03mmol/g. 

The total acidic functional groups were found to be 8.04mmol/g in case of TSB. 

Values for carboxylic groups, lactones and phenols were calculated as 6.18mmol/g, 

1.18mmol/g and 0.68mmol/g, respectively. For total basic sites on the surface of TSB, the 

value comes out to be 3.95mmol/g. 

The results of Boehm’s titration indicate that the concentration of acidic sites in 

modified biosorbent (USB and TSB) slightly decreased, while for basic sites it increased 

slightly as compared to raw biosorbent (SB). These findings were attributed to the 

grafting of modifying agents i.e. urea and thiourea (containing amino (-NH2

 

) as basic 

functional group) onto the SB surface. 

3.1.6 Point of Zero Charge (pHpzc

Point of zero charge is also termed as isoelectric point and is defined as, “the 

point (pH) at which number of negatively charged sites becomes equal to number of 

positively charged sites on the surface of the adsorbent.” This value is of great 

importance in determining the optimum conditions for adsorption of metal ions in terms 

of pH. When pH is greater than pH

) 

pzc value of the adsorbent material, the surface of 

adsorbent bears nets negative charge due to deprotonation of functional groups which 

indicates that adsorption of metal ions in positive oxidation state become feasible. While 

with the decrease in pH value than pHpzc value, protonation of surface functional groups 

take place making the surface of adsorbent net positive. In this state it seems to become 

less favorable material for metal attachment in positive oxidation state. But this state may 
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facilitate the adsorption of oxyanions like chromate (CrO4
2-) and arsenate (AsO3

-

90

) due to 

net surface positive charge on the adsorbent surface. Present literature reveals this fact 

that chromate ions can be eliminated from the solutions having very low pH than other 

metal cations ( , 92, 169). 

The pH of solution also shows a significant effect on the removal of sorbed metal 

ions from the surface of sorbing species. Literature indicates that decrease in solution pH 

favors the desorption of metal ions having positive oxidation state (170, 171). So the pH 

working system becomes an economical factor in terms of regeneration of 

adsorbent/biosorbent materials. 

Point of zero charge (pHpzc) value for SB, USB and TSB was found by measuring 

the initial pH and final pH values of working solution as described in section 2.5.6. The 

plotted curves to determine pHpzc of SB, USB and TSB taking initial pH of solutions as 

abscissa and difference between final and initial pH (ΔpH) as ordinate are shown in 

Fig3.3, respectively. The pHpzc

Comparison of values indicated that after modification of SB, the surface of 

resulting material has been altered by the incorporation of modifying agents as compared 

to SB. The surface of USB and TSB becomes more basic as compared to SB as indicated 

by the increase in pH

 values calculated from these plots are enlisted in Table 

3.1. 

pzc

 

 values of USB and TSB. This is due to the increment of free 

amino groups as indicated by the FTIR data presented in Section 3.1.3 on the surface of 

modified biosorbents (USB and TSB), which may increase the binding capacity of the 

USB and TSB as compared to SB. 
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Fig 3.3: Curves for pHpzc

 
 of SB, USB and TSB 

3.1.7  Bulk Density 

Bulk density of the biosorbents understudy (SB, USB and TSB) was calculated 

and illustrated in Table 3.1. The modification of SB with urea causes a slight decrease in 

bulk density as compared to SB while thiourea modified adsorbent shows maximum bulk 

density. This increase may be attributed to the increase in compactness of the material 

due to formation of surface cross links as indicated by BET and FTIR analysis.    
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3.2  Optimization of Process Parameters  

3.2.1  Effect of Biosorbent Dose 

 The efficiency of metal ions removal can be measured by varying the dose of 

biosorbent versus fixed concentration of metal ions in aqueous solution to construct dose-

response curves. Batch experiments were conducted to check the effect of biosorbent 

dose by varying it from 0.2-1.8g/50mL for SB and 0.1-0.9g/50mL for USB and TSB 

using a fixed concentration (50mg/L) of metal ions (Pb(II), Cd(II), Cu(II) and Cr(III)) 

solutions separately. Percentage removal efficiency and biosorption capacity (mg/g) of 

SB, USB and TSB are illustrated in comparative plots (Fig. 3.4a, 3.4b, 3.4c and 3.4d). 

 

Fig 3.4a: Effect of dose of SB, USB and TSB on Pb(II) adsorption 
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Fig 3.4a shows a quick uptake of Pb(II) ions from its aqueous solution of 50mg/L 

initially,  followed by equilibrium and decrease in biosorption capacity with increase in 

biosorbent dosage in each case i.e. using SB, USB and TSB. SB removed 66.26% Pb(II) 

ions at a dose of 0.2g/50mL, increase to a maximum at 89.76% at 1.0g/50mL dose, thus 

showing an appreciable Pb(II) removal efficiency from aqueous solution. USB shows 

82.70% removal efficiency for Pb(II) at a dose of 0.1g/50mL rises to 95.68% when 

0.5g/50mL dose was used. In case of TSB, the removal efficiency was found maximum 

at 95.26% at a dose of 0.4g/50mL. Similar trend was observed for Cd(II), Cu(II) an 

Cr(III) removal from their aqueous solutions of fixed concentration (50m/L), respectively 

as shown in Fig 3.4b, 3.4c and 3.4d. 

 
Fig 3.4b: Effect of dose of SB, USB and TSB on Cd(II) removal 
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Fig 3.4c: Effect of dose of SB, USB and TSB on Cu(II) removal 

 
 
 

 
Fig 3.4d: Effect of dose of SB, USB and TSB on Cr(III) removal 
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The reason in increase in removal efficiency was attributed to the increment in 

binding sites with increase in biosorbent dose. In addition, USB and TSB showed 

significantly higher removal efficiency for Pb(II), Cd(II), Cu(II) and Cr(III) ions even at 

lower dosages as compared to SB. Thus, modification of sorghum biomass with urea and 

thiourea introduces two major advantages; a lower biosorbent dose and higher removal 

efficiency by providing more binding sites as compared to raw sorghum biomass. 

Fig 3.4a, 3.4b, 3.4c and 3.4d also shows that biosorption capacity i.e. amount of 

metal ions in milligram attached per unit mass of biosorbent in grams (q-value), 

decreases with increase in biosorbent amount. This is due to a fact that a fixed amount of 

biosorbent can attach certain amount of metal ion to its surface (172).The biosorption 

capacity usually decreases with an increase in biosorbent dose due to the metal ions 

distribution on the biosorbent surface. In other word, it is due to the concentration 

gradient between metal ions concentration in the solution and on the surface of 

biosorbent. Literature shows some evidences in this regard (155, 173-175). 

USB and TSB showed higher q-values when compared with SB under similar 

conditions. For instance, on similar conditions (say 0.4g/50mL dosage), SB showed a q-

value 2.45mg/g while USB and TSB showed 4.76mg/g and 5.25mg/g for Cd(II) ions. 

This reinforces the previous statement that modification of sorghum biomass with urea 

and thiourea is beneficial.  
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3.2.2  Effect of Contact Time 

 This parameter provides the information about the minimum time requirement to 

remove maximum metal ions from their solution of fixed concentration. The data 

obtained can also be used to evaluate the reaction mechanism and provides information 

about the possible rate determining step involved (176).  

 The plots of biosorption capacity (taken as ordinate) and time (taken as abscissa) 

for the Pb(II), Cd(II), Cu(II) and Cr(III) removal using each biosorbent (SB, USB and 

TSB) are illustrated in Fig 3.5a, 3.5b, 3.5c, 3.5d, respectively. It can be observed from the 

Figures that the metal uptake by the biosorbent materials was rapid initially then 

decreases with time till equilibrium is reached. At this stage, the amount of metal ions 

sorbed by the biosorbent was in a state of dynamic equilibrium with metal ions detached 

from its surface. For instance, considering SB as biosorbent (Fig 3.5a), the minimum 

contact time needed for Pb (II) solution with initial concentration of 25mg/L to establish 

equilibrium was 15 minutes, 25 minutes for Pb(II) solution with initial concentration of 

50 mg/L.For the initial concentration of 100 and 200 mg/L, the minimum contact time 

required to attained equilibrium was 30 and 40 minutes, respectively. While for USB the 

time to reach equilibrium was 15, 20, 30 and 40 minutes for initial concentration of Pb(II) 

solution 25mg/L, 50mg/L, 100mg/L and 200mg/L, respectively. Also for TSB, the time 

to reach equilibrium was 15, 20, 30 and 35 minutes for initial concentration of Pb(II) 

solution 25mg/L, 50mg/L, 100mg/L and 200mg/L, respectively. Similar trend was 

observed in all other cases. The reason can be explained in a way that the available 

binding sites at biosorbent surface uptake metal ions more quickly at their lower initial 
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concentration. At higher initial metal ions concentration, metal ions needs more time to 

diffuse to the inner active sites of the biosorbent material. 

 
Fig 3.5a: Effect of time on Pb(II) biosorption using SB, USB and TSB at different concentrations 

(25mg/L, 50mg/L, 100mg/L and 200mg/L) 
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Fig 3.5b: Effect of time on Cd(II) biosorption using SB, USB and TSB at different concentrations 

(25mg/L, 50mg/L, 100mg/L and 200mg/L) 
 

 

 
Fig 3.5c: Effect of time on Cu(II) biosorption using SB, USB and TSB at different concentrations 

(25mg/L, 50mg/L, 100mg/L and 200mg/L) 
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Fig 3.5d: Effect of time on Cr(III) biosorption using SB, USB and TSB at different concentrations 

(25mg/L, 50mg/L, 100mg/L and 200mg/L) 
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Table 3.2: Equilibrium time and optimum pH values for Pb(II), Cd(II), Cu(II) and Cr(III) 
by various biosorbents 
Metal 
ion 

Biosorbent Equilibrium 
time 
(min) 

pH References 

Pb(II) Oryza sativa (stem) 10 4 (177) 

Oryza sativa(husk) 10 5 (177) 

Tectona grandes 10 5 (177) 

Sargassum filipendula 10 4 (178) 

Azadirachata indica (stem) 10 5 (179) 

Pomegranate peel (raw) 10 5.6 (180) 

Activated carbon from 
pomegranate peel 

10 5.6 (180) 

Triticum aestivum (straw) 20 5 (181) 

Tea waste 20 4-5 (182) 

Urea modified Sorghum 
(USB) 

20 5 Present study 

Thiourea modified 
Sorghum (TSB) 

20 6 Present study 

Sorghum biomass (SB) 25 6 Present study 

Sargassum sp. 30 5 (183) 

Cephalosprium aphidicola 30 5 (184) 

Laminaria hyperborean 30 5 (185) 

Bifurcaria bifurcate 30 5 (185) 

Sargassum muticum 30 5 (185) 

Fucus spiralis 30 5 (185) 

Urea modified Saccharum 
bangalense 

40 5.5 (130) 

Saccharum bangalense 50 5.5 (130) 
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Saccharum bangalense 50 6 (82) 

Ficus religiosa 60 4 (186) 

Date Stem 60 4 (187) 

Triticum aestivum (straw) 60 4-7 (188) 

Citrobacter freundii 100 4 (150) 

Solanum  melongenaleaf 
powder 

105 5 (73) 

Barley straw 120 6 (189) 

Yellow passion-fruit shell 120 5 (85) 

Modified Orange peels 
(grafted polymerization) 

150 5.5 (129) 

Modified quebracho tannin 
resin 

180 5 (190) 

Lobophera variegate 200 5 (191) 

Cicer arientinum (native) 420 4 (192) 

Cicer arientinum (acid 
treated) 

420 4 (192) 

Lemon peel 1440 4.8 (193) 

Lemon resin 1440 4.8 (193) 

Cd(II) Green coconut shell powder 10 7 (194) 

Urea modified Triticum 
aestivum 

10 6 (118) 

Triticum aestivum 20 6 (118) 

Cassava waste 20-30 4-5 (195) 

Urea modified Sorghum 
(USB) 

20 5 Present study 

Thiourea modified 
Sorghum (TSB) 

20 6 Present study 

Sorghum biomass (SB) 25 6 Present study 

Wheat bran 25 5 (196) 
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Cocoa pod husk 120 6 (197) 

Modified Orange peels 
(grafted polymerization) 

150 5.5 (129) 

Sargassum sp. 30 5 (183) 

Laminaria hyperborean 30 5 (185) 

Bifurcaria bifurcate 30 5 (185) 

Sargassum muticum 30 5 (185) 

Fucus spiralis 30 5 (185) 

Triticum aestivum (bran) 60 5 (172) 

Triticum aestivum (straw) 60 5 (69) 

Pine bark (fenton 
modification) 

90 7 (198) 

Triticum aestivum (bran) 110 8.6 (199) 

Laminaria japonica 120 5 (200) 

Coconut copra meal 120 5.53 (201) 

Fucus ceraniodes 180 4.5 (202) 

Fucus vesiculosus 180 4.5 (202) 

Fucus serratus 180 4.5 (202) 

Triticum aestivum (straw) 210 6 (68) 

Azadirachata indica leaf 
powder 

300 9 (203) 

Cu(II) Urea modified Sorghum 
(USB) 

15 6 Present study 

Thiourea modified 
Sorghum (TSB) 

15 6 Present study 

Sorghum biomass (SB) 20 6 Present study 

Cassava waste 20-30 4-5 (195) 

Dehydrated wheat bran 30 5 (204) 
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Soyabean meal waste 30-40 5 (205) 

Rice straw 120 5 (206) 

Cr(III) Urea modified Sorghum 
(USB) 

15 5 Present study 

Thiourea modified 
Sorghum (TSB) 

15 6 Present study 

Sorghum biomass (SB) 20 6 Present study 

Soyabean meal waste 30-40 5 (205) 

Yellow passion-fruit shell 120 5 (85) 

Palm flower (native) 120 4.5 (207) 

Palm flower (acid treated) 180 4.5 (207) 

 

3.2.3  Effect of Solution pH 

 An important factor that affects the binding of metal ions to the active sites of 

biosorbent is the solution pH. It governs the speciation of metal ions present in the 

solution as well as controls the charge on the biosorbent surface (208-210). So its study 

becomes a necessary part of the technique under consideration.  

There are several functional groups present on the surface of lignocellulosic 

material SB as confirmed by the FTIR studies in section 3.1.3. These functional groups 

show different behavior on different pH values. For instance, protonation of carboxyl 

groups takes place at pH < 3 and becomes positively charged species. In this state it 

becomes helpful for attracting negatively charged ions present in the solution (211). 

While on high pH values, deprotonation takes place and binding sites becomes negatively 

charges thus offering the attractive forces for cations present in the solution. Similar 

behavior is shown by other functional groups present on the biomass surface.  
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 The deciding factor which explains the speciation of functional groups present on 

the biosorbent surface is its pHpzc

 Change in pH also shows influence on the speciation of metal ions in solution. 

