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On the Adsorptive Detoxification of Chrome Tan Liquor: Kinetics, 3 

Thermodynamics and Mode of Transport.  4 

Abstract:  5 

Aim: The aim of this study is to regenerate spent activated carbon (RGAC) for use as 6 

adsorbent and to study the kinetics, thermodynamics and mode of transport of removing 7 

chromium from spent chrome tanning effluent (TEff).  8 

Methodology: The chemical regeneration approach was adopted in the recycling. 9 

Regenerated adsorbent was characterized using FTIR, SEM and classical methods. A batch 10 

adsorption experiment was carefully followed to de-chrome the chrome tan effluent. 11 

Equilibrium phase chromium was quantified with Atomic Absorption Spectrophotometer 12 

(AAS). Adsorption phenomena were investigated with Kinetic, thermodynamic and transport 13 

(diffusion) models to study the behavior of Cr uptake. Kinetic models viz; First order, 14 

pseudo-second order, Elovich and Bhattacharya-Venkobachor kinetic models were subjected 15 

to three model applicability tests. Thermodynamic parameters which include changes in free 16 

energy (ΔG), entropy (ΔS) and enthalpy (ΔH) were monitored in standard states. Prediction 17 

of applicable diffusion model was based on comparing film diffusion, intra-particle diffusion 18 

and intraparticulate diffusivity models. 19 

Results: Highlights from this study unveiled the influential roles of parametric factors (Initial 20 

effluent concentration on vol./vol. bases, solution pH, particle size, adsorbent dose, contact 21 

time and temperature). R
2
 values for models considered showed good fit except for the 22 

Bhattacharya-Venkobachor kinetic model. The rate law of the adsorption kinetics is best 23 

explained using the Pseudo-second order kinetic model. The chromium adsorption efficiency 24 

using both Commercial and regenerated GAC are in good agreement at 95 % confidence 25 

interval. The regenerant-chromium mode of diffusion, as predicted by the “best-fit’’ transport 26 

models, was not suitable for use in the intraparticle diffusion mode (with least R
2
 and high 27 

transport rate) as it does for the film diffusion. In addition, thermodynamic parameters of 28 

sorption have also been determined in favour of spontaneity and chemisorptions mechanism. 29 

Conclusion: An overall from this study is the recommendation of regenerated adsorbent as a 30 

sure economically viable substitute to the commercial activated carbon for chrome tan 31 

effluent de-chroming. This generalization was based on statistical test of significance which 32 

reports good agreement between the two adsorbents for the investigated adsorption 33 

phenomena. 34 
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1. Introduction 38 

The wastewaters, which are by-products from industrial activities (Tanneries, mining, 39 

painting and printing processes, plumbing, automobile batteries and petrochemical industries) 40 

contains very high concentration of heavy metals ions. Which may include either, some or all 41 

of lead, cadmium, mercury, chromium, nickel, zinc and copper, are non-biodegradable and 42 

are often toxic and carcinogenic, even at very low concentrations [1]. 43 

Owing to the property of metals which is its toxicity and non-degradable nature, researchers 44 

the world over has focused on the removal of these metals from solutions and industrial 45 

effluents. Different treatment techniques have been developed and tried out in the removal of 46 

dissolved metals in soils and wastewaters, these methods include: reverses osmosis, ion 47 

flotation, chemical precipitation, membrane filtration, membrane processes, ion-exchange, 48 

electrochemical, the application of complexing agent and membrane filtration. Notably, the 49 
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techniques mentioned above are not without their diverse disadvantages, which can be in 50 

terms of, ability to completely remove the metals, requires use of a large quantity of reagents, 51 

low selectivity, not financially prudent and generation of secondary waster (e.g. sludge) 52 

which are usually difficult to treat. Bearing this is mind; technologies, which are cost-53 

effective in the treatment of metal-contaminated wastes streams, are paramount. Adsorption 54 

method of metal removal has proved to be one of the reliable and cost-effective methods, 55 

which is uncomplicated, cheap and selective for the remediation of metal polluted wastes [1]. 56 

