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ab s t r ac t
A fundamental investigation of the removal of chromium (VI) ions (HCrO4

– and Cr2O7
2–) from aqueous 

solutions by Amberlite IRA-420 anions exchanger particles (AMB) was conducted under batch conditions. 
The kinetic and equilibrium results obtained for chromium (VI) ions sorption with different initial concen-
trations onto AMB were analyzed. Kinetic modeling analysis with three different types of kinetic sorption 
models (pseudo-first-order, pseudo-second-order, and simple Elovich models) was applied to simulate 
the chromium (VI) ions sorption data. The analysis of the kinetic data indicated that the sorption was a 
second-order process. An ion-exchange mechanism may have existed in the chromium (VI) ions sorp-
tion process with AMB. The chromium (VI) ions uptake by AMB was quantitatively evaluated with equi-
librium sorption isotherms. The experimental data of the removal equilibrium were correlated with the 
Langmuir, Dubinin–Radushkevich (D–R), Freundlich, and Harkins-Jura isotherm models, and the appli-
cability of these isotherm equations to the sorption systems was compared by the correlation coefficients.

Moreover, diffusion mechanism of chromium (VI) ions was described by different adsorption 
diffusion models. The diffusion equations inside particulate of Dumwald–Wagner and intraparticle 
models were used to calculate the diffusion rate. The actual rate-controlling step involved in the chro-
mium (VI) ions sorption process was determined by further analysis of the sorption data by the kinetic 
expression given by Boyd.
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1. Introduction

Water pollution is becoming a major problem endangering 
all living beings. This issue is not only currently acute but also 
becoming regressive day by day. The effects of water pollution 
strongly impact the gentle balance of nature. The pollutants of 
water are classified as organic and inorganic pollutants. The 

inorganic pollutants consist mainly the heavy metals (metal-
lic elements). Metals and metalloids due to their extensive 
use represent a significant fraction of the contaminants [1]. 
Heavy metals like iron, manganese, lead, mercury, chromium, 
cadmium, nickel, cobalt, beryllium and copper are present in 
both natural and contaminated environments. They act as the 
minerals when they are found within the permissible limits. In 
well-balanced natural environments, they occur at low concen-
trations. However, these are present at high levels as is the case 
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in contaminated environments. They occur naturally as ions, 
compounds and complexes (speciation) in the environment in 
a variety of forms [2]. Chromium is one of the toxic element, 
which is first to remove. Chromium (Cr(VI)) does not occur in 
nature but is present in ores, primarily in the form of chromite. 
Chromium exists in two oxidation states, Cr(III) and Cr(VI). 
Chromium at higher levels is toxic to both man and animals but 
plays a significant role in glucose and cholesterol metabolism 
and as an essential element. The hexavalent form is 500 times 
more toxic to aquatic life than trivalent one [3]. Toxic chromium 
salts are extensively used in various industries such as leather 
industry metallurgical industries and in the manufacturing of 
paints, inks, wood preservatives, photographic materials, tex-
tile, rubber, ceramics and fungicides [4–7]. The effluents of these 
industries having have to be treated for the complete removal 
of chromium ions before they are discharged into the environ-
ment. If rigorous scientific methods of disposal are not followed, 
there arises a potential danger of entrance of chromium ion into 
the nearby water bodies. The chromium ions being nondegrad-
able in nature enter into the biological systems and get accu-
mulated in the food chains in unspecific compounds inside the 
cells of living organisms causing the significant threat to aquatic 
life [6–9]. Methodologies have been developed in controlling 
chromium, based on chemical reduction [8,10–12], floccu-
lation [10], electrolysis and electroplating [13,14], nanofiltration 
[15], bioaccumulation [16], ion exchange [17], adsorption on 
silica composites [18,19], activated carbons [20–22], fly ash [23], 
modified zeolites [24,25], bone charcoal [26] and microbes [27]. 
Some patents are also found in the literature [28]. 

The aim of this work is to study the kinetic and equi-
librium results obtained from chromium (VI) ions sorption 
with different initial concentrations onto Amberlite IRA-420 
anions exchanger particles (AMB) under batch conditions. 

