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Abstract 

 

Adsorption of Cr (VI) onto sulphuric acid activated Cocos nucifera roots was studied 

under batch mode. The effect of pH, temperature, contact time, adsorbent dosage, and 

initial Cr (VI) concentration was determined. Sorption of Cr (VI) onto activated coconut 

tree root carbon (ACTRC) was found efficient at pH of 2. The optimum adsorbent dose 

was found to be 2 (g/L) and the time taken to reach equilibrium was found to be 6 h. 

Toth isotherm was found to best describe the sorption mechanism among the five 

different isotherm models with R2 of 0. 993. The maximum adsorption capacity as 

predicted from Langmuir isotherm was found to be 75 (mg/g). It was found from 

Dubinin-Radushkevich model that sorption of Cr (VI) onto ACTRC is physical in 

nature. Thermodynamic studies showed ∆Ho value of-17. 416 KJ/mol indicating that 

the sorption process is exothermic and physical in nature. ∆Go and ∆So values were 

found to be negative indicating that the sorption is feasible and spontaneous. Among 

the different kinetic models used for fitting the kinetic data, pseudo-first order model 

best describes the adsorption mechanism. A mathematical model for MB transported 
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by molecular diffusion from the bulk of the solution to the surface of ACTRC was 

derived and the values of liquid phase diffusivity and external mass transfer coefficient 

were estimated. 

 
Keywords: Cocos nucifera, adsorption isotherms, kinetic models, thermodynamic 

studies. 

 

 

Introduction 
Excessive release of heavy metals like cadmium, zinc, copper, nickel, lead, mercury 

and chromium into water sources, due to rapid industrialization has created a global 

menace. Heavy metal ions are reported as priority pollutants, due to their mobility in 

natural water ecosystems, toxicity, hard to degrade and destroy. These metal ions can 

be harmful to aquatic life and water contaminated by toxic metal ions remains a serious 

public health problem for human health [1]. Chromium compounds are widely used in 

electroplating, metal finishing, magnetic tapes, pigments, leather tanning, wood 

protection, chemical manufacturing, brass, electrical and electronic equipment, 

catalysis. Acute exposure to Cr(VI) causes nausea, diarrhea, liver and kidney damage, 

dermatitis, internal hemorrhage, and respiratory problems [2]. Inhalation may cause 

acute toxicity, irritation and ulceration of the nasal septum and respiratory sensitization 

(asthma). Ingestion may affect kidney and liver functions. Eye exposure may cause 

permanent damage[3]. 

Conventional methods for removal of metal ions from aqueous solutions include 

chemical precipitation, ion exchangers, chemical oxidation/reduction, reverse osmosis, 

electro dialysis, and ultra-filtration. However, these conventional techniques have their 

own inherent limitations such as less efficiency, sensitive operating conditions, 

production of secondary sludge and further the disposal is a costly affair [4]. 

Liquid-phase adsorption is one of the most efficient methods for the removal of heavy 

metal from industrial effluents. Granular or powdered activated carbon is the most 

widely used adsorbent because of its ability to remove relatively low-molar-mass 

organic compounds. However, activated carbons are not efficient in removing metallic 

substances unless they are chemically activated using mineral acids or transition metal 

salts [5]. In this case, their use is usually limited due to their high cost. 

This problem has led many workers to search for cheaper adsorption substitutes. 

Agricultural waste is one of the rich sources for low cost adsorbents besides industrial 

by-product or natural material. Agriculture waste such as hazelnut shells [6], sawdusts 

[7] and coconut husk [8] etc. has demonstrated its ability for Cr(VI) removal. Chemical 

modification with an oxidizing agent can enlarge its surface area, thus improving its 

sorptive capacity. This process requires extra operational cost due to the consumption 

of chemicals. However, improved adsorption capacities of the adsorbents may 

compensate for the cost of additional processing. [9]. 

One such agricultural waste; roots of Cocos nucifera was chosen as the adsorbent in 

this study. Batch studies were carried out involving process parameters such as pH, 

adsorbent dosage, initial metal ion concentration and temperature. The influence of 

these parameters on adsorption capacity was investigated. The adsorption data were 
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fitted using suitable isotherm. A new mathematical model was derived and the values 

of liquid phase diffusivity and external mass transfer coefficient were estimated. 

 

 

Mathematical Model [10] 
Since the particle is small, the flow in the vicinity of the particle is not turbulent. Thus 

we assume that the mass transfer to the particle can be modeled as a process of diffusion 

in a quiescent medium. Assuming pseudo-steady state, the differential equation is 

 (1/r2) d(r2 dc /dr) /dr =0   (1) 

 

Solving this equation with boundary condition, 

 B. C.: c = c∞ ; r = ∞. 

 c = cs ; r = R. 

where c∞ is the concentration in bulk phase. The concentration profile in the liquid is 

obtained as 

 c = c∞-(c∞-cs) R/r   (2) 

 

The flux at the surface (r = R) is obtained as DL(c∞-cs)/ R. This corresponds to a mass 

transfer coefficient Kc (m/s) ; 

 Kc = DL/ R   (3) 

Where DL is the liquid phase diffusivity (m2/s). 