One of the heavy metals that have been a major focus in wastewater management is 57 

chromium; this metal is introduced into the environment via industrial discharges from 58 

leather tanning, textiles, paint and pigment, electroplating, canning, glass and ceramic 59 

industries. At high concentrations, all compounds of chromium are toxic, its ingestion may 60 

result to diarrhea and sevear vomiting, nausea and epigastric pains [2]. Ghosh and Singh [3], 61 

affirmed that the range of chromium toxicity for most agronomic plants varies from 5 to 100 62 

mg/kg of available chromium in soil. Because of its high oxidizing potential, Cr(VI) causes 63 

mutagenic and carcinogenic effects on biological organisms. 64 

 65 

Leather is material a product of specific reaction among carboxylic groups of protein fiber 66 

network or matrix of animal skin (collagen) and tanning regents, which gives it a reasonable 67 

resistance, good chemical stability and acceptable thermal behavior. Tanning industries use 68 

large quantities of water (15 to 20 m
3
) per ton of raw skin. The major public concern over 69 

tanneries has traditionally been about odours and water pollution from untreated discharges. 70 

Important pollutants associated with the tanning industry include chlorides, tannins, 71 

chromium, sulphate and sulphides as addition to trace organic chemicals and increasing use 72 

of synthetic chemicals such as pesticides, dyes and finishing agents, as well as from the use 73 

of newer processing chemical solvents. The tannery effluents are characterized by high COD 74 

and BOD andconductivity values. The composition of the effluent varies according to the 75 

tanning process used and the type of leather to be obtained. Tannery wastewater contains 76 

large amount of chemical compounds, mostly toxic in nature [4,5]  77 

Chromium tanning is a reaction between collagen and Cr
+3 

ion. Six coordination positions 78 

(octahedron) are available, and stereo-isomers are possible. In solution, chromium III nitrate 79 

is thought to give a complex ion of the form [Cr (H2O)6]
+3

 in solution. Reaction sites for 80 

chrome tanning are the ionised carboxyl groups on side chains of the collagen. The lateral 81 

cross-linking of chrome complexes is presented in Figure 1. 82 
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 83 
Fig. 1: Proposed Chromium (III) tanning mechanism [6]  84 

The manufacture of leather has evolved into a significant source of livelihood in many 85 

industrialized and developing countries. Bosnic et al [7] reported an estimated production 86 

or 
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capacity of 1.8 billion metric tons of leather yearly, with a larger part of the product 87 

processed in Africa and Asia, factored by the high labour intensity involved in leather 88 

manufacture. Procedures employed by most developing countries in leather tanning are still 89 

at the traditional level and are not technologically compactable or designed for use with 90 

chemical and water.  As estimated, the total wastewater discharge from tanneries runs to 91 

about 400 million m
3
 each year. This industry has been painted negatively in the society 92 

owing to its high pollutant composition. The difficulty in treating tannery effluent results 93 

from the complex nature of the wastewater produced, leading to various environmental 94 

regulations and laws in many developing countries being passed especially in the last ten 95 

years 96 

The tannery industry is known for its deterring impact on the environment. High quantities of 97 

polluted water are discharged containing large amounts of chemicals which include lime, 98 

sodium chloride and chromium salts from which the discharge of heavy metal (Cr) into the 99 

environment is known [8]. It is noteworthy that the chromium present in chrome tan by-100 

products is in the trivalent state and considered harmless, which under noncontrollable 101 

conditions, however, the Cr (III) can be oxidized to the mutagenic chromium (VI) and 102 

become threatening to man and the environment [9]. Biochar dechroming uses the leather as 103 

the source of organic carbon to convert the chromium, in which the oxygen in the leather is 104 

excluded to create the biochar. The chromium in the wastes will combine with the biochar to 105 

produce chromium carbide at higher temperatures. Thus, the chromium can be captured by 106 

the biochar [10]. This may however end up as constituent of chrome liquor. The literature 107 

suggests that chromium-tanned leather waste may be managed through more sustainable 108 

technological alternatives, namely by wet treatment [11]. 109 

 110 

De-chroming (by Chrome shaving, dechromed splits, Oxidation dechroming or reduction 111 

with hydrogen peroxide, Hydrolysis dechroming, Alkaline hydrolysis dechroming, 112 