Lead ions exist predominantly in the form of divalent cation (Pb

 value. This has already been discussed in detail in the 

section 3.1.6. 

2+) in its aqueous solution 

of pH < 6. Above pH 6 it exists in form of solid precipitate Pb(OH)2 and retains this 

speciation up to pH = 12. Above pH 12, it becomes a negative specie Pb(OH)4
2-. It has 

also been reported that lead exist in a mixture of Pb(OH)+, Pb2+ and Pb(OH)2 within the 

pH range 4-7 while exist as a mixture of Pb(OH)2, Pb(OH)3
-, Pb(OH)4

2-

212

 at pH between 

12-14 ( ). Cadmium exist as divalent cation Cd2+ below pH 7 and start forming 

precipitate of Cd(OH)2 213 when pH exceeds 7.5 ( ). Similarly, copper ions are present in 

Cu2+ state up to pH 6 and starts precipitating out as Cu(OH)2 214 at pH > 6 ( ).  

 Experiments were conducted to check the effect of pH of the medium on removal 

of Pb(II), Cd(II), Cu(II) and Cr(III) from their aqueous solution using SB, USB and TSB 

by varying the pH from 1-9 keeping the rest of the factors constant. The comparative pH 

profile for each metal ion is shown in Fig 3.6a, 3.6b, 3.6c and 3.6d. 
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Fig 3.6a: Effect of solution pH on the removal of Pb(II) using SB, USB and TSB 

 

 
Fig 3.6b: Effect of solution pH on the removal of Cd(II) using SB, USB and TSB 
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Fig 3.6c: Effect of solution pH on the removal of Cu(II) using SB, USB and TSB 

 

Fig 3.6d: Effect of solution pH on the removal of Cr(III) using SB, USB and TSB 
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It is obvious from the Figures that biosorption capacity of the biosorbent materials 

for metal cations increases with the increase in pH up to pH 5-6 and then decreases. For 

example, using USB as biosorbent for the removal of Cu(II) ions, the uptake capacity was 

found 1.74mg/g at pH = 1 increases to a maximum of 4.17mg/g at pH = 6 and  then again 

decreases to 3.80mg/g at pH = 9. Similar trends were observed in other cases using 

unmodified and modified biosorbents.  

 The decrease in uptake capacity of biosorbents at low pH values is attributed to 

the protonation of active binding sites as well as the increase in chance for competitive 

biosorption of H+ ions with respect to metal cations (Pb2+, Cd2+, Cu2+ and Cr3+) because 

of its higher concentration at low pH values. The increase in pH value decreases the 

probability of H+

 Study of pH profile also shows the beneficial effect of modification of raw 

sorghum biomass (SB). Uptake capacity in all the cases was found to be increased 

significantly using USB and TSB as compared to SB. For instance, under similar 

conditions (pH = 6), SB uptakes 2.07mg/g of Cd(II) ions while USB and TSB were able 

to bind 4.43mg/g and 5.58mg/g of Cd(II) ions, respectively. In this particular example 

USB and TSB has shown about 114% and 169% increment in uptake capacity, 

 ions biosorption due to decrease in its concentration. As a result uptake 

capacity of biosorbents for the metal cations increases. The decrease in uptake capacity at 

high pH values is due to the precipitation of the heavy metal cations as their hydroxides 

thus becomes unavailable for biosorption. The optimum pH values observed during the 

conducted experiments are illustrated in Table 3.2. The optimum pH values obtained in 

the present study was also found in agreement with already reported studies. 
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respectively as compared to SB. This increment is due to the induction of more functional 

groups in sorghum biomass by urea and thiourea modification. 

 

3.2.4  Effect of Temperature 

 Another important factor which affects the biosorption process is temperature. 

The increase in temperature causes a decrease in viscosity of the solution and increases 

the kinetic energy of metal ions. It also affects the pore size in the biosorbent material, 

this along with increase in kinetic energy of metal ions, may increase the chance of 

diffusion of metal ions into the surface of biosorbent. This type of increment in uptake 

capacity with increase in temperature gives an indication of intra-particle diffusion as a 

rate determining in the process (215-218).  

 The temperature profile for the biosorption of Pb(II), Cd(II), Cu(II) and Cr(III) 

using SB, USB and TSB as biosorbents is shown in Fig 3.7a, 3.7b, 3.7c and 3.7d.The 

biosorption of metal ions increases with the increase in temperature. This indicates that 

biosorption of metal ions by SB, USB and TSB is endothermic in nature. The reason of 

increased biosorption may be credited to the increase in mobility of metal ions at higher 

temperatures and more chance of surface diffusion. The observed trend is also 

comparable with most of the studies reported in this regard (106, 172, 188, 204, 219, 

220).  
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Fig 3.7a: Effect of Temperature on Pb(II) biosorption using SB, USB and TSB 

 

 

 
Fig 3.7b: Effect of Temperature on Cd(II) biosorption using SB, USB and TSB 
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Fig 3.7c: Effect of Temperature on Cu(II) biosorption using SB, USB and TSB 

 

 

 
Fig 3.7b: Effect of Temperature on Cr(III) biosorption using SB, USB and TSB 
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 Beneficial effect of modification on the efficiency of sorghum biomass can also 

be affirmed by temperature profile (Fig 37a, 3.7b, 37.c and 3.7d). Figures clearly indicate 

that USB and TSB offers appreciably high biosorption capacity for metal ions at all the 

studied temperatures as compared to SB. The order of efficiency regarding biosorption 

capacity was found to be similar to the findings in the study of previous parameters (TSB 

> USB > SB). 

 

3.2.5  Effect of Particle Size of Biosorbent 

 There is an inverse relation between particle size and available surface area of the 

biosorbent. Lesser the particle size more will be the surface area available for 

biosorption. Experiments were also conducted to investigate the effect of particle size of 

SB on metal ions biosorption by varying its particle size (30-40, 40-50, 50-60 and above 

60 mesh ASTM). The optimum value for the biosorbent dose, contact time, pH and 

temperature was maintained during the experiments. The effect of particle size on the 

uptake capacity is shown in Fig 3.8.It was found that metal uptake capacity of SB 

increases with the decrease in particle size for all the metal ions (Pb(II), Cd(II), Cu(II) 

and Cr(III)). This is attributed to the more available surface area of the SB for metal 

binding with small particle size. More available surface area can be directly correlated to 

the exposure of more functional groups for metal ions binding thus increasing the uptake 

capacity of SB.In addition, the observed trend indicated that metal attachment to the SB 

involved surface adsorption as the q-value was increased with increased surface area. 

Literature also reinforces this trend (97, 174, 182, 221, 222). Based on this fact, the 

smallest particle size was chosen in performing the whole study.  
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 Effect of particle size for USB and TSB is not shown because only the smallest 

particle size (above 60 mesh ASTM) of SB was used for modification.  

 

 

 
Fig 3.8: Effect of particle size on the removal of Pb(II), Cd(II), Cu(II) and Cr(III) using SB. 
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Table 3.3: Optimum parameters for biosorption of Pb(II), Cd(II), Cu(II) and Cr(III) using 
SB, USB and TSB 
Biosorbent Metal 

ion 
Dose 

 
(g/50mL) 

Contact 
Time 
(min) 

pH Temp. 
 

(oC) 

Particle Size 
(mesh 

ASTM) 
SB Pb (II) 1 25 5 (+) Above 60 

Cd (II) 1 25 5 (+) Above 60 

Cu (II) 0.8 20 6 (+) Above 60 

Cr (III) 0.7 25 5 (+) Above 60 

USB Pb (II) 0.5 20 6 (+) Above 60 

Cd (II) 0.5 20 6 (+) Above 60 

Cu (II) 0.5 20 6 (+) Above 60 

Cr (III) 0.5 25 6 (+) Above 60 

TSB Pb (II) 0.4 20 6 (+) Above 60 

Cd (II) 0.4 20 6 (+) Above 60 

Cu (II) 0.4 20 6 (+) Above 60 

Cr (III) 0.4 20 6 (+) Above 60 

* (Initial concentration of each metal ion = 50mg/L) 
**( ‘(+)’ means removal of metal ions increases with increase in temperature) 
 

3.2.6  Summary of Optimal Parameters 

 The effect of process parameters on the biosorption of Pb(II), Cd(II), Cu(II) and 

Cr(III) using SB, USB and TSB as biosorbent materials have been checked and optimum 

values are tabulated in Table 3.3. The study of process parameters regarding their 

optimization can be summarized as: 

• Increasing the biosorbent dose decreased the uptake capacity. 
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• Equilibrium times were relatively shorter than most of the already reported 

studies. 

• pH range 5-6 was found optimum for the studied metal ions removal. 

• Removal of metal ions increased with the increase in temperature. 

• Smaller the particle size, greater is the surface area, more effective the 

biosorbent towards metal binding.  

• Modified biosorbents USB and TSB showed higher efficiency for metal 

binding than SB in all the studied parameters.  

• The order of uptake capacity of biosorbents towards metal attachment is 

TSB > USB > SB. 

This suggests that Sorghum biomass can be used effectively as a new 

biosorbent for metal ions removal from their aqueous solution. Modification of 

this biosorbent with urea and thiourea increases its efficiency to an appreciable 

extent. In addition, the relatively low equilibrium time for metal removal also 

creates an attraction towards its industrialization.  
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3.3  Mathematical Modeling 

 Various mathematical models/equation reported in the literature were used to 

elucidate the equilibrium data obtained in the present study. These models/equations are 

discussed under the following headings. 

• Equilibrium modeling  

• Kinetic modeling 

• Thermodynamic modeling 

•  

3.3.1 Equilibrium Modeling 

 An important feature of modern engineering is to satisfactorily model the 

adsorption system regarding its behavior before committing a large scale investment 

(223). Adsorption isotherms referred to the study of adsorption equilibrium at a fixed 

temperature and are used to investigate the said behavior. The adsorption isotherms 

provide a critical piece of information such as nature of adsorption, heat of adsorption, 

sorption capacity etc. Four different adsorption isotherms including simple (Langmuir 

and Freundlich) and complicated (Temkin and Dubinin-Radushkevich) have been 

employed in linear as well as in non-linear fashion in this study. Volesky reported that 

there is no need of more complicated adsorption isotherms if simple (Langmuir and 

Freundlich) isotherms are followed and provide the valuable information (224).  

 

3.3.1.1 Langmuir Isotherm Model  

 Langmuir isotherm model assumes that well defined sorption sites are present on 

the sorbent surface. Each sorption site can bind only one metal to itself thus giving 
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monolayer coverage of the sorbent surface. In addition, the sorption sites are 

homogeneously distributed on the sorbent surface and no interaction is present between 

the sorbed ions (225). Equation 3.1 and 3.2 shows the non-linear and linear forms of 

Langmuir isotherm model.  

𝑞𝑒 = 𝑏.𝑞𝑚𝑎𝑥.𝐶𝑒
1+𝑏.𝐶𝑒

   …….Equation 3.1 

1
𝑞𝑒

= 1
𝑏.𝑞𝑚𝑎𝑥.𝐶𝑒

+ 1
𝑞𝑚𝑎𝑥

  …….Equation 3.2 

where b (L/mg) is the Langmuir constant and gives information about the free energy of 

adsorption and qmax

 The employment of the Langmuir equation on the equilibrium data provides the 

maximum adsorption capacity (q

 (mg/g) is the maximum sorption capacity of the adsorbent.  

max) of the studies biosorbent material but gives no idea 

about the binding mechanism. It just tells that the coverage of the biosorbent surface is 

monolayer, if it follows. The qmax calculated by this model can be used to calculate the 

specific surface area of the studied material represented by SL (m2 226/g) ( ). 

𝑆𝐿 = 𝑁𝐴.  𝐴 . 𝑞𝑚𝑎𝑥
𝑀

   ……. Equation 3.3 

where NA represents Avogadro’s number (6.022 x 1023), A (Å2) is the cross sectional 

area of the metal ion under study and M (g/mol) represents ionic mass of the metal ion. 

This specific surface area only depends on qmax

 The Langmuir constant b (L/mg) can be used to calculate a dimensionless 

separation factor R

 of the biosorbent material because all 

other quantities are constant. Its value shows the surface area per gram of adsorbent 

covered by the metal ion under consideration. 

L

𝑅𝐿 = 1
1+𝑏.𝐶𝑜

    ..…. Equation 3.4 

 by the following equation 3.4. 
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Where Co(mg/L) represents metal ion concentration taken initially for the study. The 

values of RL

227

 give an idea about the favorability of the adsorption process. According to 

Hall et al. ( ) 

0 < RL

R

< 1  Favourable adsorption 

L

R

> 1   Unfavorable adsorption 

L

R

 = 1   Linear adsorption 

L

 Linear Langmuir equation (equation 3.2) has been employed on the equilibrium 

data to evaluate its goodness of fit. The equilibrium data was obtained by using different 

initial concentration of Pb(II), Cd(II), Cu(II) and Cr(III) ions using SB, USB and TSB as 

biosorbents as described in section 2.9.6. Linear plots of Langmuir equation taking 1/q

 = 0   Irreversible adsorption 

e 

as ordinate and 1/Ce

Table 3.4 shows the Langmuir isotherm parameters for Pb(II), Cd(II), Cu(II) and 

Cr(III) biosorption by SB, USB and TSB calculated from their respective plots. The 

correlation coefficient (R

 as abscissa are shown in Fig 3.9a, 3.9b, 3.9c and 3.9d. 

2) values obtained in all the cases were significantly high (> or ~ 

0.99). This indicates that the equilibrium data well fits to the Langmuir equation. So 

sorghum biomass (SB) and its modified forms (TSB) attach metal ions to its surface in a 

monolayer fashion which is the basic assumption of Langmuir isotherm model. 
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Fig 3.9a: Linear Langmuir plot for the adsorption of Pb(II) by SB, USB and TSB 

 
   

 
Fig 3.9b: Linear Langmuir plot for the adsorption of Cd(II) by SB, USB and TSB 
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Fig 3.9c: Linear Langmuir plot for the adsorption of Cu(II) by SB, USB and TSB 

 

 
Fig 3.9d: Linear Langmuir plot for the adsorption of Cr(III) by SB, USB and TSB 
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Table 3.4: Langmuir Isotherm parameters for the biosorption of metal ions on SB, 
USB and TSB 

Metal ions b 
(l./mg) 

q
(mg/g) 

max Correlation 
coefficient (R2) 

Sorghum biomass (SB) 

Pb(II) 0.048 6.289 0.991 

Cd(II) 0.028 8 0.987 

Cu(II) 0.111 4.149 0.986 

Cr(III) 0.017 7.042 0.989 

Urea modified Sorghum biomass (USB) 

Pb(II) 0.090 13.889 0.997 

Cd(II) 0.037 16.393 0.993 

Cu(II) 0.147 10.869 0.992 

Cr(III) 0.114 16.393 0.990 

Thiourea modified Sorghum biomass (TSB) 

Pb(II) 0.041 17.857 0.992 

Cd(II) 0.063 17.241 0.993 

Cu(II) 0.095 15.151 0.994 

Cr(III) 0.222 26.315 0.992 

 

The computed adsorption capacities (qmax) of SB, USB and TSB indicate that 

USB and TSB offer more binding sites per gram of their mass as compared to SB. For 

example, in case the Pb(II) biosorption SB showed the qmax = 6.289mg/g. Under similar 

conditions USB and TSB took 13.889 and 17.857 grams of Pb(II) per gram, respectively. 