 

Material balance for the solute is; 

 Φ (dq/dt) =-dc/dt   (4) 

 

Further, rate of accumulation of solute on the solid is equal to the rate of mass transfer 

from the liquid, i. e, 

 ( dq /dt) ρ R2 = DL (c-cs)   (5) 

 

Since equilibrium prevails on the surface, cs and q are related by the Langmuir isotherm. 

 

The Langmuir isotherm is given by; 

 q/qm = b Cs / (1+b Cs)   (6) 

 

Therefore cs in eqn. (5) can be substituted in terms of q. Thus we obtain (7). Using (4) 

in (7), we obtain (8) 

 dq /dt = ( DL/ R2 ρ) ( c-q /(b (qm-q)))   (7) 

 dc /dt =-Φ (DL/ R2 ρ) ( c-q /(b (qm-q)))   (8) 

 

where Φ is solid loading (kg/m3 of liquid), cs is concentration on the adsorbent surface 

(kg/m3). 

 

Solving (7) and (8) as an initial value problem using initial condition c= c∞ ; q= 0; t= 0, 

0 < r < R, with a help of numerical computer program in MATLAB, yields the bulk 

concentration as a function of time. The liquid phase diffusion coefficient DL is 
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obtained by matching the experimental concentration decay curve with that obtained 

from the model. 

 

 

Experimental 
Materials: 

Potassium dichromate (Pure grade) (K2Cr2O7) was purchased from Merck India Ltd. 

Sodium hydroxide (NaOH), hydrochloric acid (HCl), sulphuric acid (H2SO4), and 

sodium nitrate (NaNO3) (Analytical reagents) were purchased from Finar Chemicals 

India, Ltd. All the chemicals were used without further purification. 

 
Collection and preparation of the adsorbent: 

Cocos Nucifera (coconut tree) roots were collected from uprooted coconut trees at 

Malpe Beach, Malpe, Karnataka, India (13. 3745oN, 74. 673oE) during the month of 

January 2013 (30-33oC, 85 % humidity). The material was washed under tap water to 

remove dirt and unwanted particles and allowed to dry for 24h at ambient temperature. 

Dried roots were then cut into pieces of 1. 5-2. 0 inches and used for activation. 
 
Activation procedure: 

The raw material was chemically modified using 97% concentrated sulphuric acid. 

Dried roots were soaked in sulphuric acid in the ratio of 1:1(w/v) for a period of 48 h. 

Acidified material was charred at 160 ±2oC for 6 h in a hot air oven (Servewell 

instruments, Bangalore, India). pH of the activated carbon obtained was made neutral 

(6. 5-6. 8) by repeated washings with double distilled water. Neutralized adsorbent was 

then freed of moisture by drying at 105±2oC for 2 h. The activated carbon was made 

into fine powder by using a domestic mixer-grinder. The powder was sieved using 

British Standard screens and the fraction passing through 125 µ was collected and 

stored in air-tight containers for further use. The adsorbent was named activated 

coconut tree root carbon (ACTRC). 

 
Characterization of ACTRC: 

Proximate analysis of ACTRC was done by heating a known amount of sample to 

required temperatures. The difference in weights before and after heating were used to 

calculate moisture content, ash content, volatile matter, and fixed carbon. The surface 

characteristics of ACTRC were studied using an EVO MA18 with Oxford EDS(X-act) 

scanning electron microscope (SEM). Specific surface area was determined using a 

Brunauer-Emmet-Teller apparatus (Smart Sorb 92/93, Mumbai, India). Before 

measurement, the samples were degassed by heating them at 150oC for 2 h. Fourier 

Transform Infrared Spectrometer (FTIR) (FTIR RX-1, SHIMADZU, USA), was used 

to determine the functional groups responsible for adsorption of chromium. CILAS 

1064 Liquid (Range: 0. 04 μm-500. 00 μm / 100 Classes) particle size analyzer was 

used for determination of mean diameter of particles. The point of zero charge (pHPZC) 

was determined by suspending 1 g of ACTRC in 0. 001 M solution of sodium nitrate 

(NaNO3) for 24 h. 60 mL of the suspension was measured into nine 100 mL Erlenmeyer 

flasks. The contents of the flasks were adjusted to different pH values (1. 1, 2. 0, 3. 62, 
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4. 42, 5. 28, 6. 4, 7. 38, 8. 63, and 9. 95). The suspension in each flask was divided into 

four equal parts with the aid of a pipette. 0. 3 g of NaNO3 was dissolved in two sets 

while the other two sets were left blank. They were left for 6 h and after this the pH of 

the reference and the test suspensions were measured using Systronics digital pH meter-

335. pH of the reference and test suspensions were taken as initial and final pH 

respectively. The results were plotted as ∆pH v/s initial pH. 