Enzymatic hydrolysis dechroming, reduction with glucose and sodium disulphite) [12] in 113 

tanning is carried out in order to achieve maximum elimination of chromium from the leather 114 

sample without affecting the molecular structure of collagen fibres thereby generating 115 

chrome liquor. This is different from reduction of chromium from the environment or 116 

receiving water bodies. In this study we focused on detoxifying the generated chrome tan 117 

effluent using adsorption; a clean and economically viable technology with an attempt to 118 

overcome the high cost of activated carbon by considering regeneration and reuse of spent 119 

adsorbent. 120 

 121 

2. MATERIALS AND METHODS 122 

All of the used reagents were analytical grade,purchased and applied without further 123 

purification. FTIR spectrum was recorded on a Fourier Transform Infrared Spectrometer 124 

(Agilent technologies Cary 630), scanning electron microscope (SEM) images of virgin, 125 

effluent loaded and Chemically regenerated activated carbon at selected magnifications was 126 

observed using SEM (Phenomenon Prix, MVE016477830). UV-Visible (Agilent 8453E) 127 

Spectrophotometer was used to study the absorbance of both treated and untreated effluent. 128 

The procedure was carried out at a pre-determined wavelength (λ max) of 353 nm. Atomic 129 

adsorption Spectrophotometer (Varian AA240FS) was used to estimate the concentrations of 130 

Cr. 131 

The spent activated carbon used in this work, with already exhausted adsorption efficiency, 132 

came from an initial filtrate obtained in a previous experiment. 133 

2.3 Sampling 134 

Methods described by Kawser et al. [13] and Islam et al. [14] was followed. The Chrome 135 

tannery effluent (Liquor) was sampled by lowering a pre-cleaned 4L glass bottle (previously 136 



4 

 

washed with 0.1M HNO3 and rinsed with distilled water), allowed to overflow, withdrawn, 137 

sealed and stored at 4
o
C till required for analysis.  138 

2.1 Chemical regeneration of activated carbon 139 

  Regeneration of exhausted activated carbon was carried out in the laboratory using method 140 

adopted from Abbas and Waleed [15]. The exhausted activated carbon (50 g) was weighed by 141 

electric balance (Mettler AE200) and mixed with 600 mL of 20% ethanol in a pyrex beaker 142 

of 1L. The mixture was agitated using a magnetic stirrer (IKA Hitachi RT5) at 200 rpm for 4 143 

h at 25±2
o
C (room temperature). The washing liquid was replaced three times during this 144 

process, then with 0.1 M NaOH then rinsed with distilled water, the pH of the activated 145 

carbon was neutralized (pH 7) using 0.1 M HCl and dried in the oven (Gallenkamp BS 0V-146 

160) at 200
o
C for 3 h.  147 

A batch adsorption experiment was carried out using the regenerated granular activated 148 

carbon. The efficiency of the regenerant is judged on the adsorption quantity of activated 149 

carbon. This efficiency was calculated using the relation: 150 

����������	� ����
���
� ��� %� = ��

��
× 100    (1) 151 

Where q0 and qrare quantity of Cr (or adsorbate) adsorbed per unit weight of commercial 152 

activated carbon and quantity of Cr (or adsorbate) adsorbed per unit weight of activated 153 

carbon, respectively [16]  154 

2.2 Chromium Estimation 155 

Chrome tan liquor was digested accordingly [17]. The digest was quantitatively transferred to 156 

a volumetric flask and diluted to 50 mL volume with deionized water and analysed for heavy 157 

metal (Cr) using AAS. 158 

2.3 Adsorption Studies 159 

2.3.1 Effect of agitation time on adsorption of Cr onto activated carbon 160 

One gram activated carbon was placed in five well labeled 250 mL Erlenmeyer flasks, each 161 

containing 50 mL of tannery wastewater. The flasks were agitated continuously for 20 162 

minutes. The resulting mixture was filtered using Whatman No.2 filter paper and stored in a 163 

well labeled glass bottles at normal room temperature for further analysis. The same 164 

procedure was repeated for for 40, 60, 80 and 100 minutes agitation time [18]. 165 