In this particular case USB and TSB showed 120.8% and 183.9% increment in uptake 
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capacities relative to SB. The reason can be attributed to the increase in the 

electronegative functional groups in the USB and TSB as affirmed by FTIR analysis in 

the previous section of discussion. TSB showed greater binding capacity for the all the 

metal ions than USB. This may be due to the incorporation of sulfur containing 

functional groups. Sulfur being larger in size as compared to nitrogen and oxygen may 

act as better electron pair donor thus offering more feasible binding sites for heavy metal 

ions. This effect was found more significant in case of Cr(III) biosorption. TSB showed 

273.7% increase in adsorption capacity relative to SB which was even much more than 

USB (132.8% relative to SB).  

The computed Langmuir constant b values are also enlisted in table 3.4. The 

positive values of b indicated the appreciable affinities of biosorbents for metal ions 

(228). The highest positive value of b was found in case of Cr(III) biosorption by TSB. 

This indicates the relative higher affinity of TSB for Cr(III) attachment which was 

reinforced by the highest qmax

 So, it can be said here that the biosorption of (Pb(II), Cd(II), Cu(II) and Cr(III)) 

by the biosorbents under study (SB, USB and TSB) was in monolayer fashion. In 

addition, the computed parameters showed that the modification of Sorghum biomass 

with urea and thiourea was beneficent. The discussion of this particular isotherm 

reinforces the same trend of effective biosorption considering the biosorption capacities 

as described in the previous summary section of process parameters i.e. 

 value in this particular case. 

TSB> USB > SB 
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Table 3.5: Specific surface area and separation factor for metal ions biosorption by 
SB, USB and TSB 

Parameters Pb(II) Cd(II) Cu(II) Cr(III) 

Ionic Radius  
(Å) 

1.33 1.09 0.71 0.755 

Cross sectional 
Area 
(Å2

5.56 

) 

3.73 1.58 1.79 

Sorghum biomass (SB) 

Specific surface 
Area 

(m2

1.02 

/g) 

2.38 2.19 4.53 

Separation 
Factor 
(RL

0.512 – 0.174 

) 

0.645 – 0.267 0.311 – 0.083 0.744 – 0.237 

Urea modified Sorghum biomass (USB) 

Specific surface 
Area 

(m2

2.24 

/g) 

4.88 5.73 10.55 

Separation 
Factor 
(RL

0.356 – 0.048 

) 

0.574 – 0.109 0.254 – 0.030 0.814 – 0.328 

Thiourea modified Sorghum biomass (SB) 

Specific surface 
Area 

(m2

2.88 

/g) 

5.13 7.98 16.94 

Separation 
Factor 
(RL

0.549 – 0.075 

) 

0.443 – 0.067 0.344 – 0.046 0.184 – 0.024 

 

 Specific surface area of SB, USB and TSB for the studied metal ions was also 

calculated using equation 3.3 and enlisted in Table 3.5. This gives information about the 

maximum surface area covered by the metal ions on the biosorbent surface. It has a direct 

relation with metal uptake of the biosorbent. Values enlisted in Table 3.5 are in 

accordance with the statement. 
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 Dimension less separation factor (RL

 

) has also been calculated according to 

equation 3.4 and reported in Table 3.5. The values in all the cases were in between 0 – 1 

indicating the favorability of the studied biosorption process.  

3.3.1.2  Freundlich Isotherm Model 

 Freundlich isotherm model presumes that there is heterogeneous distribution of 

binding sites on the adsorbent surface. The concentration of adsorbing specie increases 

on the surface of adsorbent with increase in its concentration in solution. Thus the 

adsorption of metal ions to the heterogeneous surface occurs in a multilayer fashion. In 

addition, mutual attractive forces are present among the adsorbed ions (80).The 

Freundlich isotherm is represented by an exponential equation which is  

𝑞𝑒 = 𝐾𝑓𝐶𝑒
1/𝑛   …….Equation 3.5 

here Kf

63

 is the constant indicative of relative adsorption capacity and n represents 

adsorption intensity. Magnitude of n represents favorability of adsorption process. Value 

greater than 2, in between 0 – 1 and less than 1 represents better, good and average 

adsorption characteristics ( ). 

The linear form of Freundlich model is as under 

𝑙𝑜𝑔𝑞𝑒 = 𝑙𝑜𝑔𝐾𝑓 + 1
𝑛
𝑙𝑜𝑔𝐶𝑒  ……Equation 3.6 
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Fig 3.10a: Linear Freundlich plot for Pb(II) biosorption by SB, USB and TSB 

 
 
 

 
Fig 3.10b: Linear Freundlich plot for Cd(II) biosorption by SB, USB and TSB 
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Fig 3.10c: Linear Freundlich plot for Cu(II) biosorption by SB, USB and TSB 

 

 
Fig 3.10d: Linear Freundlich plot for Cr(III) biosorption by SB, USB and TSB 
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Table 3.6: Freundlich Isotherm parameters for the biosorption of metal ions on SB, 
USB and TSB 

Metal ions K
 
f n Correlation 

coefficient (R2) 
Sorghum biomass (SB) 

Pb(II) 0.3872 1.4285 0.988 

Cd(II) 0.2805 1.2919 0.987 

Cu(II) 0.6531 2.0661 0.992 

Cr(III) 0.2624 1.5948 0.953 

Urea modified Sorghum biomass (USB) 

Pb(II) 1.7906 2.0576 0.961 

Cd(II) 2.0464 2.2522 0.860 

Cu(II) 2.1979 2.6525 0.899 

Cr(III) 0.3540 1.4124 0.949 

Thiourea modified Sorghum biomass (TSB) 

Pb(II) 1.4289 1.9380 0.970 

Cd(II) 1.1967 1.8149 0.958 

Cu(II) 2.4717 2.4752 0.886 

Cr(III) 4.0555 1.3966 0.998 

 

 Equilibrium data of the present study was employed to evaluate its fitness to 

Langmuir equation. Linear Freundlich plots for equilibrium data for the biosorption of 

Pb(II), Cd(II), Cu(II) and Cr(III) are shown in Fig 3.10a, 3.10b, 3.10c and 3.10d, 

respectively. The Freundlich constants Kf and n were calculated and enlisted in Table 

3.6.  
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 Considering the values of R2

 While comparing the results obtained for metal ions biosorption by SB, USB and 

TSB, USB and TSB showed higher values of K

 only Cr(III) biosorption by TSB shown nearly ideal 

value (0.998).In other cases values were found quite less indicating the unfitness of the 

Freundlich model to equilibrium data. The values of indicative adsorption intensity (n) 

were in between 1 – 2or greater than 2 in all the cases representing good adsorption 

characteristics.  

f relative to SB. This indicates that USB 

and TSB showed better adsorption capacity for metal ions biosorption than SB. This 

effect is most significant in case of Cr(III) i.e. TSB showed the highest Kf

 

 value (4.0555) 

as compared to USB and TSB (0.3540 and 0.2624, respectively). This is in accordance to 

the results obtained in the previous section of Langmuir isotherm model. The reason may 

attribute to the relatively higher charge to mass ratio of Cr(III) when compared with 

remaining studied metal ions and better chelation capacity of TSB. Thus again a similar 

conclusion can be made here that modification of Sorghum biomass increases the binding 

capacity to a significant higher level.  

3.3.1.3  Temkin Isotherm Model 

 The basic assumption of Temkin isotherm model is decline of heat of adsorption 

as a function of temperature is linear due to adsorbent – adsorbate interactions. The non-

linear and linear forms of Temkin isotherm are as under  

𝑞𝑒 = 𝐵𝑇ln (𝐾𝑇 .𝐶𝑒)   …… Equation 3.7 

𝑞𝑒 = 𝐵𝑇𝑙𝑛𝐶𝑒 + 𝐵𝑇𝑙𝑛𝐾𝑇  …... Equation 3.8 
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where BT (KJ/mol) represents heat of adsorption and KT

229

 (L/g)is the Temkin constant 

related to equilibrium binding. The heat of adsorption (BT) in this model is useful to 

evaluate the nature of binding forces among the adsorbent and adsorbate. Value less 

than8 represents that interactive forces are weak and physical in nature where as value 

greater than 8 shows that interactive forces are strong and chemical in nature ( , 230). 

 

 

 
Fig 3.11a: Linear Temkin plot Pb(II) biosorption by SB, USB and TSB 
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Fig 3.11b: Linear Temkin plot Cd(II) biosorption by SB, USB and TSB 

 

 

 
Fig 3.11c: Linear Temkin plot Cu(II) biosorption by SB, USB and TSB 
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Fig 3.11d: Linear Temkin plot Cr(III) biosorption by SB, USB and TSB 
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1.479KJ/mol, 2.717KJ/mol and 6.290KJ/mol using SB, USB and TSB respectively. The 

increase in magnitude of BT values depicted that USB and TSB offered strong binding 

forces to metal ions. TSB showed BT

Table 3.7: Temkin Isotherm parameters for the biosorption of metal ions on SB, 
USB and TSB 

 values even more than USB in all the cases. This 

critical comparison again reinforces the beneficial effect of urea and thiourea 

modification of the Sorghum biomass. 

Metal ions B
(KJ/mol) 

T K
(L/g) 

T Correlation 
coefficient (R2) 

Sorghum biomass (SB) 

Pb(II) 1.367 0.4839 0.970 

Cd(II) 1.460 0.3604 0.958 

Cu(II) 1.058 0.7733 0.978 

Cr(III) 1.479 0.1918 0.931 

Urea modified Sorghum biomass (USB) 

Pb(II) 3.088 0.8675 0.986 

Cd(II) 2.767 1.1889 0.937 

Cu(II) 2.128 1.8421 0.942 

Cr(III) 2.717 0.1846 0.963 

Thiourea modified Sorghum biomass (TSB) 

Pb(II) 4.212 0.3533 0.951 

Cd(II) 3.711 0.3758 0.970 

Cu(II) 2.860 1.3551 0.944 

Cr(III) 6.290 2.145 0.928 
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3.3.1.4 Dubinin-Radushkevich (D-R) Isotherm Model  

 Dubinin-Radushkevich model (D-R) gives extensive information about the nature 

of adsorption i.e. physical or chemical and the mean free energy of adsorption. Following 

are the equations which represents the non-linear and linear forms of D-R model.  

𝑞𝑒 = 𝑞𝑚exp (−𝛽𝜀2)   …….Equation 3.9 

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑞𝑚 − 𝛽𝜀2   ..….Equation 3.10 

where 

𝜀 = 𝑅𝑇𝑙𝑛(1 + 1
𝐶𝑒

)   ...…Equation 3.11 

here ‘β’ (mol2/J2) is the coefficient used to calculate the mean free energy (E (kJ/mol)) as 

according to equation 3.12, ‘ε’ (J/mol) is Polanyi Potential and ‘qm

𝐸 =  1
�2𝛽

   …..Equation 3.12 

’ (mg/g) represents the 

maximum adsorption capacity of the adsorbent.  

 

 The magnitude of mean free energy (E) gives idea about the physical and 

chemical nature of adsorption process. Value less than 8 kJ/mol represents physical, 

value between 8-16 kJ/mol represents ion exchange and value more than 16 kJ/mol 

represents chemical nature of adsorption (68). 



Chapter 3  Results and Discussion 

 

105 

 
Fig 3.12a: Linear D-R plot Pb(II) biosorption by SB, USB and TSB 
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similar trend as observed in previous models that proposed modification of sorghum 

biomass increases the number of binding sites. The mean free energy values in all the 

studied cases were found to be less than 8 kJ/mol depicting the physical nature of binding 

forces. 

 
Fig 3.12b: Linear D-R plot Cd(II) biosorption by SB, USB and TSB 
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Fig 3.12c: Linear D-R plot Cu(II) biosorption by SB, USB and TSB 

 

 

 
Fig 3.12d: Linear D-R plot Cr(III) biosorption by SB, USB and TSB 
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Table 3.8: Dubinin-Radushkevich Isotherm parameters for the biosorption of metal 
ions on SB, USB and TSB 

Metal ions q
(mg/g) 

m β 
(mol2/J2

E 
) (kJ/mol) 

Correlation 
coefficient (R2) 

Sorghum biomass (SB)  

Pb(II) 2.828 3.01 x 10 0.408 -6 0.799 

Cd(II) 2.795 4.66 x 10 0.328 -6 0.807 

Cu(II) 2.932 2.27 x 10 0.469 -6 0.779 

Cr(III) 3.564 1.86 x 10 0.164 -5 0.800 

Urea modified Sorghum biomass (USB)  

Pb(II) 9.481 13.4 x 10 0.612 -6 0.749 

Cd(II) 9.728 1.75 x 10 0.534 -6 0.834 

Cu(II) 8.525 9.12 x 10 0.740 -7 0.774 

Cr(III) 5.977 1.69 x 10 0.172 -5 0.781 

Thiourea modified Sorghum biomass (TSB)  

Pb(II) 12.094 4.41 x 10 0.337 -6 0.690 

Cd(II) 10.155 5.41 x 10 0.304 -6 0.781 

Cu(II) 10.859 1.53 x 10 0.572 -6 0.815 

Cr(III) 13.999 2.33 x 10 0.782 -7 0.782 
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3.3.1.5 Equilibrium Modeling – Non-linear Fashion 

 The Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich isotherm models 

have been applied to the equilibrium data obtained in the biosorption of studied metal 

ions by SB, USB and TSB in a non-linear fashion to verify the trend as obtained in linear 

modeling. Non-linear forms of Langmuir (Equation 3.1), Freundlich (Equation 3.5), 

Temkin (Equation 3.7) and Dubinin-Radushkevich (Equation 3.9) were used to plot the 

qe (mg/g) vs Ce 

 

(mg/L) curves. The validation of experimental data was determined by 

calculating root mean square error (RMSE) values as according to Equation 3.13. Lesser 

the value of RMSE more will be the fitness of calculated data to experimental data.  