 
Adsorption experiments: 

Adsorption experiments were carried out by taking 100 mL of chromium solution in 

250 mL Erlenmeyer flasks. The flasks containing chromium solutions were dosed with 

known amount of adsorbent. The pH of the experimental solutions was adjusted using 

0. 1 M HCl or 0. 1 M NaOH. The flasks were mounted on a shaker-incubator (Lead 

instruments, Bangalore, India) and agitated at 150 RPM. Effect of temperature, contact 

time, initial Cr (VI) concentration, adsorbent dose, and pH on performance of ACTRC 

was studied. Samples were collected at pre-determined intervals of time and filtered 

through Whatman 41 filter paper. Final concentration of Cr (VI) in the samples was 

determined using a Thermo-Scientific atomic absorption spectrometer (iCE 3000). The 

equilibrium adsorption capacity of ACTRC was calculated using 

  

  𝑄𝑒 = (
𝐶𝑜−𝐶𝑒

𝑚
) ∗ 𝑉   (9) 

 

Where Qe is the amount of chromium adsorbed per unit weight of ACTRC in mg/g, V 

is the volume of solution treated in liter, Co is the initial concentration of chromium in 

mg/L, Ce is the equilibrium concentration in mg/L, and m is the mass of the adsorbent 

dosed in g. 

 

Adsorption isotherms: 

Data from the equilibrium studies carried out at 283 K with different initial 

concentrations (10, 25, 50, 75, 100, 150, 200, and 250 mg/L) of adsorbate was used to 

check the applicability of Langmuir, Freundlich, Toth, Redlich-Peterson, and Dubinin-

Radushkevich isotherms under specific conditions i. e., pH of 2, adsorbent dose of 2 

g/L, agitation speed of 150 RPM, and contact time of 6 h. The applicability of these 

isotherms was checked by performing non-linear regression using the ‘Solver add-in’ 

available in MS-Excel 2007 (Microsoft, USA). Sum of squared errors between the 

experimental data and the predicted data was chosen as the objective function to be 

minimized. 

 

Adsorption kinetics: 

Kinetic studies were performed by taking 250 mL of chromium solution of known 

concentrations (10, 25, 50, 75, 100, 150, 200, and 250 mg/L) dosed with 2 g/L of 

adsorbent. The pH was maintained at 2 and temperature at 303 K. The adsorbate and 

adsorbent were made to come in contact with each other for 6h at an agitation speed of 

150 RPM. Samples were taken at pre-determined intervals of time and filtered through 

Whatman filter paper 41. The residual chromium was analyzed using a Thermo-

Scientific atomic absorption spectrometer (iCE 3000). The data so obtained was 
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checked for its applicability to pseudo-first order, pseudo-second order, Elovich, and 

Weber-Moris intra-particle diffusion model. 

 

 

Results and Discussions 
Characterization of ACTRC: 

Table-1 shows the results of proximate analysis of ACTRC, its specific surface area, 

and the mean diameter of the particles. The SEM images of ACTRC before and after 

adsorption are shown in Fig. 1. a and 1. b. The images show that ACTRC is moderately 

porous and highly irregular in structure. Fig. 1. b. shows some bright spots on the 

surface of ACTRC, indicating sorption of chromium. The FT-IR spectra of ACTRC 

before and after adsorption are shown in Fig. 2 comparison of the IR spectra of ACTRC 

before and after sorption shows that the following functional groups are responsible for 

adsorption of Cr (VI). Presence of H-bonded hydroxyl groups is shown by a broad peak 

at 3409. 91 cm-1, this peak has shifted to 3394. 48 cm-1 indicating weakening of inter-

molecular hydrogen bonding due to sorption. The strong C-O single bond stretching 

vibrations are observed at 1110. 92 cm-1 this band has shifted to 1118. 64 cm-1 

indicating secondary alcohols being responsible for adsorption. The peak at 1172. 64 

cm-1 is because of presence of S=O. It may be due to modification of coconut tree root 

by sulphuric acid. The shifting of this band to 1218. 93 cm-1 shows that either sulphones 

or sulfates are responsible for adsorption. Other peaks found at 1654. 66 cm-1 and 2846 

cm-1 indicates the presence Carbonyl of hydroxyl group and aldehydes respectively. 

 

Table 1: Physico-Chemical properties of ACTRC 

 

Proximate analysis % by weight 

Moisture 8. 36 

Volatile matter 41 

Ash 3. 762 

Fixed carbon 46. 9 

Specific surface area 2. 81 (m2/g) 

Mean diameter of particles 27. 9 µ 

 

 

Solid particles, especially oxides/hydroxides, develop an electrical charge on their 

surface when submerged in aqueous solution. The net surface charge changes as a 

function of pH because H+ and OH-ions are charge determining ions. The pH value at 

which the net surface charge is zero is called the pHPZC (Point of Zero Charge)[11]. Fig. 