2.3.2 Effect of temperature on adsorption of Cr onto activated carbon 166 

The activated carbon (1g) was mixed with 50 mL of sample and treated using the 167 

Gallenkamp temperature controlled water bath shaker. The instrument was set at 20
o
C for 168 

1hr, after which the sample was taken off and filtered using the Whatman No.2 filter paper, 169 

stored in a well labeled glass bottle at normal room temperature for further analysis. The 170 

same procedure was repeated for samples at temperatures of 40
o
C, 60

o
C, 80

o
C and 100

o
C for 171 

1hr each [18]. 172 

The amount of Cr adsorbed by the adsorbent was evaluated using equations described by 173 

Vijayakumar et al. [19]. 174 

For adsorption of Cr at equilibrium: 175 

�
���������  

!
         (2)   176 

Where qe, Co, are equilibrium metal uptake sorption capacity, initial metal concentration 177 

(mg/L) and Ce is final metal concentration (mg/L). v  is the volume of effluent solution in 178 

liters while w is the weight of adsorbent in grams. The percentage of Cr removed was 179 

calculated using the relation: 180 

�%��� =  
"#�$ #%&' ())

#�
       (3) 181 

RE represents the metal adsorption percentage or efficiency, Co, the initial metal 182 

concentration (mg/L) andCf is the final metal concentration (mg/L). 183 

2.4 Adsorption kinetics  184 
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In order to evaluate the kinetic mechanism which controls the process, the Elovich, First-185 

order, Pseudo second-order and the Bhattacharya-Venkobachor models were tested and the 186 

validity of the models were verified by their linear equation analysis. 187 

2.4.1 Model applicability test for kinetic studies 188 

Prediction of best fit model was based on the following: 189 

(i) Regression analysis using the correlation of applicability (R
2
) test. 190 

(ii) Precision test, comparing qe experiment and qe calculated. 191 

(iii) Statistical sum of error test: 192 

**� �%� = +��� �,- − �� 
�/�0/2      (4) 193 

where N is indicates the number of data points. 194 

 195 

 196 

2.5 Adsorption thermodynamics 197 

 Adsorption experiment was carried out at varying temperature after which the Van’t Hoff 198 

Plot was used to determine the thermodynamic conformity of the experiment. The 199 

thermodynamic parameters change in Gibb’s free energy (ΔGº), change in enthalpy ΔHº, 200 

and change in entropy ΔSº for the adsorption of Cr over the activated carbon was 201 

determined [20].  202 

2.6 Mode of Transport (Diffusion) 203 

Data generation from the sorption kinetic experiment was fitted into various diffusion 204 

models: 205 

2.6.1 The intraparticle diffusion model 206 

In many adsorption cases, solute uptake varies almost proportionally with t
1/2 

rather than with 207 

the contact time t. Intraparticle diffusion model is expressed as: 208 

�3 = 4563�(/0     (5) 209 

kint is the intraparticle rate constant. A plot of qtversus t
1/2 

should be a straight line with a 210 

slope kid when the intraparticle is a rate limiting step. For Weber-Morris model, it is essential 211 

for the qtversus t
1/2

 to go through the origin if the intraparticle diffusion is the sole rate-212 

limiting step [21]  213 

2.6.2 Film diffusion model 214 

 Liquid film diffusion model is used to investigate if transport of metal ions from liquid phase 215 

to the solid phase boundary also plays a role in the adsorption process. The equation 216 

explaining this model is: 217 

ln�1 − 9� = −k;<�       (6) 218 

F is the fractional attainment of equilibrium (F=qt/qe), Kfd is liquid film diffusion constant. 219 