𝑅𝑀𝑆𝐸 =  �
∑(𝑞𝑒(𝑐𝑎𝑙)−𝑞𝑒(𝑒𝑥𝑝))2

𝑁
   ……Equation 3.13 

 

Non-linear isotherm plots for the biosorption of Pb(II), Cd(II), Cu(II) and Cr(III) 

by SB, USB and TSB are shown in Fig 3.13, 3.14, 3.15 and 3.16 respectively. The root 

mean square error values were also calculated from the respective plots and tabulated in 

Table 3.9. Comparison of RMSE values indicates that biosorption of the studied metal 

ions by simple and modified forms of sorghum biomass follow Langmuir model 

dominantly except the biosorption of Cr(III) by TSB. Biosorption of Cr(III) ions from 

aqueous solution by TSB was found to follow Freundlich isotherm model (based on 

lowest RSME value). 
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Fig 3.13: Non-Linear isotherms plot for Pb(II) biosorption by (a) SB, (b) USB, (c) TSB  
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Fig 3.14: Non-Linear isotherms plot for Cd(II) biosorption by (a) SB, (b) USB, (c) TSB  
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Fig 3.15: Non-Linear isotherms plot for Cu(II) biosorption by (a) SB, (b) USB, (c) TSB 
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Fig 3.16: Non-Linear isotherms plot for Cr(III) biosorption by (a) SB, (b) USB, (c) TSB 
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Table 3.9: RMSE values calculating from non-linear isotherms plots 
Metal Biosorbent Root Mean Square Error (RMSE) values 

  Langmuir Freundlich Temkin D-R 

Pb (II) SB 0.036 0.043 0.044 0.158 

 USB 0.117 0.261 0.123 0.612 

 TSB 0.153 0.417 0.207 0.732 

Cd (II) SB 0.038 0.034 0.054 0.153 

 USB 0.181 0.314 0.292 0.614 

 TSB 0.279 0.634 0.422 0.754 

Cu (II) SB 0.028 0.071 0.034 0.138 

 USB 0.170 0.340 0.193 0.503 

 TSB 0.162 0.517 0.261 0.599 

Cr (III) SB 0.063 0.083 0.080 0.240 

 USB 0.075 0.130 0.114 0.339 

 TSB 0.279 0.063 0.402 0.802 

 

The fitness of equilibrium data to Langmuir model indicates the homogeneous 

binding of metal ions to the biosorbent surface forming a single layer. While in case of 

Cr(III) biosorption by TSB (exception case), heterogeneous and multilayer attachment  

was observed as according to Freundlich supposition. This can be attributed to the same 

reason that was given in previous section of linear modeling i.e. the highest charge to 

mass ratio of Cr(III) as compared to Pb(II), Cd(II) and Cu(II). This was confirmed by the 

high biosorption capacity values of SB, USB and TSB as obtained in linear Langmuir 

modeling (Table 3.4). Another reason can be given in the support of this trend that Cr(III) 
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has maximum ability in the studied ions to accept the electron pairs in its vacant d-

orbitals. As in TSB, sulfur containing functional groups have been incorporated in 

sorghum; it can form co-ordinate covalent bond with Cr(III) relatively more easily. This 

has been affirmed by highest qmax

It can be concluded over here that linear as well as non-linear modeling of 

isotherms on to the equilibrium data of Pb(II), Cd(II), Cu(II) and Cr(III) biosorption by 

SB, USB and TSB was governed dominantly by Langmuir isotherm model.  

 values of TSB for Cr(III) biosorption as illustrated in 

Table 3.4. 

 

3.3.1.6 Summary of Equilibrium Modeling 

 The equilibrium data was evaluated by employing Langmuir, Freundlich, Temkin 

and Dubinin-Radushkevich isotherm equation in linear as well as non-linear fashion. 

Following concluding remarks can be made on equilibrium modeling: 

• The comparison of R2

• The binding of metal ions to the surface of SB, USB and TSB was physical rather 

than chemical as indicated in Temkin Model. 

 values (linear modeling) and RMSE values (non-linear 

modeling) showed that equilibrium fitted well to Langmuir equation 

predominantly.  

• Freundlich model indicated the suitability of SB, USB and TSB for metal ions 

biosorption by showing appropriate values of ‘n’. 

• Equilibrium data did not follow Dubinin-Radushkevich model as indicated by 

highest RMSE values (non-linear modeling) and lowest R2 values (linear 

modeling) relative to other studied isotherms. 
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• Comparison of Langmuir qmax

 

 values indicated the beneficial effect of urea and 

thiourea modification of sorghum biomass. TSB showed highest uptake capacity 

for the metal ions.  

3.3.2  Kinetic Modeling 

 The popular kinetic models (Elovich, Pseudo-first order, Pseudo-second order) in 

linear as well as in non-linear fashion have been employed to evaluate the reaction 

kinetics of the studied biosorption process. The aim of kinetic modeling was to 

investigate about the reaction mechanism and reaction rate. The obtained information can 

become useful to develop an efficient and rapid biosorption process on commercial scale. 

The shape of curve and comparison of experimental and calculated value of qe

 The fitness of studied kinetic models can be quantitatively judged by calculating 

the percent relative deviation (P). Following equation was used for the purpose 

 (mg/g, 

biosorption capacity at equilibrium) would be the deciding factor that which model was 

being followed. 

𝑃 =  100
𝑁
∑ �

𝑞𝑒(𝑒𝑥𝑝)−𝑞𝑒(𝑐𝑎𝑙)

𝑞𝑒(𝑒𝑥𝑝)
�   ….Equation 3.14 

here qe(exp) (mg/g)and qe(cal) 

175

(mg/g) are the experimental and calculated values of 

biosorption capacity by using Kinetic models and N is the total number of observations 

( ). The lower value of P will indicate a close fit of kinetic model to kinetic data of the 

process. Another deciding factor of goodness of fit is correlation coefficient (R2

150

). Its 

value must be greater than 0.98 to consider the model fit the data ( ). 
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3.3.2.1 Elovich Model 

 It is the simplest kinetic model that was proposed to study the kinetics of 

adsorption of gases on solids. It relates the energy of adsorption to the change in surface 

coverage. This model is least applied to the biosorption systems. Literature reported that 

only a very few studies followed this model (231, 232). Following equation 3.15 

represents the Elovich model (233-235) 

𝑑𝑞𝑡
𝑑𝑡

= 𝑎𝑒𝑥𝑝(−𝑏𝑞𝑡)   ..….Equation 3.15 

where a (mg/g/min) represents rate constant and b (g/mg) represents rate of adsorption at 

zero coverage. Chien and Clayton simplified this equation into linear form (equation 

3.16) (236). 

𝑞𝑡 = ln (𝑎 × 𝑏)
𝑏

+ 𝑙𝑛𝑡
𝑏

   …..Equation 3.16 

 

  
Fig 3.17(a): Elovich plot for the biosorption kinetics of Pb(II) using SB, USB and TSB 
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Fig 3.17(b): Elovich plot for the biosorption kinetics of Cd(II) using SB, USB and TSB 

 

 

 
Fig 3.17(c): Elovich plot for the biosorption kinetics of Cu(II) using SB, USB and TSB 
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Fig 3.17(d): Elovich plot for the biosorption kinetics of Cr(III) using SB, USB and TSB 
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particular case was found to be higher using USB relative to TSB. While in case of Cu(II) 

binding by USB and TSB, opposite trend was observed. Thus the trend observed in value 

of ‘a’ and ‘b’ cannot be generalized.  

Table 3.10: Elovich model parameters for the biosorption on Pb(II), Cd(II), Cu(II) 
and Cr(III) using SB, USB and TSB 

Metal ions a 
(mg/g/min) 

b 
(g/mg) 

Correlation 
coefficient (R2) 

Sorghum biomass (SB) 

Pb(II) 2.83 x 10 12.658 9 0.866 

Cd(II) 12.66 3.436 0.912 

Cu(II) 37.994 3.906 0.859 

Cr(III) 1.411 1.898 0.944 

Urea modified Sorghum biomass (USB) 

Pb(II) 9.01 x 10 4.630 6 0.849 

Cd(II) 1.67 x 10 4.505 6 0.827 

Cu(II) 1.27 x 10 3.484 4 0.832 

Cr(III) 9.884 1.420 0.888 

Thiourea modified Sorghum biomass (TSB) 

Pb(II) 8.45 x 10 4.098 7 0.838 

Cd(II) 5.61 x 10 3.327 5 0.881 

Cu(II) 1.48 x 10 8.065 15 0.808 

Cr(III) 6.683 1.046 0.888 

 

 Based on the value of correlation coefficient and abrupt values of binding rate it 

can be concluded here that Elovich model fails to explain reaction kinetics of the 
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process.The unfitness of Elovich model also suggests that there is a less chance of the 

studied process as chemisorptions (237).  

 

3.3.2.2 Pseudo-first order Model 

 Pseudo-first order was based on the supposition that adsorption is directly 

proportional to the number of free binding sites. The differential and linear forms of 

pseudo-first order model are given in the equation 3.17 and 3.18 respectively (149). 

𝑑𝑞𝑡
𝑑𝑡

= 𝑘1(𝑞𝑒 − 𝑞𝑡)   …..Equation 3.17 

ln(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 −  𝑘1𝑡  …..Equation 3.18 

where k1 (min-1) represents pseudo-first order rate constant, qe (mg/g) and qt

 The kinetic data obtained in section 3.2.2 was used to study pseudo-first order 

model. Linear plots of ‘ln(qe-qt)’ vs ‘t’(using equation 3.18) for the biosorption of Pb(II), 

Cd(II), Cu(II) and Cr(III) using SB, USB and TSB were obtained and are shown in Fig 

3.18a, 3.18b, 3.18c and 3.18d, respectively. The pseudo-first order parameters, k

(mg/g) 

represents amount of adsorbate in milligrams absorbed by one gram of adsorbent at 

equilibrium and at given time, respectively.  

1, qe 

(calculated) along with qe (experimental) and R2 values are shown in Table 3.11. 
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Fig 3.18a: Pseudo-first order plot for the biosorption kinetics of Pb(II) by SB, USB and TSB 

 
Fig 3.18b: Pseudo-first order plot for the biosorption kinetics of Cd(II) by SB, USB and TSB 
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Fig 3.18c: Pseudo-first order plot for the biosorption kinetics of Cu(II) by SB, USB and TSB 

 

 
Fig 3.18d: Pseudo-first order plot for the biosorption kinetics of Cr(III) by SB, USB and TSB 
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Table 3.11: Pseudo-first order kinetic parameters for Pb(II), Cd(II), Cu(II) and 
Cr(III) biosorption by SB, USB and TSB 
Metal ions k

(min
1 

-1
q

) 
e

(g/mg) 
 (cal) qe

(g/mg) 
 (exp) Correlation 

coefficient 
(R2

P 

) 
(%) 

Sorghum biomass (SB) 

Pb(II) 0.166 0.471 2.20 0.883 78.59 

Cd(II) 0.154 1.557 2.12 0.962 26.54 

Cu(II) 0.147 1.248 2.17 0.943 42.46 

Cr(III) 0.104 1.917 2.39 0.977 19.77 

Urea modified Sorghum biomass (USB) 

Pb(II) 0.199 1.446 4.53 0.941 68.07 

Cd(II) 0.195 1.416 4.28 0.997 66.91 

Cu(II) 0.213 2.160 4.06 0.954 46.80 

Cr(III) 0.168 3.940 4.31 0.981 8.60 

Thiourea modified Sorghum biomass (TSB) 

Pb(II) 0.195 1.519 5.63 0.998 73.02 

Cd(II) 0.271 4.297 5.40 0.830 20.42 

Cu(II) 0.187 0.756 5.02 0.999 84.94 

Cr(III) 0.242 10.350 5.19 0.870 -99.42 

 

 

The comparison of k1 values (Table 3.10) gave an indication of increase in 

reaction rate due to modification of Sorghum biomass by urea and thiourea. This is in 

accordance to the trend already discussed in section 3.2.2 (time of contact). For instance, 

k1(min-1) value for Cr(III) biosorption by SB was found 0.104 that is lower than those 
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found by using USB and TSB i.e. 0.168 and 0.242, respectively. Similar trend was 

observed in other cases as well. An increase in rate constant indicated that modified 

biosorbents up took metal ions more rapidly as compared to simple biosorbent. This is 

attributed to the higher availability of binding sites on the surface of modified biosorbents 

relative to simple biosorbent. 

 The correlation coefficient (R2) values did not indicate satisfactory fitness of 

pseudo-first order to the kinetic data. The values in most the cases were found less than 

0.98 showing the defiance of this model. The exceptional cases are Pb(II) and Cu(II) 

biosorption by TSB and Cr(III) biosorption by USB. In these particular cases R2

This ambiguity was made clear by the comparison of percent relative deviation 

(P) values as enlisted in Table 3.11. It is the quantitative measurement of difference 

between the calculated and experimental values of uptake capacity (q

 values 

were found higher than 0.98 (Table 3.11) showing relative better fitness of pseudo-first 

order model to their kinetic data. This created an ambiguity that how is it possible for a 

similar biosorbent to give different trends? 

e, mg/g) of 

biosorbents. There was a significantly large difference between the experimental and 

calculated values of qe. For example, difference in experimental and calculated qe

So, based on above discussions pseudo-first order model could not be used to 

describe the kinetic data of studied metal ions biosorption by SB, USB and TSB.  

 values 

for Cu(II) biosorption by TSB was found 84.94%, for Pb(II) by SB was 78.59% and 

Cd(II) by TSB was 66.91%. Similar differences were found in rest of the cases as well. 

The least percent relative deviation was found in Cr(III) biosorption by USB i.e. 8.60%.  

 



Chapter 3  Results and Discussion 

 

126 

3.3.2.3 Pseudo-Second Order Model 

 Pseudo-second order model base on the assumption that rate of reaction is directly 

proportional to the square of the binding sites on the adsorbent and metal ion 

concentration. It is represented in equation 3.19 (149). 