3, a plot of ∆pH v/s initial pH shows the pH at which the net surface charge on ACTRC 

is zero. It was found to be 3. 67. 
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Figure 1a: SEM micrograph of ACTRC before sorption 

 

 

 
 

Figure 1b: SEM micrograph of ACTRC after sorption 

 

 

Adsorption Experiments 

Effect of initial solution pH: 

The solution pH is one of the variables having considerable influence on the adsorption 

of metal ions, because the surface charge density of the adsorbent and the charge of the 

metallic species present depend on the pH [12]. In the present work, the extent of Cr 

(VI) adsorption onto ACTRC was studied by varying pH in the range of 2-9. The other 

factors were maintained constant with an adsorbent dose of 5 g/L, temperature of 303 

K, initial Cr (VI) concentration of 50 mg/L, and an agitation speed of 150 RPM. The 

experiment was conducted for 6 h, which is the time required for achievement of 

equilibrium. The results are shown in Fig. 4. a. and 4. b. 
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Figure 2: FT-IR spectra of ACTRC 

 

The maximum adsorption was found to take place at pH 2, with a maximum equilibrium 

capacity (Qe) of 9. 33mg/g and a maximum percent adsorption of 93. 3%. 

 

 
 

Figure 3: Determination of pHPZC 

 

This sort of behavior of chromium adsorption with varying pH has been reported by[13] 

According to Dakiky et al [13], it is well known that the dominant form of Cr (VI) at 

lower pH’s is HCrO4
1-and therefore adsorption of Cr (VI) is higher at lower pH values 

because of higher H+ concentration on the surface. To prove this, Dakiky et al [13] have 

conducted adsorption experiments on Cr (III) and have found that no significant 

adsorption took place at pH 2. It can thus be concluded that Cr (VI) is adsorbed in 

higher quantities onto ACTRC at pH 2 because of its presence in anionic form in 

aqueous solutions at low pH and subsequent attraction to positive surface charge. The 

presence of positive surface charge is also supported by pHPZC studies. The pHPZC for 

ACTRC was found to be 3. 67, thus below pH 3. 67 the surface of ACTRC will have 

positive charge. 
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Figure 4a: Effect of pH on percentage adsorption (T=303 K, t=6 h,  

Co=50 mg/L, m=5 g/L) 

 

 

 
 

Figure 4b: Effect of pH on equilibrium capacity (T=303 K, t = 6 h, Co=50 mg/L,  

m=5 g/L) 

 

 

Effect of adsorbent dose: 

The effect of adsorbent dose on percentage removal and adsorption capacity of Cr (VI) 

onto ACTRC was studied by varying the adsorbent dose from 2 g/L to 10 g/L while 

maintaining the other factors constant with a temperature of 303 K, a pH of 2, initial 

concentrations of 50 and 250 mg/L, and an agitation speed of 150 RPM. 

It is evident from Fig. 5. a. and 5. b. that the maximum chromium was adsorbed with a 

dose of 2 g/L, however, the percent adsorbed was almost constant with adsorbent 

dosage. This phenomenon of constant percentage removal has been explained by 
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Figure 5a: Effect of adsorbent dose (T=303 K, t=6 h, Co=50 mg/L, pH=2) 

 

 

 
 

Figure 5b: Effect of adsorbent dose (T=303 K, t=6 h, Co=250 mg/L, pH=2) 

 

 

Dioniso et al [14] for removal of copper by pine cone shell. They reason that the total 

number of functional groups for the sorption of copper increases with adsorbent dose 

and hence all of the copper is removed. On similar lines, the total number of functional 

groups on ACTRC for chromium removal increases and hence the percentage removal 

is constant. At doses lower than 1 g/L, the percent removal may be less. The decrease 

in adsorption capacity with increasing dose is mainly due to overlapping of the 

adsorption sites as a result of overcrowding of the adsorbent particles and is also due to 



Equilibrium, kinetic, and thermodynamic studies on the removal of Chromium (VI)  11 

the competition between adsorbate molecules on the adsorbent surface[15]. Maximum 

adsorbent capacities of 117. 41 mg/g and 22. 04 mg/g were obtained at adsorbent dose 

of 2 g/L for initial Cr (VI) concentrations of 250 and 50 mg/L respectively. 

 

 

Effect of initial concentration: 

The effect of initial concentration (Co, mg/L) on the adsorption of Cr (VI) onto ACTRC 

was studied by varying the initial concentrations in the range of 10-300 mg/L while 

maintaining the other factors constant with a temperature of 303K, an adsorbent dose 

of 2 g/L, a pH of 2, and an agitation speed of 150 RPM. 

 

 
 

Figure 6: Effect of initial Cr (VI) concentration (T=303 K, t=6 h, pH=2, m=2 g/L) 

 

 

It can be seen from Fig. 6 that the percentage removal decreases with increase in the 

metal ion concentration and the adsorbent capacity increases with increase in the metal 

ion concentration. Similar behaviors have been reported by [12]. According to Sharma 

et al [12], the increase in adsorbent capacity is attributed to an increase in the number 

of Cr (VI) ions per unit mass of ACTRC, leading to higher uptake of the ions. In 

comparison, as already seen, an increase in the adsorbent amount for the same initial 

concentration of Cr (VI) decreases the amount adsorbed per unit mass, which, is due to 

availability of less number of Cr(VI) ion per unit mass of ACTRC. Ansari et al [16], 

explain that the decrease in percentage removal of Cr (VI) with increase in initial 

concentration is due to the saturation of higher energy sites available for adsorption. 