Linear plot of –ln(1-F) versus t is used to fit this model[21]. 220 

2.6.3  Bhattacharya-Venkobachor model (for Diffusion coefficient) 221 

This model is expressed as; 222 

/�=1 − >�3�? = @A.�          (7) 223 

>�3� = �CD − C3�/�CD − C��         (8) 224 

The effective diffusion coefficient is obtained from the equation: 225 

E0 = FG.HI

П
I             (9) 226 

r is particle radius. From the plot of ln[1-U (t)] versus t, the effective diffusion coefficient D2 227 

and rate constant, KB can be determined [22]. 228 

3. RESULTS AND DISCUSSION 229 

3.1 Physical Inspection 230 

Physical examination of untreated effluent sample (Figure 2) revealed high pollution density 231 

as evident by brown colouration, foul odour, microbial activities etc. Similar result was 232 

reported by [5]. 233 



234 
Fig. 2: Typical picture of Tannery (Top left), Effluent discharge point (Top right), Near point of 235 

impact (Bottom left) and Tan effluent (Bottom right)236 

3.2 FTIR and SEM  Characterization237 
Figure 3 is SEM images (bottom) for GAC and RGAC with 238 

of the adsorbents. Surface morphology of the image for regenerated adsorbent239 

pore size development. This increased pore cavities 240 

during the regeneration process. FTIR spectrum of the RGAC indicated eight functional peaks, with 241 

two peaks higher than those reported 242 

regenerating agents (acids) 243 

Table 1 is a summary of the FTIR spectral information for received tannery effluent (TEff) and 244 

treated tannery effluent (TTEff). 245 
frequencies and alteration of their peak246 

species onto the adsorbents. Results from this study unveiled only partial adsorption (%RE < 100)247 

such species. 248 
 249 

 250 

251 
Fig. 3: SEM micrographs of virgin GCAC 252 

development with their respective FTIR spectrum253 

 254 

: Typical picture of Tannery (Top left), Effluent discharge point (Top right), Near point of 

impact (Bottom left) and Tan effluent (Bottom right) 

Characterization 

is SEM images (bottom) for GAC and RGAC with the corresponding FTIR Spectrum

Surface morphology of the image for regenerated adsorbent (RGAC) revealed 

pore size development. This increased pore cavities observed for RGAC are linked to acid treatment 

FTIR spectrum of the RGAC indicated eight functional peaks, with 

two peaks higher than those reported for the GAC FTIR spectrum. This could be linked to residual 

Table 1 is a summary of the FTIR spectral information for received tannery effluent (TEff) and 

treated tannery effluent (TTEff). By comparing the two spectra, dissimilar levels of observed 

peak intensities is an indication of adsorption of certain 

. Results from this study unveiled only partial adsorption (%RE < 100)

of virgin GCAC and Regenerated RGCAC with conspicuous pore size 

FTIR spectrum  
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: Typical picture of Tannery (Top left), Effluent discharge point (Top right), Near point of 

corresponding FTIR Spectrum (top) 

(RGAC) revealed more 

are linked to acid treatment 

FTIR spectrum of the RGAC indicated eight functional peaks, with 

for the GAC FTIR spectrum. This could be linked to residual 

Table 1 is a summary of the FTIR spectral information for received tannery effluent (TEff) and 

levels of observed 

intensities is an indication of adsorption of certain pollutant 

. Results from this study unveiled only partial adsorption (%RE < 100) of 

 
with conspicuous pore size 
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 255 

Table 1. Comparative FTIR spectra characteristics of TEff  and TTEff. 256 

 Observed Frequencies (cm
-1

)  

Vib. Freq. (cm
-1

) TEff TTEff Functional group 

1342-1000 1095.8 1341.8 C-C; C-H;  