𝑑𝑞𝑡
𝑑𝑡

= 𝑘2(𝑞𝑒 − 𝑞𝑡)2   ……Equation 3.19 

here k2 (min-1) represents the pseudo-second order rate constant, qe (mg/g) and qt (mg/g) 

is the uptake capacity of adsorbent at equilibrium and at a given time, respectively. This 

differential equation after integration between the limits t = 0, qt = 0 and t = t, qt = qt 

𝑡
𝑞𝑡

= 1
𝑘2(𝑞𝑒)2

+ 𝑡
𝑞𝑒

    …..Equation 3.20 

can 

be represented in linear form (equation 3.20) 

 According to equation 3.20 the plot of t/qt against the values of t should be linear 

with 1/qe as slope and 1/k2(qe)2 as y-intercept. Pseudo-second order model was employed 

to kinetic data of the study to investigate its fitness. Linear plots of kinetic data using 

pseudo-second order (equation 3.20) for Pb(II), Cd(II), Cu(II) and Cr(III) biosorption by 

SB, USB and TSB are shown in Fig 3.19a, 3.19b, 3.19c and 3.19d, respectively. The 

intercept and slope of the respected plots were used to calculate the value of qe (cal) and 

k2and illustrated in Table 3.12. Table 3.12 also contains the value of qe (exp) and percent 

relative error between calculated and experimental qe i.e. P(%) 
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Fig 3.19a: Pseudo-second order plot for biosorption kinetics of Pb(II) using SB, USB and TSB 

 
 
 

 
Fig 3.19b: Pseudo-second order plot for biosorption kinetics of Cd(II) using SB, USB and TSB 
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Fig 3.19c: Pseudo-second order plot for biosorption kinetics of Cu(II) using SB, USB and TSB 

 

 
Fig 3.19d: Pseudo-second order plot for biosorption kinetics of Cr(III) using SB, USB and TSB 
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Table 3.12: Pseudo-second order kinetic parameters for Pb(II), Cd(II), Cu(II) and 
Cr(III) biosorption by SB, USB and TSB 
Metal ions k

(min
2 

-1
q

) 
e

(g/mg) 
 (cal) qe

(g/mg) 
 (exp)  R P 2 

(%) 
Half life 
t1/2 (min) 

Sorghum biomass (SB) 

Pb(II) 0.974 2.227 2.20 0.999 -1.235 0.46 

Cd(II) 0.191 2.252 2.12 0.998 -6.238 2.32 

Cu(II) 0.253 2.277 2.17 0.998 -4.97 1.73 

Cr(III) 0.066 2.747 2.39 0.995 -14.94 5.48 

Urea modified Sorghum biomass (USB) 

Pb(II) 0.382 4.629 4.53 0.999 -2.199 0.56 

Cd(II) 0.383 4.369 4.28 0.999 -2.02 0.60 

Cu(II) 0.281 4.167 4.06 0.999 -2.63 0.85 

Cr(III) 0.076 4.651 4.31 0.998 -7.91 0.281 

Thiourea modified Sorghum biomass (TSB) 

Pb(II) 0.340 5.747 5.63 0.999 -2.080 0.51 

Cd(II) 0.243 5.525 5.40 0.999 -2.312 0.74 

Cu(II) 0.792 5.076 5.02 1 -1.12 0.25 

Cr(III) 0.051 5.714 5.19 0.999 -10.1 3.42 

 

 The comparison of rate constant (k2) values indicated that modification of 

sorghum biomass caused an increase in rate of biosorption. For example, rate constant 

value for Cu(II) biosorption by SB was found to be 0.253min-1 which is relatively less 

than 0.281min-1 and 0.792min-1for USB and TSB, respectively. Biosorption of Pb(II) by 

SB showed maximum value (0.974min-1) which indicated the rapid attachment of Pb(II) 
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by SB. This value is even greater than modified biosorbent (USB and TSB). The reason 

behind, amount of SB used for the study was two times greater than USB and 2.5 times 

greater than TSB. So more active sites were available for binding of Pb(II) ions thus 

observed a high rate constant. The correlation coefficient (R2

 The magnitude of the relative percent deviation (P%) values calculated from 

pseudo-second order model (Table 3.12) were also found to be much less than those 

found in pseudo-first order model (Table 3.11). This indicates the better fitness of 

pseudo-second order model to kinetic data relative to pseudo-first order model. The P 

values appeared in table 3.11 were with negative sign. This sign just indicate that 

calculated q

) values for the studied 

metal ions biosorption by SB, USB and TSB were found greater than 0.98. This showed 

that kinetic data of the process was best followed by pseudo-second order model.  

e value was higher than experimental qe

 Based on theoretical consideration, the following equation can be given to 

describe the adsorption of bivalent cation (M) onto free binding sites (B) 

 value. Hence only magnitude of P 

value was considered for comparison.  

M + 2B B2M
 

This indicates that rate of adsorption is proportional to square of binding sites on 

SB, USB and TSB and concentration of metal ions. This corresponds to the term (qe - 

qt)2 

120

in pseudo-second order equation 3.19. The best fit of pseudo-second order explains 

that one divalent cation attaches to two monovalent binding sites ( , 131). 

Pseudo-second order equation can be used to find out the half life (t1/2, min) of the 

process. It is the time in which half of the process is completed and can be calculated by 
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making the following alteration in pseudo-second order equation. Equation 3.20 can be 

written as 

𝑡
𝑞𝑡
− 𝑡

𝑞𝑒
= 1

𝑘2(𝑞𝑒)2
   ……Equation 3.21 

𝑡 �𝑞𝑒−𝑞𝑡
𝑞𝑒𝑞𝑡

� = 1
𝑘2(𝑞𝑒)2

   …..Equation 3.22 

𝑡 = � 𝑞𝑒𝑞𝑡
𝑞𝑒−𝑞𝑡

� × 1
𝑘2(𝑞𝑒)2

  ……Equation 3.23 

When half of the process is complete, at t1/2, qt = qe

𝑡1/2 = 1
𝑘2𝑞𝑒

    ……Equation 3.24 

/2, applying this value in 

equation 3.23 we can get 

Equation 3.24 indicates that the only parameter that can be used to calculate the 

half life is the product of rate constant and binding capacity of biosorbent (k2qe

Based on the above discussions, it can be inferred here than kinetic data for 

biosorption of Pb(II), Cd(II), Cu(II) and Cr(III) by SB, USB and TSB best followed 

pseudo-second order model. Hence pseudo-second order model can successfully be used 

to describe the reaction kinetics of the studied process. 

). Half life 

of the process is the  reciprocal of this parameter having units in minutes. The half life 

values for Pb(II), Cd(II), Cu(II) and Cr(III) biosorption by SB, USB and TSB were 

calculated using equation 3.24 and illustrated in Table 3.11. The half life values also 

shows a similar trend as observed earlier that modified biosorbents (USB and TSB) 

showed relatively lower values than its simple form (SB). 
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3.3.2.4 Kinetic Modeling –Non-linear Fashion 

 Pseudo-first order (PFO) model, pseudo-second order (PSO) model and Elovich 

model were also used in their non-linear state to investigate the best fit. For this purpose, 

the linear equation of Elovich model (Equation 3.16), pseudo-first order model (Equation 

3.18) and pseudo-second order model (Equation 3.20) were rearranged. Equation 3.25, 

3.26 and 3.27 represents the non-linear forms of Elovich, PFO and PSO model, 

respectively. 

𝑞𝑡 = 1
𝑏

(ln(𝑎. 𝑏. 𝑡))   …..Equation 3.25 

𝑞𝑡 = 𝑞𝑒(1− 𝑒𝑥𝑝−𝑘1𝑡)  …..Equation 3.26 

𝑞𝑡 = 𝑡.𝑘2(𝑞𝑒)2

1+𝑡.𝑘2.𝑞𝑒
   …...Equation 3.27 

The best fit of kinetic model was investigated by comparing the experimental and 

calculated value of qt (mg/g). The comparison was quantified by calculating the root 

mean square error (RMSE) as according to equation 3.28 (replacing qt in place of qe

𝑅𝑀𝑆𝐸 =  �
∑(𝑞𝑡(𝑐𝑎𝑙)−𝑞𝑡(𝑒𝑥𝑝))2

𝑁
  ……Equation 3.28 

 in 

equation 3.13). 

 The non-linear kinetic plots for biosorption of Pb(II), Cd(II), Cu(II) and Cr(III) by 

SB, USB and TSB are shown Fig 3.20, 3.21, 3.22 and 3.23, respectively. The RMSE 

values calculated from the relevant plots are enlisted in Table 3.13. 
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Fig 3.20: Non-linear kinetics plot for Pb(II) biosorption by (a) SB, (b) USB and (c) TSB 
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Fig 3.21: Non-linear kinetics plot for Cd(II) biosorption by (a) SB, (b) USB and (c) TSB 
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Fig 3.22: Non-linear kinetics plot for Cu(II) biosorption by (a) SB, (b) USB and (c) TSB 
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Fig 3.23: Non-linear kinetics plot for Cr(III) biosorption by (a) SB, (b) USB and (c) TSB 
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Table 3.13: RMSE values calculated from non-linear kinetic plots 
Metal Biosorbent Root Mean Square Error (RMSE) values 

  PFO PSO Elovich 

Pb (II) SB 0.576 0.005 0.007 

 USB 1.032 0.017 0.021 

 TSB 1.374 0.188 0.242 

Cd (II) SB 0.185 0.014 0.020 

 USB 0.957 0.179 0.023 

 TSB 0.380 0.021 0.025 

Cu (II) SB 0.312 0.018 0.023 

 USB 0.636 0.023 0.029 

 TSB 1.422 0.014 0.014 

Cr (III) SB 0.171 0.024 0.028 

 USB 0.130 0.035 0.056 

 TSB 1.705 0.054 0.077 

 

 The comparison of RMSE value indicated that kinetic data for the studies metal 

ions biosorption by SB, USB and TSB followed pseudo-second order predominantly. For 

instance, Cr(III) biosorption by TSB showed least RMSE value (0.054) for pseudo-

second order model when compared with pseudo-first order and Elovich model (1.705 

and 0.054, respectively). Similar trend was observed in other cases as well. 

An interesting point also appeared that RMSE values for Elovich model were 

found to be lower relative to pseudo-first order model. It seems that kinetic data may also 

follow Elovich model. But in linear modeling values of correlation co-efficient (R2) 
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found in the case of Elovich model were the least. Only the pseudo-second order model 

gave better fit by showing highest R2

 

 values (linear modeling) and least RMSE values 

(non-linear modeling). So here it can be concluded that kinetics data obtained for the 

biosorption of Pb(II), Cd(II), Cu(II) and Cr(III) by SB, USB and TSB was best followed 

by pseudo-second order model. This conclusion is in correspondence with most of the 

reported studies in literature (Table 3.14). 
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Table 3.14: Equilibrium and kinetic models followed by Pb(II), Cd(II), Cu(II) and 
Cr(III) biosorption by various bisorbents 
Metal 
ion 

Biosorbent Equilibrium 
Model* 

Kinetic 
Model** 

Reference 

Pb(II) Barley straw L -- (189) 

 Olive oil -- PSO (89) 

 Typha domingensis leaf 
powder 

L PSO (238) 

 Cicer arientinum (native)  DR PFO (192) 

 Cicer arientinum (HCl 
treated) 

DR PFO (192) 

 Cicer arientinum 
(H2SO4

DR 
 treated) 

PFO (192) 

 Cicer arientinum 
(H3PO4

DR 
) 

PFO (192) 

 Lobophora variegate L PSO (191) 

 Modified quebracho 
tannin resin  

L PSO (190) 

 Laminaria hyperborea -- PFO/PSO (185) 

 Bifurcaria bifurcate -- PSO (185) 

 Sargassam muticum -- PSO (185) 

 Fucus spiralis  PSO (185) 

 Yellow passion-fruit 
shells 

L PSO (85) 

 Urea-modified wheat 
straw 

L PSO (155) 

 Biocarbon generated 
from marigold 

L PSO (239) 

 Modified orange peel 
(grafted polymerization) 

L PSO (129) 

 Spartina alterniflora 
activated carbon 

F PSO (240) 

 Charred xanthated 
sugarcane bagasse 

-- PSO (241) 

 Biochar L PSO (242) 

 Sorghum bicolor(SB) L PSO Present Study 
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 Urea modified Sorghum 
bicolor(USB) 

L PSO Present Study 

 Thiourea modified 
Sorghum bicolor(TSB) 
 

L PSO Present Study 

Cd(II) Modified orange peel 
(grafted polymerization) 

L PSO (129) 

 Wheat straw F PSO (118) 

 Urea modified wheat 
straw 

L PSO (100) 

 Olive stone -- PSO (89) 

 Laminaria japonica 
(native) 

L, RP PFO (200) 

 Laminaria japonica 
(Epichlorohydrin treated) 

L, RP PFO (200) 

 Laminaria japonica 
(KMnO4

L, RP 
 treated) 

PFO (200) 

 Laminaria japonica 
(Glutaraldehyde treated) 

L, RP PFO (200) 

 Fenton modified pine 
bark 

L, F PFO (198) 

 Neem bark L, DR PSO (67) 

 Grape fruit peels -- PSO (243) 

 Orange peels -- PSO (243) 

 Lemon peels -- PSO (243) 

 Orange peels (HNO3 L, F  
treated) 

PSO (120) 

 Spent grain L -- (244) 

 Charred xanthated 
sugarcane bagasse 

-- PSO (241) 

 Coconut copra meal -- PSO (201) 

 Juniperus monosperma 
wood 

-- PSO (245) 

 Sulfonated Juniperus 
monosperma wood 

-- PSO (245) 

 Arachis hypogea L PSO (72) 
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 Lobophora variegate L PSO (191) 

 Azadiracha indica leaf 
Powder 

L PFO (203) 

 Sorghum bicolor(SB) 
 

L PSO Present Study 

 Urea modified Sorghum 
bicolor(USB) 
 

L PSO Present Study 

 Thiourea modified 
Sorghum bicolor(TSB) 
 

L PSO Present Study 

Cu(II) Cassava root husk L PSO (246) 

 P. Pulmonarius L -- (247) 

 S. Commune L -- (247) 

 Orange peels (HNO3 L, F  
treated) 

PSO (120) 

 Oak dust (HCl treated) L, DR PSO (157) 

 Rice straw L, F, T -- (206) 

 Dehydrated wheat bran L -- (204) 

 Ecklonia maxima L -- (248) 

 Sorghum bicolor(SB) L PSO Present Study 

 Urea modified Sorghum 
bicolor(USB) 
 

L PSO Present Study 

 Thiourea modified 
Sorghum bicolor(TSB) 
 

L PSO Present Study 

Cr(III) Biocarbon generated 
from marigold 

L PSO (239) 

 Pea waste L -- (57) 

 Yellow passion-fruit 
shells 

L PSO (85) 

 Olive stone -- PSO (89) 

 Agave bagasse L -- (86) 
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 Spirogyra condensate F PSO (249) 

 Rhizoclonium 
hieroglyphicum 

F PSO (249) 

 Polyalthia longifolia L, F, T -- (22) 

 Sorghum bicolor(SB) L PSO Present Study 

 Urea modified Sorghum 
bicolor(USB) 
 

L PSO Present Study 

 Thiourea modified 
Sorghum bicolor(TSB) 

F PSO Present Study 

*L = Langmuir, F = Freundlich, T = Temkin, DR = Dubinin-Radushkevich, RP = Redlich Peterson 
**PFO = Pseudo-first order, PSO = Pseudo-second order 

 

3.3.2.5 Rate Determining Steps  

 As per theoretical approach, biosorption process takes place in three steps. These 

steps are (153); 

i. Mass transfer of sorbate from aqueous phase on to the solid sorbent phase 

ii. Sorption of sorbate on to the surface sites 

iii. Internal diffusion of solute by either intra particle diffusion or boundary layer 

diffusion.  

Sorption of sorbate onto the surface sites is relatively rapid. So this step is 

unlikely to be rate determining. 

 

3.3.2.5.1 Mass Transfer Model 

 A mathematical model has been suggested by McKay et al. (153) to study the 

mass transfer as rate determining step and was termed as mass transfer model. This 

model is represented here in equation 3.29. 
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1
11ln ln . . .