 

 

Effect of contact time: 

The effect of contact time was studied for different initial concentrations of Cr (VI), 

ranging from 10-100 mg/L. Other factors were maintained constant with a temperature 

of 303 K, a pH of 2, an adsorbent dose of 2 g/L, and an agitation speed of 150 RPM. 

Here, the experiments were carried out in 500 mL beakers with 250 mL of experimental 
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solutions. Samples were taken at pre-determined intervals of time and were analyzed 

for final Cr (VI) concentration after filtration. Fig. 7 shows the effect of contact time 

on removal of Cr (VI) onto ACTRC. As can be seen, the adsorption takes place rapidly 

during the first 90 minutes, then slows down and levels off. Equilibrium was attained 

within 3 hours for all concentrations examined. According to Sharma et al[12], such 

behavior is expected in a batch reactor with both constant adsorbent amount and varying 

initial adsorbate concentration or vice versa. 

 

 
 

Figure 7: Effect of contact time (T=303K, pH=2, m=2g/L Co=10, 25,  

50, 75, 100mg/L) 

 

 

Effect of temperature: 

The effect of temperature on removal of Cr (VI) was studied at 10, 30, 40, and 50oC. 

Concentration of adsorbate was in the range of 10-200 mg/L. Other factors such as pH, 

adsorbent dose, and agitation speed were maintained constant. It can be seen from Fig. 

8 that there is a decrease in the adsorption capacity with increase in temperature. Similar 

trend was observed by Kumar et al [17] for the removal of nickel (II) ions onto cashew 

nut shell. The decrease in adsorption capacity with increasing temperatures can be 

attributed to the exothermic nature of the sorption process. Determination of the 

thermodynamic properties of adsorption revealed the same. 
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Figure 8: Effect of temperature on adsorption capacity (t=6 h, pH=2, m=2 g/L) 

 

 

Thermodynamics: 

Thermodynamic parameters such as Gibbs free energy change (∆GO), change in 

enthalpy (∆HO), and change in entropy (∆SO) were determined by using the following 

equations [17]. 

              𝐾𝑐 =
𝐶𝐴𝑒

𝐶𝑒
   (10) 

Where, Kc is the equilibrium constant, Ce is the equilibrium concentration in solution 

(mg/L) and CAe is the amount of Cr (VI) adsorbed on the adsorbent per liter of solution 

at equilibrium (mg/L). 

 

 𝛥𝐺𝑜 = −𝑅𝑇 ln 𝐾𝑐    (11) 
 

 𝛥𝐺𝑜 = ∆𝐻𝑜 − 𝑇∆𝑆   (12) 
 

 𝑙𝑛𝐾𝑐 =  
∆𝑆°

𝑅
−

∆𝐻°

𝑅𝑇
   (13) 

Where, R is universal gas constant (J/mol K), T is temperature in absolute scale (K). 

From equation 4, a plot of ln Kc v/s 1/T yielded a straight line, with a slope of ∆Ho/R 

and an intercept of ∆So/R. ∆Go was then calculated from Eq. (12) The thermodynamic 

parameter values are shown in the Table-2. The Vant Hoff plot is also shown (Fig. 9). 

 

The Gibbs free energy ∆G◦ is small and negative but decreases with increase in 

temperature, indicating that the adsorption process leads to a decrease in Gibbs 

energy[18]. The negative ∆G◦ value indicates that the process is feasible and 

spontaneous in the nature of adsorption; negative ∆H◦ value suggests the exothermic 

nature of adsorption. The small negative value of ΔH◦ indicates that the adsorption is 

physical in nature involving weak attractive forces. This implies that the adsorption 

process is energetically stable. The low value also implies loose bonding between the 

Cr molecules and the ACTRC surface and the negative ∆S◦ values indicate a decreased 

randomness at the ACTRC-solution interface. [18]. 
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Figure 9: Vant Hoff plot for ACTRC/Cr (VI) system 

 

Table 2: Thermodynamic parameters for ACTRC/Cr (VI) system. 
 

Conc mg/L ∆Ho J/mol) ∆So J/molK ∆Go (kJ/mol) 

   0oC 30oC 40oC 50 oC 

10 -17. 41 -38. 68 -6. 47 -5. 69 -5. 30 -4. 92 

25 -14. 11 -27. 15 -6. 43 -5. 88 -5. 61 -5. 34 

50 -12. 93 -22. 91 -6. 45 -5. 99 -5. 76 -5. 53 

75 -8. 53 -9. 162 -5. 94 -5. 76 -5. 67 -5. 57 

 

 

Adsorption Isotherms: 

Langmuir isotherm: 

Langmuir adsorption isotherm assumes monolayer adsorption and refers to 

homogeneous adsorption, which each molecule possess constant enthalpies and 

sorption activation energy (all sites possess equal affinity for the adsorbate), with no 

transmigration of the adsorbate in the plane of the surface. Graphically, it is 

characterized by a plateau, an equilibrium saturation point where once a molecule 

occupies a site, no further adsorption can take place [19]. Langmuir isotherm is 

mathematically defined as 

 

  𝑞 =
𝑞𝑚𝑏𝐶𝑒

1+𝑏𝐶𝑒
   (14) 