1680-1620 1636.3 1636.3 NH; C=C 

3333-2000 2117.1 

3306.1 

 

2102.2 

3295.0 

 O-H stretch;  

 -NH stretch; ≡CH-H stretch; 

O-H Broad 

 257 

3.3  Adsorption Studies (on Parametric factors) 258 

3.3.1 Effect of pH 259 

Highest % removal of Cr for TEff  – GCAC was observed at pH 6 for GCAC  and at pH 8 for 260 

TEff  – RGAC. The results shown in Figure 4 indicate that maximum uptake of Cr ions takes 261 

place at pH 4 and decrease in adsorption capacity on either side of pH 4. The removal of Cr is 262 

pH dependent because the surfaces of activated carbons are negatively charged at certain pH 263 

[23].  The decrease in adsorption capacity in the low pH region is expected as the acidic 264 

medium leads to an increase in hydrogen ion concentration which then neutralizes the 265 

negatively charged carbon surface thereby decreasing the adsorption of the positively charged 266 

cation. 267 

3.3.2 Effect of adsorbent dose  268 

The removal of Cr was found to be highest with an adsorbent dosage of 2.5 g, achieving 269 

above 60 % Cr removal for GCAC and over 55 % removal for RGAC (Figure 5). The 270 

increase in removal of Cr with adsorbent dose can be attributed to the introduction of more 271 

binding sites for adsorption. Similar results have been reported [18, 24, 25]  272 

3.3.3.  Effect of initial concentration 273 

The RE (%) of Cr in the sample is influenced by the initial adsorbate concentration. The 274 

highest percentage removal by GCAC was 67 % and 96 % with RGAC (Figure 6). Thus, at 275 

higher initial concentration, the percentage removal decreases. This could be linked to 276 

competition for attachment sites.  277 

 278 
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281 
Table 2 presents results on removal or adsorption or efficiency (%RE). 282 

the suitability of using both adsorbents for the removal of Cr 283 

batch adsorption studies. Mean value 284 

degree of pollutants. 285 

Table 2. Equilibrium Phase Removal Efficiency (%)286 

and Regenerated Adsorbents. 287 

Pollutant Experiment

Chloride Ion TEff – GCAC

TEff - RGAC

Sulphide Ion TEff – GCAC

TEff - RGAC

Nitrite Ion TEff – GCAC

TEff - RGAC

Chromium  

TEff–GCAC

 TEff - RGAC

 288 

3.4 Kinetic models 289 

R
2
 for the Elovich  model is 0.0049, this value is same as that for intra290 

model and indicates a high degree of unconformity to the 291 

active sites on the CAC are not heterogeneous.292 

adsorbate on a solid surface without desorption of products, adsorption rate decreases with 293 

time due to an increased surface coverage. One of the most useful models for describing such 294 

‘activated’ chemisorption is the Elovich’s295 

kinetic model is that the active sites are heterogeneous in nature and therefore exhibit 296 

different activation energies for chemisorption 297 
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presents results on removal or adsorption or efficiency (%RE). This study indicated 

the suitability of using both adsorbents for the removal of Cr from chrome tan effluent via

batch adsorption studies. Mean value > 47% and up to 80.2 % was reported

Removal Efficiency (%) of Pollutants using 

 

Experiment Co (mg/L) Ce (mg/L) RE (%)

GCAC 

RGAC 

579.820 

579.820 

174.950 

139.960 

69.8

75.9

GCAC 

RGAC 

450.000 

450.000 

235.000 

225.000 

47.8

50.0

GCAC 

RGAC 

4.5 

4.5 

2.24 

0.89 

50.2

80.2

GCAC 

        

148.917 

        

64.467 

 

56.7

RGAC  148.917 59.626 60

model is 0.0049, this value is same as that for intra-particle diffusion 

model and indicates a high degree of unconformity to the expected model, and hence the 

active sites on the CAC are not heterogeneous. In reactions involving chemisorption of 

adsorbate on a solid surface without desorption of products, adsorption rate decreases with 

time due to an increased surface coverage. One of the most useful models for describing such 