1 1
e d d

s
o d d d

C m K m K S t
C m K m K m K

β
     +

− = −     + +     
 ... Equation 3.29 

where ‘md(g/L)’ is the mass of the biosorbent per unit volume, ‘K’ is the constant 

obtained from Langmuir constants (product of qmax and b), ‘β1’ is the mass transfer 

coefficient, and ‘Ss’ is the outer specific surface of the biosorbent particles per unit 

volume of particle free slurry. The value of ‘md’ and ‘Ss

d
Wm
v

=

’ can be calculated by using the 

following expressions 

    ……Equation 3.30 

6
(1 )

d
s

p p

mS
d ρδ ε

=
−

   ……Equation 3.31 

here ‘W (g)’ is the amount of the biosorbent used, ‘v (L)’ is the volume of praticel-free 

slurry solution, ‘dp’ represents diameter of particle, ‘δρ’ is the density of particles and 

‘εp

According to this model, if the plot between ln(C

’ is the porosity of the biosorbent particles.  

e/Co – 1/(1+mdK)) and time (t) 

comes out as a straight line then mass transfer would be considered as rate determining 

step. Otherwise internal diffusion (boundary layer diffusion or intra-particle diffusion) 

will be the rate determining step. Kinetic data for the biosorption of Pb(II), Cd(II), Cu(II) 

and Cr(III) by SB, USB and TSB was applied to the mass transfer model. Plots of mass 

transfer model were obtained by plotting the values ln(Ce/Co – 1/(1+mdK)) against time 

(t) and here shown in Fig 3.24a, 3.24b, 3.24c and 3.24d for biosorption Pb(II), Cd(II), 

Cu(II) and Cr(III) by SB, USB and TSB, respectively.. The slope, intercept (experimental 

and calculated) and correlation coefficient (R2) obtained from the respective plots are 

tabulated in Table 3.15. 
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Fig 3.24a: Transfer of mass with passage of time for Pb(II) biosorption by USB 
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of intercept also didn’t correlate suggesting the unfitness of mass transfer model to the 

kinetic data of Pb(II) biosorption by USB. 

 

 

 

 

 
Fig 3.24b: Transfer of mass with passage of time for Cd(II) biosorption by USB and TSB 
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Fig 3.24c: Transfer of mass with passage of time for Cu(II) biosorption by SB, USB and TSB 

 

 
Fig 3.24d: Transfer of mass with passage of time for Cr(III) biosorption by SB and TSB 
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Table 3.15: Slope, intercept (obtained and calculated) and R2

Metal ions 

 of Mass transfer 
model for the biosorption of metal ions on SB, USB and TSB 

Slope Intercept 
(Experimental) 

Correlation 
coefficient 

(R2

Intercept 

) 
(Obtained) 

Sorghum biomass (SB)  

Pb(II) -- -- -- -0.154 

Cd(II) -- -- -- -0.205 

Cu(II) -0.013 -1.102 0.642 -0.103 

Cr(III) -0.061 -1.008 0.861 -0.345 

Urea modified Sorghum biomass (USB)  

Pb(II) -0.042 -2.512 0.664 -0.077 

Cd(II) -0.100 -2.527 0.809 -0.152 

Cu(II) -0.014 -1.554 0.607 -0.061 

Cr(III) -- -- -- -0.041 

Thiourea modified Sorghum biomass (TSB)  

Pb(II) -- -- -- -0.158 

Cd(II) -0.033 -2.217 0.697 -1.098 

Cu(II) -0.006 -1.927 0.553 -0.083 

Cr(III) -0.027 -0.944 0.716 -0.021 

 

 Similar trend was observed in other cases. For Cd(II) biosorption by SB and 

Cr(III) biosorption by USB, negative values of (Ce/Co - 1/1+mdK) were obtained for 

which logarithmic values couldn’t be calculated. So, mass transfer equation could not 

apply for investigation of rate determining step. In the remaining cases, Cd(II) 

biosorption by USB and TSB, Cu(II) biosorption by SB, USB and TSB and Cr(III) 
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biosorption by SB and TSB the R2

 It has been demonstrated here that kinetic data for the biosorption of studied metal 

ions by SB, USB and TSB did not follow the mass transfer model. Therefore, mass 

transfer model cannot be the rate determining step in the studied cases. 

 values are significantly less than 0.98 (Table 3.15). 

Moreover, the experimental values of intercept were not found in correlation with the 

calculated values. Hence, mass transfer could not be considered as rate determining step 

for these particular cases. 

 

3.3.2.5.2 Intra-particle and Boundary Layer Diffusion as Rate Determining Steps 

 Another model has been proposed to understand the mechanism of biosorption 

termed as Intra particle diffusion model(154). Mathematically, it can be represented as  

1/2
t idq k t=    ….Equation 3.32 

here kidis the intra-particle diffusion co-efficient. If plot between qt and t1/2

 

 produces 

straight line passing through origin then intra-particle diffusion will be considered as rate 

determining step otherwise boundary layer diffusion will govern the rate determining 

step.  
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Fig 3.25a: Intra-particle diffusion plot for Pb(II) biosorption by SB, USB and TSB 

 
 

 
Fig 3.25b: Intra-particle diffusion plot for Cd(II) biosorption by SB, USB and TSB 
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Fig 3.25c: Intra-particle diffusion plot for Cu(II) biosorption by SB, USB and TSB 

 
 
 

 
 Fig 3.25d: Intra-particle diffusion plot for Cr(III) biosorption by SB, USB and TSB 
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 Kinetic data for the biosorption of studied metal ions using simple and modified 

biosorbents was used to investigate the fitness of intra-particle diffusion model. The plots 

of qt vs t1/2 

 Considering Cr(III) biosorption by SB, USB and TSB, the plots obtained are of 

dual nature that it becomes straight after curved path. Moreover the plots were neither 

linear nor passed through origin depicting the unfitness of intra-particle diffusion model 

on kinetic data. The dual nature of the plots was obtained due to the varying extent of 

sorption in the initial and final stages of experiment. The reason can be, boundary layer 

diffusion occurred in the linear stages and intra-particle diffusion occurred in the later 

stages (

for the biosorption of Pb(II), Cd(II), Cu(II) and Cr(III) by SB, USB and TSB 

are shown in Fig 3.25a, 3.25b, 3.25c and 3.25d, respectively. The values of intra-particle 

diffusion coefficient and intercept computed from the respective plots are given in Table 

3.16. 

250).  

Similar trend was observed in all other studied cases. None of the plots passed 

through origin thus indicate that rate determining step of the studied biosorption process 

was not governed by intra-particle diffusion. The dual nature of the plots imply that the 

biosorption process is governed by both boundary layer diffusion and intra-particle 

diffusion. In initial stages the process is controlled by boundary layer diffusion and in the 

final stages control shifts to intra-particle layer diffusion. 
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Table 3.16: Intra-particle diffusion parameters for the biosorption on Pb(II), Cd(II), 
Cu(II) and Cr(III) using SB, USB and TSB 

Metal ions k
(mg/g/min

id 
0.5

Intercept 
)  

Diffusion Coefficeint 
D (cm2/s) 

Sorghum biomass (SB) 

Pb(II) 0.035 1.990 1.69 x 10

Cd(II) 

-5 

0.131 1.347 3.37 x 10

Cu(II) 

-4 

0.114 1.506 4.52 x 10

Cr(III) 

-4 

0.244 0.945 1.43 x 10

Urea modified Sorghum biomass (USB) 

-4 

Pb(II) 0.096 3.985 1.40 x 10

Cd(II) 

-5 

0.098 3.720 1.30 x 10

Cu(II) 

-5 

0.126 3.332 9.20 x 10

Cr(III) 

-4 

0.315 2.483 2.78 x 10

Thiourea modified Sorghum biomass (TSB) 

-5 

Pb(II) 0.107 5.021 1.53 x 10

Cd(II) 

-5 

0.135 4.608 1.06 x 10

Cu(II) 

-5 

0.054 4.707 3.13 x 10

Cr(III) 

-5 

0.430 2.696 2.29 x 10-4 

 

   

 Another important point to note is the values of intercepts of plots (Table 3.16). 

By closely observing the values an important trend can be made that value of intercept 

increases in case of modified biosorbents relative to simple biosorbent when used for 

similar metal ion. For instance, Intercept value for Cu(II) biosorption by SB is 1.506 
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while for USB and TSB, it is 3.332 and 4.707 , respectively. The value of intercept is 

directly related to the thickness of boundary layer (251). It means boundary layer 

becomes thick for modified biosorbents as compared to simple biosorbent. This can be 

attributed to incorporation of modifying agent (urea/thiourea) onto the biosorbent surface. 

 Another factor that gives idea about the intra-particle diffusion as rate 

determining step is intra-particle diffusion coefficient ( D ). 

2

1/2

0.03rD
t

=     ….Equation 3.33 

here r (cm) represents the mean radius of biosorbent particles and t1/2

D

(sec) is half life time 

for the process. If value of the order of 10-11 cm2s-1

90

is obtained then intra-particle 

diffusion will be considered as rate determining step ( ). The D values calculated for the 

studied metal ions biosorption by SB, USB and TSB are shown in Table 3.16. The 

obtained values in all the cases were found much larger than 10-11 cm2

 Another kinetic expression has been proposed by Boyd et al. (

/s. This indicated 

that rate determining step cannot be governed by intra-particle diffusion alone. There was 

some other mechanism present also (the boundary layer diffusion). Hence, intra-particle 

diffusion coefficient values corresponds well to the inference obtained from intra-particle 

diffusion plots. Rate determining step of the studied biosorption process was controlled 

by boundary layer diffusion initially. Then, control shifted to intra-particle diffusion. 

Hence, biosorption process is complex and involves more than one type of diffusion 

mechanisms. 

252) to determine 

the actual rate determining step. The Boyd’s kinetic expression which was based on the 

fractional attainment of equilibrium with time is given in equation 3.34. 
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2

61 exp( )
3.1416 bF B t= − −

   …..Equation 3.34
 

here Bb

t

e

qF
q

=

 is the Boyd constant and F is the fractional attainment of equilibrium at time t 

given as 

    …..Equation 3.35 

By equating the values of F from equation 3.34 and 3.35, the simplified form can 

represent by equation 3.36. 

2

61 exp( )
3.1416

t
b

e

q B t
q

= − −
 

2

61 exp( )
3.1416

t
b

e

q B t
q

− = −
 

2

6ln(1 ) ln
3.1416

t
b

e

q B t
q

− = −
 

0.4977 ln(1 )t
b

e

qB
q

= − − −
  …...Equation 3.36 

The significance of Boyd expression is, if straight line passing through origin 

appears when Bb

154

 values are plotted against time t, then intra-particle diffusion will be the 

rate determining step. If not, then boundary layer will be considered as the rate 

determining step ( , 253). Kinetic data for the biosorption of metal ions by SB, USB 

and TSB was used to calculate the values of Bb using equation 3.36. The obtained values 

of Bb were plotted against time t (min) as shown in Fig 3.26a, 3.26b, 3.26c and 3.26d. 



Chapter 3  Results and Discussion 

 

155 

 
Fig 3.26a: Boyd plot for intra-particle diffusion of Pb(II) onto SB, USB and TSB 

 

 

 
Fig 3.26b: Boyd plot for intra-particle diffusion of Cd(II) onto SB, USB and TSB 
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Fig 3.26c: Boyd plot for intra-particle diffusion of Cu(II) onto SB, USB and TSB 

 

 
Fig 3.26d: Boyd plot for intra-particle diffusion of Cr(III) onto SB, USB and TSB 
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 As indicated in Fig 3.26a, 3.26b, 3.26c and 3.26d, none of the plots was linear nor 

passed through origin. Thus intra-particle diffusion could not be considered as rate 

determining step as per Boyd plots. It means boundary layer (film) diffusion was the rate 

determining step for the biosorption of Pb(II), Cd(II), Cu(II) and Cr(III) by SB, USB and 

TSB. 

  

3.3.2.6 Summary of Kinetic Modeling 

 The mathematical kinetic models available in literature were used to evaluate the 

kinetic data for Pb(II), Cd(II), Cu(II) and Cr(III) biosorption by SB, USB and TSB. It was 

found that  

• Kinetic data of the studied process did not follow Elovich model and Pseudo first 

order model. 

• For simple and modified biosorbents, kinetics data for metal ions biosorption was 

found to follow pseudo second order model. Both linear modeling (highest R2

• It was least probable for mass transfer to govern the rate determining step.  

 

values) as well as non-linear modeling (lowest RMSE values) supported this 

statement. 

• Rate determining step involved more than one type of diffusion mechanism i.e. 

boundary layer diffusion and film (boundary layer) diffusion. 

• For both diffusion mechanisms, the rate determining step was found to be 

controlled predominantly by boundary layer diffusion for studied metal ions 

biosorption by simple and modified biosorbents. 
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3.3.3  Thermodynamic Modeling 

Change in temperature has a considerable influence on the sorption of metal ions. 

It is directly related with the kinetic energy of metal ions. Increase in temperature 

accounts for the increased diffusion process. Lignocellulosic materials are porous 

substances. Therefore, diffusion probability along with adsorption cannot be neglected as 

a mechanism of metal retention onto its surface. Three important thermodynamic 

parameters, (i) Gibbs’ free energy (ΔGο), (ii) Enthalpy change (ΔHο) and (iii) Entropy 

change (ΔSο) gives important information about the biosorption thermodynamics. Gibbs’ 

free energy change accounts for the feasibility and spontaneous nature of the process. The 

negative values of Gibbs’ free energy change shows that biosorption process is 

spontaneous and feasible. The increase in magnitude of ΔGο 

ln DG RT K°∆ = −

with negative sign with 

increase in temperature accounts the increased possibility of biosorption process at high 

temperature. Following equation 3.37 can be used to calculate the values of Gibbs’ free 

energy change. 

   …..Equation 3.37 

here R (8.314 Jmol-1K-1) is universal gas constant, T is temperature in Kevin scale and 

KD

o e
D

e

C CK
C
−

=

 is a dimensionless quantity represents distribution coefficient and can be calculated 

using equation 3.38. 

    …..Equation 3.38 

 Change in enthalpy (ΔHο) gives information about the absorption or evolution of 

heat during sorption i.e. endothermic or exothermic nature. Positive value of ΔHο shows 

that process is endothermic and vice versa. It also accounts for determining the physical 
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and chemical nature of biosorption process. Enthalpy change value within the range 2.1-

20.9 kJ/mol indicates the physical nature of biosorption process (254) and between 80-

200 kJ/mol indicates its chemical nature (255).  