 

Where, q and qm are the equilibrium and maximum monolayer adsorption capacities 

(mg/g) respectively, b is the Langmuir constant (L/g) related to the adsorption energy, 

and Ce is the equilibrium adsorbate concentration (mg/L). 
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Freundlich isotherm: 

Freundlich isotherm can be applied to multilayer adsorption, with non-uniform 

distribution of adsorption heat and affinities over the heterogeneous surface. At present, 

Freundlich isotherm is widely applied in heterogeneous systems especially for organic 

compounds or highly interactive species on activated carbon and molecular sieves.. The 

Freundlich isotherm is mathematically defined as 

 

 𝑄𝑒 = 𝐾𝑓𝐶𝑒
1/𝑛

   (15) 

 

Where, Kf (mg g−1) is the Freundlich constant related to adsorption capacity of 

adsorbent and n is the Freundlich exponent related to adsorption intensity 

(dimensionless). The slope ranges between 0 and 1 is a measure of adsorption intensity 

or surface heterogeneity, becoming more heterogeneous as its value gets closer to zero. 

Whereas, a value below unity implies chemisorption process where 1/n above one is an 

indicative of cooperative adsorption [19] 
 
Dubinin-Radushkevich isotherm: 

Dubinin–Radushkevich isotherm is applied to express the adsorption mechanism with 

a Gaussian energy distribution onto a heterogeneous surface. The model has often 

successfully fitted high solute activities and the intermediate range of concentrations 

data well, but has unsatisfactory asymptotic properties and does not predict the Henry’s 

law at low pressure [19]. This model is usually applied to distinguish between the types 

of adsorption occurring in the system. The mean free energy E per molecule of 

adsorbate is used to gather that information. The mathematical form of the model is 

given by 

  𝑙𝑛𝑄 = 𝑙𝑛𝑄𝑚 − 𝛽𝜀2   (16) 

Where, Qm is the maximum adsorption capacity (mg/g), β (mol/kJ)2 is the capacity 

coefficient related to mean adsorption energy, and ε is the Polanyi potential, which is 

equal to 

  𝜀 = 𝑅𝑇 ln(1 +
1

𝐶𝑒
)   (17) 

Where, R is the universal gas constant (J/molK), and T The mean free energy can be 

calculated by the following relation. 

  E =
1

√(2β)
   (18) 

 

If the magnitude of E is between 8 and 16kJmol−1, the sorption process proceeds by ion 

exchange, while for values of E < 8 kJmol−1, the sorption process is of a physical nature 

[20]. 

 

Toth isotherm: 

Toth isotherm model is another empirical equation developed to improve Langmuir 

isotherm fittings (experimental data), and useful in describing heterogeneous 

adsorption systems satisfying both low and high-end boundary of the concentration. Its 

correlation presupposes an asymmetrical quasi-Gaussian energy distribution with most 

of its sites having an adsorption energy lower than the peak (maximum) or mean value 
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[21]. The Toth isotherm is given mathematically by 

 

  𝑄𝑒 =  
𝐾𝑡𝐶𝑒

(𝑎𝑡+𝐶𝑒)1/𝑡   (19) 

 

Where, Kt, at, and t are the Toth isotherm constants. 

 
Redlich-Peterson isotherm: 

Redlich–Peterson isotherm is a hybrid isotherm featuring both Langmuir and 

Freundlich isotherms, which incorporate three parameters into an empirical equation. 

The model has a linear dependence on concentration in the numerator and an 

exponential function in the denominator to represent adsorption equilibria over a wide 

concentration range, that can be applied either in homogeneous or heterogeneous 

systems due to its versatility. In the limit, it approaches Freundlich isotherm model at 

high concentration (as the exponent bR tends to zero) and is in accordance with the low 

concentration limit of the ideal Langmuir condition (as the bR values are all close to 

one) [21]. Its mathematical form is given by 

 

   𝑄𝑒 =  
𝐾𝑅 𝐶𝑒

1+𝑎𝑅𝐶𝑒
𝑏𝑅

  (20) 

 

Where, KR is the maximum adsorption capacity (mg/g). 

 

All the above models, except Dubinin-Radushkevich were fitted to the experimental 

equilibrium data obtained at 10oC for concentrations of adsorbate ranging from 10-250 

mg/L. all the other factors were maintained constant at their optimum levels. Model 

fitting was done using ‘Solver’, an add-in available in Microsoft Excel 2007 (Microsoft 

Corporation, USA). The sum of squared errors (SSE) was chosen as the objective 

function to be minimized. The best model was decided as the one having the least 

Residual Root Mean Square Error (RMSE) value [22] in addition to coefficient of 

determination (R2). Table-3 shows the model parameters and the equations. Fig. 10 

shows the experimental and predicted isotherms. 

 

Toth isotherm best describes the equilibrium data. The low value of the constant 1/t (0. 