‘activated’ chemisorption is the Elovich’s [26]. The general explanation for this form of 

that the active sites are heterogeneous in nature and therefore exhibit 

chemisorption [27].  
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The rate constant of adsorption was determined from the first-order equation given by 298 

Langergren and Svenska [28]. The R
2
 values for this model at studied are 0.003 and 0.062 for 299 

GCAC and RGAC, qe (exp) and qe(cal) tested didn’t show any close agreement, the sum of 300 

error squares (% SSE)  was higher for GCAC (1419.99) and RGAC (114.93) as shown in 301 

Table 3. The low correlation coefficient value obtained from the pseudo first-order kinetic 302 

model indicates that sorption is not occurring exclusively onto one site per ion [29]. This 303 

model is not applicable and does not explain the mechanism of adsorption kinetics. 304 

 305 

The coefficient of regression for the pseudo-second order model suggested the applicability 306 

of the pseudo-second order kinetic model, 0.993 (GCAC) and 0.971 (RGAC) as best fit 307 

model which describes the adsorption kinetics process of Cr uptake on the adsorbents. This 308 

shows that the overall rate of the adsorption process was controlled by chemisorption and 309 

involves valence forces, through sharing or exchange of electrons between the sorbent and 310 

the sorbate [30]. The second-order kinetics is applicable to the system; since the plot of t/qt 311 

versus t (Figure 9), gave a linear relationship [31]. Low error function (18.3%) was recorded 312 

for RGAC and high (65.2%) for GCAC. A close agreement between the calculated and 313 

experimental qe values (292.4 and 333.3) was recorded for RGAC 314 

Considering the Bhattacharya-Venkobachor kinetic model, Kinetic constants obtained from 315 

these plots (GCAC and RGAC) does not show good fits, given that their R
2
 values are 0.4997 316 

and 0.0412, likewise D2 value for GCAC reads 0.001 while that of RGAC reads -0.021 [32].  317 

Mode of Transport. 318 

It was documented that the rate of sorption process is driven either by external, internal or by 319 

both types of diffusions [34]. The external diffusion sees to the transport of the Cr from the 320 

tan chrome solution to the boundary layer of the liquid phase. On the other hand, the internal 321 

diffusion directs the movement of the analyte, Cr from the external surface of the GCAC or 322 

RGAC to the internal surface of the cavities of the adsorbent. It is thus noteworthy, that 323 

during the adsorption of Cr over the  porous GCAC or RGAC, three consecutive occurrence 324 

are inevitable: Film diffusion characterized by external transport < internal transport (R
2
 325 

value of 0.764-0.890,  indicating a possible transport of the ingoing Cr ions to external 326 

surface of the GAC or RGAC); intraparticle diffusion where external transport > internal 327 

transport (R
2
 value of 0.007-0.026, for transport of the Cr ions within the pores of the GAC 328 

and RGAC but for a slight adsorption, which takes place in the external surface) and 329 

Intraparticulate diffusivty where external transport  is equivalent to internal transport with R
2
 330 

value of 0.764-0.890,  Presumably an adsorption of the ingoing Cr ions on the interior surface 331 

of the adsorbents [34]. A comparison of the rate constant of these mode of transport shows 332 

that, the intra-particle diffusion is faster and is not the rate determining step in the uptake of 333 

chromium from tan chrome wastewater.  334 

4.3.5   Adsorption Thermodynamic Studies 335 

From results in Table 4, it has been observed that with increase in temperature, adsorption 336 

capacity decreases. This implies that for the initial dye concentration of each solution, the 337 

adsorption is exothermic in nature. Thermodynamic parameters; change in Gibb’s free energy 338 

(ΔGº), change in enthalpy ΔHº and change in entropy ΔSº for the adsorption of Cr over 339 

GCAC and RGAC was estimated. The positive value for the enthalpy change, ΔH° for 340 