 Another important parameter that relates to the thermodynamic study is Entropy 

change (ΔSο

255

). It is a measure of disorderness at the solid-solution interface. Its positive 

values show increased disorderness at solid-solution interface ( , 256) and negative 

values show decreased disorderness at solid-solution interface. Increased disorderness at 

solid-solution interface is due to the occurrence of ion replacement reaction. So, for a 

feasible biosorption process ΔSο value should be positive. Values of ΔHο and ΔSο 

ln D
S HK
R RT

° °∆ ∆
= −

can be 

calculated using the following linear equation 

   …..Equation 3.39 

 Using this equation, a plot between ‘lnKD’ and ‘1/T’ generates a straight line. 

Slope and intercept of the line can be used to calculate the values of ΔHο and ΔSο, 

respectively. Another linear expression (equation 3.40) can be used to calculate the 

values of ΔHo and ΔSo obtained from the rearrangement of the equation 3.39 in which the 

plot of ΔGo

G H T S° ° °∆ = ∆ − ∆

 versus T yields a straight line. 

   …..Equation 3.40 

 Thermodynamic data for the biosorption of Pb(II), Cd(II), Cu(II) and Cr(III) by 

Sb, USb and TSB was used to plot ‘lnKD’ vs ‘1/T’ and shown here in Fig 3.27a, 3.27b, 

3.27c and 3.27d, repectively. Slopes and intercepts of the respective plots were used to 

calculate ΔHο and ΔSο values and enlisted in Table 3.17, 3.18 and 3.19. The tables also 

contain the values of ΔGο and KD calculated using equation 3.37 and 3.38, respectively. 
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The ΔGο values found in each case were negative at all the studied temperature 

ranges except Cu(II) biosorption by SB at 283.16K (Table 3.16). Negative values of ΔGο 

indicated that biosorption of metal ions by simple and modified biosorbents was 

spontaneous and feasible. Positive values for Cu(II) biosorption by SB at 283.16K  

indicated the process SB was not feasible for Cu(II) removal at this temperature. The 

magnitude for ΔGο 

 

values was found to increase with increase in temperature with 

negative sign indicating the increased feasibility and spontaneity of the process.  

 

 
Fig 3.27a: Thermodynamic plot for the biosorption of Pb(II) by SB, USB and TSB 
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Fig 3.27b: Thermodynamic plot for the biosorption of Cd(II) by SB, USB and TSB 

 

 
Fig 3.27c: Thermodynamic plot for the biosorption of Cu(II) by SB, USB and TSB 
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Fig 3.27d: Thermodynamic plot for the biosorption of Cr(III) by SB, USB and TSB 
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Table 3.17: Thermodynamic data for Pb(II), Cd(II), Cu(II) and Cr(III) biosorption 
by SB 
Metal 
ions 

Temperature 
(K) 

q
(mg/g) 

e 

 

K ΔGD 
(J/mol) 

ο ΔH
(kJ/mol) 

ο ΔS
(J/mol K) 

ο 

Pb(II) 283.16 1.99 3.93 -3225.59 14.78 64.35 

293.16 2.15 6.06 -4392.31 

303.16 2.17 6.67 -4782.50 

313.16 2.20 7.39 -5207.40 

Cd(II) 283.16 1.43 1.33 -678.57 39.52 140.76 

293.16 1.63 1.85 -1511.37 

303.16 1.84 2.79 -2590.64 

313.16 2.19 7.05 -5086.29 

Cu(II) 283.16 1.19 0.61 1149.41 30.85 105.09 

293.16 1.61 1.06 -146.54 

303.16 1.81 1.38 -806.05 

313.16 2.17 2.27 -2135.79 

Cr(III) 283.16 1.90 1.13 -290.12 13.68 49.83 

293.16 2.20 1.60 -1145.58 

303.16 2.28 1.77 -1433.40 

313.16 2.39 2.02 -1834.8 
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Table 3.18: Thermodynamic data for Pb(II), Cd(II), Cu(II) and Cr(III) biosorption 
by USB 
Metal 
ions 

Temperature 
(K) 

q
(mg/g) 

e 

 

K ΔGD 
(J/mol) 

ο ΔH
(kJ/mol) 

ο ΔS
(J/mol K) 

ο 

Pb(II) 283.16 4.68 14.42 -6282.01 18.07 86.22 

293.16 4.76 19.56 -7246.96 

303.16 4.81 25.43 -8156.09 

313.16 4.84 29.83 -8841.06 

Cd(II) 283.16 3.99 3.95 -3235.29 19.97 81.42 

293.16 4.27 5.89 -4321.64 

303.16 4.36 6.82 -4842.10 

313.16 4.48 8.69 -5628.82 

Cu(II) 283.16 2.73 1.20 -435.57 31.97 111.74 

293.16 3.07 1.60 -1138.47 

303.16 3.58 2.52 -2329.73 

313.16 4.06 4.30 -3799.58 

Cr(III) 283.16 3.12 1.65 -1183.31 23.12 86.13 

293.16 3.58 2.51 -2246.49 

303.16 3.88 3.48 -3145.17 

313.16 4.04 4.20 -3736.48 
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Table 3.19: Thermodynamic data for Pb(II), Cd(II), Cu(II) and Cr(III) biosorption 
by TSB 
Metal 
ions 

Temperature 
(K) 

q
(mg/g) 

e 

 

K ΔGD 
(J/mol) 

ο ΔH
(kJ/mol) 

ο ΔS
(J/mol K) 

ο 

Pb(II) 283.16 5.04 4.15 -3351.19 20.08 82.84 

293.16 5.33 5.80 -4284.57 

303.16 5.48 7.09 -4938.77 

313.16 5.66 9.63 -5895.64 

Cd(II) 283.16 4.92 3.71 -3087.27 18.57 77.43 

293.16 5.21 4.98 -3915.27 

303.16 5.40 6.35 -4657.47 

313.16 5.59 8.45 -5557.02 

Cu(II) 283.16 3.39 1.18 -396.83 28.88 102.84 

293.16 3.79 1.54 -1054.78 

303.16 4.43 2.44 -2249.34 

313.16 4.94 3.77 -3452.86 

Cr(III) 283.16 3.70 1.45 -879.34 29.98 108.66 

293.16 4.23 2.09 -1802.85 

303.16 4.76 3.19 -2926.66 

313.16 5.19 4.90 -4142.66 

 

  

The magnitude of KD values accounts for the good sorption characteristics of 

biosorbent. Iqbal and Edyvean reported that high value of KD

257

 represents the 

characteristics of a good biosorbent ( ). In the present study values of KD were found 
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to increase with increments in temperature in each case. This showed that biosorbent 

offered more sorption sites at high temperatures and or the increased diffusion of metal 

ions thus increased sorption characteristics. Another important point to note that values of 

KD

The enthalpy change (ΔH

 for modified biosorbents (USB and TSB) were found high when compared with 

simple biosorbent (SB). This pointed out that modified biosorbent showed better sorption 

characteristics relative to simple biosorbent. This was attributed to the incorporation of 

modifying agents (urea and thiourea) onto the surface of sorghum biomass. Thus the 

urea- and thiourea-modified biosorbents are better alternative choices for Pb(II), Cd(II), 

Cu(II) and Cr(III) removal from aqueous solution than simple Sorghum biomass. 

ο

113

) values for the biosorption of metal ions by SB, USB 

and TSB were found positive in all the studied cases. This indicated that the process was 

endothermic. Literature reported that most of biosorption systems are endothermic in 

nature ( , 118, 190, 244, 258, 259). Considering metal ions biosorption by SB, ΔHο

254

 

values for Pb(II) and Cr(III) biosorption was in the range 13 – 15kJ/mol indicated the 

physical nature of process( ). For Cd(II) and Cu(II), ΔHο

255

 values calculated were in the 

range 20.9 – 80 kJ/mol that means a blend of physical and chemical biosorption, being 

more towards physical biosorption ( ). Making an allowance for metal ions biosorption 

by USB and TSB, Pb(II) and Cd(II) biosorption was physical in nature while for Cu(II) 

and Cr(III), a blend of physical and chemical nature was observed. But ΔHο 

 The entropy change (ΔS

values for 

Cu(II) and Cr(III) biosorption were found more close to 20.9 kJ/mol rather than 80 

kJ/mol thus indicated the dominance of physical nature of biosorption.  

ο) values were also calculated for metal ions biosorption 

by SB, USB and TSB (Table 3.16, 3.17 and 3.18). The positive ΔSο values were found in 
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each studied case. This accounted for an increased disorderness/randomness as the 

process proceeds. The reason is attributed to the replacement of metal ions at solid-

solution interface (255, 256).  

 

 

3.3.3.1  Summary of Thermodynamic Modeling 

 Thermodynamic studies for the biosorption of Pb(II), Cd(II), Cu(II) and Cr(III) by 

SB, USB and TSB showed that 

• The biosorption of metal ions by SB, USB and TSB was found feasible and 

spontaneous (negative values of ΔGο

• SB, USB and TSB became more effective on high temperatures as shown by 

increase in ΔG

). 

ο 

• The increase in values of K

values with negative sign as temperature increased.  

D 

• Comparison of K

with increase in temperature showed good 

adsorption characteristics of SB, USB and TSB at high temperatures.  

D

• Positive values of ΔH

 values also indicated that USB and TSB can be the better 

alternative to SB for metal ions biosorption. 

ο 

• The nature of biosorption of Pb(II) and Cr(III) by SB, Pb(II) and Cd(II) by USB 

and TSB was physical. 

showed that the studied biosorption process was 

endothermic in nature. 

• A mixture of physical and chemical nature of sorption was present in the 

biosorption of Cu(II) and Cd(II) by SB, Cu(II) and Cr(III) by USB and TSB with 

dominance of physical nature.  
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• Positive values of ΔSο 

 

indicated the increased randomness/disorder as the system 

proceeds.   

3.4  Desorption Studies 

The economy of biosorption process directly relates to the ease of regeneration of 

used biosorbent materials. Desorption studies provides further insight into the nature of 

process as well as the reversibility of metal ions through repeated adsorption-desorption 

processes (260, 261). Desorption studies also help to predict the incorporation of used 

biosorbents in the ecosystems (262).  

Desorption studies for metal loaded biosorbents (SB, USB and TSB) were also 

part of this research. Firstly, metal loaded biosorbents were prepared by soaking a 

specific amount of biosorbent (SB, USB and TSB) in a concentrated solution (1000mg/L) 

of the studied metal ions (Pb(II), Cd(II), Cu(II) and Cr(III)) separately for 24hours. The 

metal enriched biosorbents were then filtered and dried for further studies. 

 

3.4.1  Selection of Desorbing Agent 

 In order to select the best desorption medium from metal ions detachment from 

biomass surface, hydrochloric acid (HCl, 0.1M), sulfuric acid (H2SO4, 0.1M), nitric acid 

(HNO3, 0.1M) and sodium hydroxide (NaOH, 0.1M) were chosen for selection. 

Desorption was carried out as described in section 2.11.1 and the results obtained are 

tabulated in Table 3.20, 3.21 and 3.22. The comparison of results indicated that acidic 

medium offered better desorption than basic medium. For instance, HCl, HNO3 and 

H2SO4 recovered 90.85%, 86.11% and 85.58% Cu(II) ions from copper enriched TSB 
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surface, respectively. Recovery of Cu(II) ions by NaOH was only 2.82% in this particular 

case. Similar trend was observed in all other cases. This type of trend was expected due 

to the already observed trend during pH studies of metal ions (Fig 3.6a, 3.6b, 3.6c and 

3.6d). At low pH values the concentration of hydrogen ions was enough to compete with 

the metal cations for sorption on active sites of the biosorbents. Hence at low pH 

hydrogen ions replaced the heavy metal cations from the biosorbent surface making the 

desorption process feasible. So, acidic medium could be the best choice for this purpose.  

 

Table 3.20: Desorption studies – selection of desorption medium for SB 
(qsorb
Metal ions 

(mg/g)values for Pb(II) 6.25, Cd(II) 7.88, Cu(II) 4.15, Cr(III) 7.04) 
 Desorption medium 

  HCl HNO H3 2SO NaOH 4 

Pb(II) qdes 5.63  (mg/g) 5.46 5.22 1.57 

 Desorbed (%) 90.08 87.36 83.46 2.51 

Cd(II) qdes 6.79  (mg/g) 6.35 6.22 0.22 

 Desorbed (%) 86.15 80.67 78.92 2.77 

Cu(II) qdes 3.61  (mg/g) 3.43 3.42 0.12 

 Desorbed (%) 87.11 82.63 82.46 2.77 

Cr(III) qdes 6.32  (mg/g) 6.01 6.02 0.32 

 Desorbed (%) 89.79 85.40 85.56 4.49 

 
 
Table 3.21: Desorption studies – selection of desorption medium for USB 
(qsorb
Metal ions 

(mg/g) values for Pb(II) 13.52, Cd(II) 15.97, Cu(II) 10.86, Cr(III) 16.37) 
 Desorption medium 

  HCl HNO H3 2SO NaOH 4 
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Pb(II) qdes 12.86  (mg/g) 12.04 11.26 0.43 

 Desorbed (%) 95.11 89.09 83.25 3.15 

Cd(II) qdes 14.56  (mg/g) 13.99 13.75 0.512 

 Desorbed (%) 91.17 87.58 86.12 3.21 

Cu(II) qdes 9.56  (mg/g) 9.16 9.09 0.25 

 Desorbed (%) 88.06 84.31 83.74 2.29 

Cr(III) qdes 14.48  (mg/g) 13.76 13.94 0.487 

 Desorbed (%) 88.45 84.06 85.16 2.97 

 
Table 3.22: Desorption studies – selection of desorption medium for TSB 
(qsorb
Metal ions 

(mg/g) values for Pb(II) 17.67, Cd(II) 17.65, Cu(II) 15.13, Cr(III) 26.29) 
 Desorption medium 

  HCl HNO H3 2SO NaOH 4 

Pb(II) qdes 16.75  (mg/g) 15.64 14.56 0.589 

 Desorbed (%) 94.79 88.51 82.40 3.33 

Cd(II) qdes 16.55  (mg/g) 15.75 15.52 0.48 

 Desorbed (%) 93.75 89.23 87.91 2.71 

Cu(II) qdes 13.75  (mg/g) 13.03 12.95 0.43 

 Desorbed (%) 90.85 86.11 85.58 2.82 

Cr(III) qdes 22.86  (mg/g) 20.01 20.14 0.31 

 Desorbed (%) 86.95 76.12 76.59 1.19  

 

 From the studied acidic desorption mediums, hydrochloric acid was chosen for 

further studies. This was due to its high desorption efficiency relative to desorption 

efficiencies obtained using nitric and sulfuric acids. For example, in case of Pb(II) 
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desorption from lead enriched USB surface, HCl recovered 95.11% Pb(II) ions relative to 

HNO3 (89.09%) and H2SO4

 

 (83.25%). Similar observation was found in other cases as 

well. Another observation was noted due to which HCl was chosen as best desorbing 

medium. Desorption with sulfuric acid was appreciable but the surface of desorbed 

biomass was destroyed due to its oxidizing and dehydrating property. Hence the desorbed 

biomass was less preferable for reuse in biosorption process. Nitric acid also showed 

oxidizing behavior and affected the biosorbent surface. HCl recovered metal ions with 

relatively maximum efficiency and the surface of desorbed biomass was found unaffected 

thereby enabling its reuse. Based on these observations hydrochloric acid was selected as 

best desorbing agent for metal ions desorption and the studied biomass (SB, USB and 

TSB) recovery. 