873 <1) reveals heterogeneity of the adsorbent surface. The next best model describing 

the sorption was found to be Langmuir isotherm model. A high qm value of 76. 29 

(mg/g) reveals that the adsorbent is suitable for sorption of Cr (VI). The low value of b 

(0. 141 l/mg) suggests high affinity of Cr (VI) towards ACTRC [22]. Redlich-Peterson 

model is the next best fit. As the exponent β approaches 1, the model is in accordance 

with ideal Langmuir condition. In this study, the value of the exponent was found to be 

1. The value of 1/n of the Freundlich isotherm is 0. 338 (<1), indicating that the surface 

of ACTRC is heterogeneous. On the basis of R2 values and RMSE the higher fitted 

model order is Toth>Langmuir>Redlich-Peterson>Freundlich. 

 

The model parameters of Dubinin-Radushkevich isotherm were found by plotting ln 

(Qm) v/s ε2. β, a model parameter was found out by the slope. Eq. (17) was used to 
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determine E, the mean free energy per molecule of the adsorbate. The value of E was 

found to be 316. 22 (J/mol), which is less than 8000 J/mol. Hence, the adsorption 

process is physical in nature. This fact is also supported by ∆H values 

 

 
 

Figure 10: Adsorption isotherms (T=283 K, t=6 h, pH=2, m=2 g/L) 

 

 

Table 3: Adsorption isotherms parameters and equations 

 

Isotherm Model Parameter R2 RMSE Equation 

Langmuir qm = 76. 29 

b =0. 141 

0. 988 2. 837 

 

Freundlich Kf = 16. 795 

n = 2. 965 

0. 945 6. 076  

Toth Kt =42. 567 

at = 3. 875 

t =1. 145 

0. 993 2. 145 

 

Redlich-Peterson KR=1. 07 

aR= 1. 41 

bR = 1 

0. 988 3. 188 

 

 

 

Kinetic Studies: 

The following diffusion models have been used to model the kinetic data obtained in 

this work. The experimental data that were generated during study of effect of contact 

time on Cr (VI) removal onto ACTRC have been used. 
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Pseudo-first order model or the Lagergren model: 

The pseudo-first order model is given by 

 

   ln(
𝑄𝑒

𝑄𝑒−𝑄𝑡
) = 𝑘1𝑡   (21) 

Where, Qe and Qt are adsorption capacities (mg/g) at equilibrium and time t 

respectively. 

 

Pseudo-second order model: 

The pseudo-second order model is given by 

 

  
𝑡

𝑄𝑡
=

𝑡

𝑄𝑒
+

1

𝐾2𝑄𝑒
2        (22) 

 

Where, Qe and Qt are adsorption capacities (mg/g) at equilibrium and time t 

respectively, and K2Qe
2 is the initial adsorption rate (mg/ (g·h)). This equation has been 

successfully applied to the adsorption of metal ions, dyes, herbicides, oils, and organic 

substances from aqueous solutions [23]. 

 

Elovich model: 

The Elovich model is given by 

 

  𝑄𝑡 =
1

𝛽
ln(𝛼𝛽) +

1

𝛽
ln(𝑡)   (23) 

Where, α is the initial adsorption rate (mg/ (g·h)), and β is the constant of desorption 

(g/mg). 

 

Elovich’s equation has been widely used to describe the adsorption of gas onto solid 

systems. Recently it has also been applied to describe the adsorption process of 

pollutants from aqueous solutions, such as cadmium removal from effluents using bone 

char, and Cr(VI) and Cu(II) adsorption by chitin, chitosan, and Rhizopus arrhizus [23]. 

 

Weber-Moris intra-particle diffusion model: 

Weber-Morris found that in many adsorption cases, solute uptake varies almost 

proportionally with t1/2 rather than with the contact time t [23]. The model is given by 

the equation 

  𝑄𝑡 = 𝐾𝑖𝑑𝑡1/2   (24) 

Where, Kid is the intra-particle diffusion rate constant (mg/g. h0. 5). 

 

According to eqn. (23), a plot of Qt v/s t1/2 should be a straight line with a slope Kid 

when the intra-particle diffusion is a rate-limiting step. For Weber-Moris model, it is 

essential for the Qt v/s t1/2 plot to go through the origin if the intra-particle diffusion is 

the sole rate-limiting step. However, it is not always the case and adsorption kinetics 

may be controlled by film diffusion and intra-particle diffusion simultaneously [23]. In 

such cases, an intercept is added to the above equation which accounts for film 

diffusion. 
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All the above models were fitted to the experimental data by non-linear regression. 

Non-linear regression was performed using the solver add-in available in Microsoft 

Excel 2007. (Microsoft Corp, USA). The model parameter values, and coefficient of 

determination (R2) values are tabulated in Table-4. Fig. 11 to 14. show experimental 

and model predicted curves. F-test was used to determine the statistical significance of 

the models. The model with least variance was chosen as the one to give the best fit. F 

value is calculated by taking the variance of the model expected to give the best fit in 

the denominator and by taking the variance of the model expected to give worst fit in 

the numerator. The F value was then compared with the F value available in statistical 

tables for a confidence level of 95% (α=0. 05). If the F value obtained is found to be 

higher than Fα, 0. 05, then the model is said to be significant. However, none of the models 

were found to have significant improvement over the others. 