GCAC (2481 kJ/mol) and for RGAC (123.4 kJ/mol), indicates the endothermic nature of the 341 

adsorption, which explains the increase of Cr adsorption efficiency as the temperature 342 

increased until equilibrium is attained (Table 4). The positive value for the entropy change, 343 

ΔS° (9.969 KJ/mol and 3.738 KJ/mol), indicates that there is an increased disorder at the 344 

solid/liquid interface during Cr adsorption onto the GCAC and RGAC. Free energy change 345 

(ΔG°) shows that the adsorption process of Cr was exothermic and not spontaneous to 346 

maintain a favorable free-energy driving process (negative ∆G), the ∆H must be greater in 347 
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magnitude than the ∆ST, because adsorption leads to a loss of entropy (∆S), as was similarly 348 

reported by Azraa et al. [33]. 349 

 350 

Table 3. Kinetic studies experimental constants for Cr adsorption onto adsorbents. 351 

 

Kinetic Model 

 

Constants 

Values 

TEff– GCAC TEff – RGAC 

First Order R
2
 

K1 (min
-1

) 

qe-exp (mg/g) 

qe-cal (mg/g) 

SSE (%) 

0.003 

0.003 

1395.700 

4570.882 

1419.985 

     0.062 

     0.012 

     292.400 

     35.400 

     114.934 

Pseudo-Second Order R
2 

K2 (g/g min) 

qe-exp (mg/g) 

qe-cal (mg/g) 

SSE (%) 

0.993 

0.0008 

1395.700 

1250.000 

4245.698 

     0.971 

     5.2 x 10
-4 

     292.400 

      333.333 

     18.29 

Bhattacharya-Venkobachor R
2 

D2 

0.4997 

0.001 

       0.0412 

       -0.021 

Elovich R
2 

α (mg g
-1

 min
-1

) 

β (mg g
-1

) 

0.007 

1.574 

6.353 

        0.033 

        0.024 

        3333.333 

 352 
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 353 
Table 4: Thermodynamic parameters for Cr adsorption onto activated carbon. 354 

Thermodynamic 

 parameters 

                         Values 

TEff – GCAC TEff– RGAC 

R
2
 0.650 0.063 

ΔS (KJ/mol) 9.969 3.738 

ΔH (KJ/mol) 24810 123.4 

ΔG(Kj/mol.K) 2471.031 119.662 

 355 

3.6  Comparative studies    356 

There was no significant statistical difference between TEff – GCAC and TEff – RGAC when 357 

the effect of contact time was tested (P>0.05, 0.003), the effect of temperature on percentage  358 

removal of Cr was also tested at 95% confidence interval for TEff – GCAC and TEff – RGAC. 359 

Result indicates that there was no statistically significant difference in values. Generally, the 360 

sorption phenomenon of Cr on regenerated adsorbent (RGAC) strongly agrees with those of 361 

Cr onto virgin Commercial adsorbent (GCAC) for the entire experimental runs. 362 

4.  CONCLUSION 363 

Kinetics, Thermodynamics and Mode of Transport were successfully utilized for the 364 

interpretation of the Adsorptive detoxification of chrome tan liquor via chromium 365 

uptake on virgin and regenerated adsorbents. The Kinetic equilibrium study shows 366 

that the adsorption of Cr from tannery effluent is best modeled using pseudo-second 367 

order kinetics, and this proves to be true using both GCAC and RGAC. The 368 

correlation coefficients, R
2
 which favours the pseudo-second-order model is an 369 

indication of a chemisorption mechanism as also indicated by high Gibb’s free energy 370 

value. Intraparticle transport is not the rate limiting step, probably because the 371 

external transport of the Cr ions within the pores of the GAC and RGAC is greater 372 

than the internal transport, but for a slight adsorption, which takes place in the 373 

external surface.  The positive value for the enthalpy change, ΔH° for GCAC and for 374 

RGAC shows that the adsorption reaction is endothermic. We concluded that the 375 

RGAC compares favorably to GCAC in removal of Cr from tannery effluent. 376 
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