3.4.2  Effect of Concentration of Desorbing Medium 

 After selection of best desorbing agent (hydrochloric acid), the effect of its 

concentration on desorption of metal ions from metal loaded biomasses was studied. For 

this purpose HCl solution of varying concentration (0.01M, 0.05M, 0.1M, 0.5M and 

1.0M) was used for Pb(II), Cd(II), Cu(II) and Cr(III) desorption from metal enriched SB, 

USB and TSB, individually. The variation in percentage desorption as a function of 

concentration of HCl solution are given Fig 3.28a, 3.28b, 3.28c and 3.28d.  
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Fig 3.28a: Effect of concentration of HCl on Pb(II) desorption from lead-loaded SB, USB and TSB 

 
Fig 3.28b: Effect of concentration of HCl on Cd(II) desorption from cadmiumn-loaded SB, USB and 

TSB 
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Fig 3.28c: Effect of concentration of HCl on Cu(II) desorption from copper-loaded SB, USB and TSB 

 
 

 
Fig 3.28d: Effect of concentration of HCl on Cr(III) desorption from chromium-loaded SB, USB and 

TSB 
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It was observed that with the increase in concentration of HCl desorption of metal 

ions also increased. For illustration, in case of Cd(II) desorption from metal enriched 

USB, 0.01M, 0.05M, 0.1M, 0.5M and 1.0M HCl recovered 70.51%, 81.83%, 90.93%, 

92.66% and 93.06%, respectively. The reason behind, at low concentration of HCl 

(0.01M) the number of hydrogen ions was not enough to completely replace the heavy 

metal ions from metal loaded biosorbents. When the concentration gradient was increased 

by increasing the concentration of hydrogen ions (HCl, 0.05M), increase in desorption 

efficiency resulted. Recovery of metal ions in all other studied cases followed in a similar 

fashion. Another important observation was noted that concentration range of HCl 0.1M 

– 1.0M, showed almost equal recovery of all metal ions from metal loaded biosorbents. 

Moreover, 1.0M HCl was strong enough to chemically decompose the biosorbent. This 

effect was found more so in the case of SB relative to USB and TSB. USB and TSB were 

compact enough to resist a chemical decomposition by acid. Hence, to avoid the 

decomposition of biosorbents, HCl (0.1M) was used to optimize the desorption kinetics.          

 

3.4.3  Effect of Contact Time on Desorption  

 For the industrial installation of biosorption/desorption process, a rapidity of 

process is also important along with the efficiency of process. In order to check the effect 

of time on desorption efficiency of HCl (0.1M), batch desorption experiment were carried 

out for different time intervals as described in section 2.11.3. Variation in desorption 

efficiency as a function of time was plotted for the desorption of Pb(II), Cd(II), Cu(II) 

and Cr(III) from metal enriched SB, USB and TSB. These plots are shown here in Fig 

3.29a, 3.29b, 3.29c and 3.29d, respectively.    
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Fig 3.29a: Variation in desorption efficiency as a function time for Pb(II) desorption from metal 

loaded SB, USB and TSB (Desorbing agent – HCl, 0.1M) 
 

 
Fig 3.29b: Variation in desorption efficiency as a function time for Cd(II) desorption from metal 

loaded SB, USB and TSB (Desorbing agent – HCl, 0.1M) 
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Fig 3.29c: Variation in desorption efficiency as a function time for Cu(II) desorption from metal 

loaded SB, USB and TSB (Desorbing agent – HCl, 0.1M) 
 

 
Fig 3.29d: Variation in desorption efficiency as a function time for Cr(III) desorption from metal 

loaded SB, USB and TSB (Desorbing agent – HCl, 0.1M) 
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 It was observed that using HCl (0.1M) as desorbing medium, desorption of metal 

ions increased at a high rate in first 10 min and then decreased gradually until reached to 

an equilibrium point. The equilibrium point was observed at about 15 – 20 min of contact 

time for desorption of studied metal ions from respective metal loaded biosorbent (SB, 

USB and TSB). This indicated that desorption of metal ions in this studied process was 

quite rapid and can be feasible for scale up procedure. 

  

3.4.4 Summary of Desorption 

 The desorption of Pb(II), Cd(II), Cu(II) and Cr(III) form their respective metal 

loaded biosorbents SB, USB and TSB were carried out in batch mode. The following 

important points were observed 

• Desorption was best carried out in acidic medium as compared to basic medium. 

• Among the mineral acids, hydrochloric acid offered best desorption efficiency for 

metal ions recovery without destroying the biosorbents chemically.  

• Desorption efficiency of HCl was observed to increase with increase in its 

concentration. HCl with 0.1M concentration was sufficient for metal ions 

recovery. 

• Desorption of efficiency of HCl (0.1M) was also found to increase with increase 

in contact time. 

• Equilibrium times for metal ions desorption by HCl (0.1M) from metal loaded 

SB, USB and TSB was observed at 15-20 min of contact indicating the rapidity of 

the process.  
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Based on these observations it can be inferred here that desorption of metal ions 

form metal loaded biosorbents using HCl is feasible and rapid that will make the 

biosorption process more economical for metal ions treatment.
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4. Conclusion 

  The heavy metal ions are highly toxic and non-biodegradable and thus 

legal restrictions have been implemented to mitigate their spread in the environment. The 

removal of already spread heavy metals from the aqueous environment gained much 

importance in some previous years. Scientists are in constant search of new cost-effective 

and environment-friendly materials that can be used for removal of these metal ions. 

Biological materials gained much attraction than the synthetic materials due to 

economical constraints involved for scale up procedure. Use of dead biological materials 

becomes more advantageous because of their easy availability as waste and enormous 

production.  

 In this study Sorghum biomass (Sorghum bicolor L.) was chosen to remove heavy 

metal ions (lead, cadmium, copper and trivalent chromium) from their aqueous solution. 

The reason for its choice was its easy availability as waste, enormous production rate and 

most importantly, it was unexplored. The sorghum biomass was also modified in an eco-

friendly way to increase its metal binding capacity. Two modifying agent, urea and 

thiourea were used for this purpose. The biosorption studies for metal ions removal using 

indigenous and modified biosorbents were carried out in batch mode. The effectiveness 

of simple and modified biosorbent towards metal binding was compared in terms of 

biosorption capacity.  

 The overall discussion of the studies for the use of simple (SB), urea modified 

(USB) and thiourea modified (TSB) sorghum biomass can be summarized as follows: 

• FTIR characterization of sorghum biomass revealed that it contains a variety of 

functional groups on its surface. These functional groups (especially oxygen and 
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nitrogen containing) can play an important role for metal attachment by offering 

electrostatic attraction towards metal cations. 

• The modification of sorghum biomass was successfully carried out using urea and 

thiourea as modifying agents under microwave irradiation. The modification was 

carried out in solid phase without using any solvent. Thus modification under 

microwaves was environmental friendly (a green method). The modification time 

was short i.e. 12 and 9 minutes for urea and thiourea modified biosorbents, 

respectively.  

• FTIR analysis showed that a variety of functional groups were also present in the 

modified biosorbents. Analysis also revealed that in urea modified biosorbent, 

nitrogen containing functional groups and in thiourea modified, nitrogen and 

sulfur containing functional groups were significantly increased relative to native 

sorghum biomass. 

• Elemental analysis reinforced the FTIR analysis; it showed the significant 

increment of nitrogen content in urea modified and nitrogen as well as sulfur 

content in thiourea modified biosorbents relative to native sorghum biomass. 

• Scanning electron microscopy showed that simple and modified biosorbents’ 

surfaces were porous. It also revealed that modification of sorghum biomass with 

urea and thiourea increased its porosity thus offering greater metal binding 

capacity than simple sorghum biomass. 

• Bohem’s titration of simple and modified biosorbent quantified the total acidic 

and total basic functional groups present on them. The analysis showed that 
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modification of biomass increased the basic functional groups (attributed to the 

incorporation of amino group due to urea and thiourea modification). 

• Modification of sorghum biomass by urea and thiourea caused an increase in 

pHpzc values indicating the increment in basic functional groups in the modified 

biosorbents as compared to native sorghum biomass. This was attributed to the 

grafting of amino groups in the sorghum biomass as a result of modification. 

• The effect of process parameters like adsorbent dose, time of contact, pH of 

solution, temperature and particle size of biosorbent was investigated and 

optimum values were obtained for the biosorption of heavy metals (Pb(II), Cd(II), 

Cu(II) and Cr(III)) using simple (SB) and modified (USB and TSB) sorghum 

biomass. 

• It was found that biosorption efficiency increased with increase in biosorbent 

dosage while uptake capacity was decreased. A significant less amount of 

modified biosorbents was required to sorb the metal ions at optimum level as 

compared to simple sorghum biomass.  

• A decrease in time of contact was also observed in case of using modified 

biosorbents compare to unmodified sorghum biomass. Thus, the biosorption of 

metal ions by USB and TSB could be more feasible for scale up procedure. 

Moreover, a significant increase in biosorption capacity was also observed where 

USB and TSB used as biosorbents for sorption of studied metal ions. 

• Optimum removal of heavy metal ions form aqueous solutions was observed at 

slightly acidic pH by SB, USB and TSB. 
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• Increase in temperature and decrease in particle size caused an increase in 

biosorption of metal ions by SB, USB and TSB. 

• During the study of process parameters, it was observed that TSB offered 

maximum metal uptake capacity than USB which in turn showed more 

biosorption capacity than SB. The reason behind was the incorporation of more 

electronegative functional groups in USB and TSB than SB. 

• The mathematical models; (a) equilibrium models, (b) kinetic models and (c) 

thermodynamics were employed to the data obtained from optimization of process 

parameters in order to understand the biosorption mechanism involved.  

• Linear as well as non-linear equilibrium modeling showed that biosorption of the 

studied metal ions by SB, USB and TSB was best followed by Langmuir isotherm 

except Cr(III) biosorption by TSB. That followed Freundlich isotherm. 

• Maximum biosorption capacity of TSB and USB as calculated for Langmuir 

isotherm was significantly high when compared with SB. Order of efficiency of 

biosorbents on the basis of biosorption capacity was same as observed in 

optimization of process parameters i.e. TSB > USB > SB.  

• Kinetic modeling showed that biosorption of Pb(II), Cd(II), Cu(II) and Cr(III) by 

SB, USB and TSB followed pseudo second order kinetic model. Rate determining 

step was governed by the boundary layer diffusion. 

• Thermodynamic study showed that biosorption of studied metal ions by SB, USB 

and TSB was endothermic and spontaneous. Based on ΔHο values, the nature of 

biosorption of Pb(II) and Cr(III) by SB, Pb(II) and Cd(II) by USB and TSB was 

physical.Whereas a mixture of physical and chemical nature of sorption was 
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observed in the biosorption of Cu(II) and Cd(II) by SB, Cu(II) and Cr(III) by USB 

and TSB with dominance of physical nature. Values of ΔSο indicated the 

increased randomness/disorder as the system proceeds.  Comparison of KD

• pH profile of the studied biosorption process suggested that desorption of metal 

enriched biomass can be carried out at low pH values. 

 values 

also indicated that USB and TSB can be the better alternative to SB for metal ions 

biosorption. 

• Hydrochloric acid was found to be the best desorbing agent for recovery of metal 

enriched SB, USB and TSB. Desorption of metal ions was found to increase with 

increase in concentration of desorbing agent (HCl). Desorption of metal ions from 

metal loaded SB, USB and TSB by HCl (0.1M) was also a rapid process (15-20 

min to reach equilibrium) making the biosorption process feasible for industrial 

adoption. 

 

Sorghum bicolor L. is the 5th major cereal crop and its waste biomass is easily 

available. As it is produced in large amount so it becomes cost effective as compared to 

the synthetic materials used for water treatment for metal removal. The simple sorghum 

biomass was used for the removal of metals from aqueous solutions. The biosorption 

capacity of sorghum biomass can be increased to a significantly high level by altering its 

surface properties. In this study, urea and thiourea were used to modify the sorghum 

biomass. The modifying agents used in this study are also easily available and cheap. The 

modification was done under microwave radiations without using any solvent thus can be 

considered as a green method. Urea modified and thiourea modified biosorbents 
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exhibited proven efficacy for the binding of metal ions over simple sorghum biomass. 

Thiourea modified biosorbent gave even better results as compared to USB. Hence the 

conclusion can be made that urea- and thiourea-modified biosorbents can be used for 

metal treatment in wastewaters in an effective and economic way. 
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Future Work 

The use of lignocellulosic materials as low cost biosorbent for heavy metal 

removal has been explored in this study. The modified materials gave better information 

about the reaction mechanism and functional groups responsible for binding. These 

materials can be used to successfully remove toxic heavy metal ions from the aqueous 

media.  

The modification procedures being used, at present, need exploration based upon 

the cost of effectively removing a specific metal ion, or a mixture, from a multi-metal 

system. This requires a deeper insight into the mechanism of effective modification, 

biosorption capacity, recycling ability of the biosorbent material (with or without 

modification) and the cost and engineering of the whole process for the scale-up and 

design-perfection purposes. In addition, the batch mode biosorpiton experiments give 

important information but for industrial adoption continuous phase will gain more 

attraction in future.   

The information about the behavior of simple and modified lignocellulosic 

materials for the biosorption of multi-metal ions is inadequate at present. A multi-metal 

system may show a completely different chemical behavior towards the biosorbent than a 

single metal system; even it is prepared synthetically having common anions. In addition, 

a real sample of waste-water may bear a variety of cations, anions and other neutral 

species, which may hinder the biosorption of a particular metal ion specifically. Hence, a 

modeling of multi-metal system (as close to the real sample as possible) may be an added  

advantage to the field of biosorption. Once studied, biosorption may serve the 

environment with better friendly materials and help science and technology in returning 
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the natural environment to the people of planet earth. In addition, recycling of the metal 

adsorbed biosorbents should be studied in order to make them economically and 

ecologically favorable.       

It may be worthwhile to consider building a preliminary business case based on 

the information generated in this study. This will expand the academic arena to include 

the faculty of economics/business as a multi-disciplinary research. For example: 

1. P.108 ...114% and 169% increment in uptake capacity...can provide some 

dollar value in assessing the investment-return ratio based on cost analysis of. 

2. The health care cost ratio to the water treatment cost 

3. The penalty cost ratio to the water treatment cost for industry 

4. The economic feasibility of packaging and marketing the technology as “mini 

water treatment kits for home or small local communities? 
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