 

Based on the R2 values, pseudo-first order model best described the adsorption of Cr 

(VI) onto ACTRC at low adsorbent concentrations. The pseudo-second order model 

was found to be best suited at higher concentrations. The R2 values of Weber-Moris 

model suggest that intra-particle diffusion is not the rate determining step. Both the 

pseudo-first order and pseudo second order models can be used to describe the 

adsorption at solution-solid interface [24], and since both the models seem to best 

represent the data it can be concluded that uptake of Cr (VI) at the solution-solid 

interface is the rate determining step. The Elovich equation does not predict any definite 

mechanism, but it is useful in describing adsorption on highly heterogeneous adsorbents 

[17]. 

 

 
 

Figure 11: Pseudo-first order model of ACTRC for Cr (VI) removal  

(T=303 K, pH=2, t=6 h) 
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Figure 12: Pseudo-second order model of ACTRC for Cr (VI) removal  

(T=303 K, pH=2, t=6 h) 

 

 
 

Fig. 13. Elovich model of ACTRC for Cr (VI) removal (T=303 K, t=6 h, pH=2) 
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Table 4: Kinetic models parameters 

 

Kinetic model Parameters Concentration of Cr (VI) (mg/L) 

  10 25 50 75 100 

Pseudo-first order K1 (h
−1) 

Qe, cal (mg/g) 

R2 

6. 034 6. 718 5. 273 1. 840 3. 110 

4. 711 11. 75 23. 03 34. 15 45. 17 

0. 999 0. 993 0. 933 0. 984 0. 958 

Pseudo-second order K2 (g/mg. h) 

Qe, cal (mg/g) 
K2Qe

2 (mg/g. h) 

Qe, exp (mg/g) 

R2 

2. 062 0. 972 0. 372 0. 046 0. 085 

4. 948 12. 29 24. 25 39. 18 49. 47 

50. 49 146. 9 219. 0 34. 14 47. 57 

4. 683 11. 80 23. 62 71. 32 207. 1 

0. 983 0. 988 0. 977 0. 999 1. 000 

Elovich α (mg/g. h) 

β (g/mg) 

R2 

1367 7998 3706 194. 7 857. 8 

1. 869 0. 828 0. 352 0. 129 0. 128 

0. 907 0. 925 0. 97 0. 972 0. 984 

Weber-Moris Kid mg/g. h0. 5) 

R2 

2. 784 6. 99 13. 69 18. 62 25. 86 

-0. 40 -0. 56 -0. 17 0. 76 0. 493 

 

 

 
 

Fig. 14 Weber-Moris model of ACTRC for Cr (VI) removal (T=303K, t=6h, pH=2) 
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Figure 15:Variation of dimensionless bulk concentration of Cr with time for initial 

bulk concentration of 50 mg/L 

 

 

Mathematical Model: 

The equilibrium data were approximated by Langmuir isotherm for Chromium and 

ACTRC system. The non-linear regression analysis was employed to determine 

isotherm constants qm and KL. The estimated isotherm constants at temperature of 30oC 

for ACTRC-chromium are qm= 76. 29 mg/g, KL = 0. 141 and correlation coefficient is 

0. 988. Fig. 15, 16 and 17 shows the experimental decay-time profile of adsorption of 

ACTRC-Chromium system at initial solute concentration of 50, 75 and 100 mg/L 

respectively. The correlation coefficient are in excess of 0. 96, indicating satisfactory 

fit of model prediction and experimental data. The estimated value of DL is 9. 8x10-8 

m2/s and Kc is 1. 58x10-3 m/s respectively. 

 

 
 

Figure 16: Variation of dimensionless bulk concentration of Cr with time for initial 

bulk concentration of 75 mg/L 
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Figure 17: Variation of dimensionless bulk concentration of Cr with time for initial 

bulk concentration of 100mg/L. 

 

 

Conclusions 
ACTRC was shown to be a good adsorbent for Cr (VI) uptake from synthetic waste 

water. The amount of Cr (VI) adsorbed decreased with increase in initial solution pH. 

Metal uptake (mg/g) increased with decrease in the quantity of ACTRC dosed. Cr (VI) 

uptake increased with increasing initial adsorbate concentrations. The kinetic data 

reveal that adsorption of Cr (VI) onto ACTRC followed pseudo-first order kinetics. 

Equilibrium data suggest that adsorption followed Toth isotherm model. The value of 

Redlich-Peterson isotherm constant β (unity) suggested a special case Langmuir 

isotherm. Adsorption of Cr (VI) onto ACTRC was found to be exothermic in nature, as 

suggested by negative change in enthalpy. Negative values of change in Gibb’s free 

energy and change in entropy suggest that the process is feasible and spontaneous, and 

that there is a decreased randomness in the system. The results obtained in this work 

are comparable to that obtained by other researchers in this field. A maximum 

adsorption capacity of 133 mg/g was achieved for an initial concentration of 250 mg/L. 

The mathematical model derived gave a satisfactory fit of model prediction and 

experimental data thereby indicating that the adsorption is only taking place on the 

surface of the ACTRC with negligible intraparticle diffusion. 
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