2. Materials and methods

2.1. Materials

Amberlite (IRA 420): A commercial Amberlite IRA-420 
ion exchange resin supplied by Rohm and Hass (Philadelphia, 
Pennsylvania, USA) was used.

Potassium dichromate (K2Cr2O7), minimum assay 99%, 
was supplied by Sigma-Aldrich, Germany. Sodium hydrox-
ide (NaOH), minimum assay 99%, was supplied by Sigma-
Aldrich, Germany. Sodium chloride (NaCl), minimum assay 
99%, was supplied by Sigma-Aldrich, Germany.

2.2. Batch adsorption experiment

The Cr(VI) ions adsorption studies performed by mixing 
0.2 g of wet Amberlite IRA 420 (4 g/L) with 50 mL of Cr(VI) 
ions solution of a particular concentration. The mixture was 
agitated (300 rpm) using magnetic stirrer for 60 min at room 
temperature then left to settle for 1 min. The Cr(VI) ions con-
centration was determined by measuring the absorbance at 
the maximum wavelength (λmax = 380 nm) using UV-VIS spec-
trophotometer and multiply by 156.25 constant. 

The adsorption process characterized by two parame-
ters namely the removal percentage (%) and the adsorption 
capacity (mg/g).

The removal percentage is calculated according to the 
 following formula:

Cr(VI) ions removal (%) = [(C0 – Ct) / C0] × 100 (1) 

The adsorption capacity is calculated according to the 
 following formula:

q (mg/g) = V (C0 – Ct) / M (2)

where C0 and Ct (mg L−1) are the initial at zero time and the 
final concentration of Cr(VI) ions at a specific time, respec-
tively. q is the uptake capacity (mg/g); V is the volume of the 
Cr(VI) ions solution (mL); and M is the mass of the AMB (g).

2.3. Sorption kinetic models

The kinetic models were used to follow up the adsorption 
rate of the process. Three frequently used kinetics models, 
namely the pseudo-first-order, the pseudo-second-order, 
and finally, the Elovich model, were used in our study. 

2.3.1. Pseudo-first-order model

Lagergren and Svenska [29] correlated the adsorption 
rate to the adsorption capacity to follow up the kinetic of the 
adsorption process from solution onto solid surface using the 
following linear equation:

Ln (qe − qt) = Ln qe − k1 t  (3)

The pseudo-first-order reaction rate constant k1 (min−1) 
obtained from the slope of the linear line is resulted from 
plotting Ln (qe − qt) vs. time. The adsorbed amounts (mg/g) at 
time t (min) are defined as qt and qe at equilibrium.

2.3.2. Pseudo-second-order model

The pseudo-second-order model describes the kinetic of 
the chemisorption process using the following linear form 
equation [30]:

t/qt = (1/k2 qe
2) + t/qe (4)

The pseudo-second-order reaction rate constants 
k2 (g/mg min) and qe values are determined from the slope 
and intercept of the plot of t/qt against time (min).

2.3.3. Elovich model

Despite the routine use of the simple Elovich model in 
describing the kinetics of chemisorption of gas onto solid 
systems, it has also been utilized in the recent times to mon-
itor the pollutants adsorption from aqueous solutions. The 
simple form equation of the Elovich model is as follows [31]:

qt = α + β Ln t  (5)

Linear relationship normally obtained by plotting qt vs. 
Ln t where the slope and the intercept of the obtained 
line expressed the initial sorption rate (α, mg/g min), and 
the extent of surface coverage and activation energy for 
chemisorption (β, g/mg). 
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2.4. Sorption mechanisms

2.4.1. Dumwald–Wagner model

The Dumwald–Wagner model describes the diffusion of 
adsorbate inside particulate by the following equation [32]:

Ln (1 − F2) = −(K/2.303) * t (6) 

Plotting Ln (1 − F2) vs. t resulted in a straight line. The diffu-
sion rate constant is K, and the adsorption percent is F, which 
is calculated by (qt/qe). 

2.4.2. Intraparticle model

The identification of the adsorption mechanism usually 
needs to use the intraparticle model [33]:

qt = kd t1/2 + C (7) 

Plotting the adsorption capacity qt against t1/2 normally gives 
two portion lines. From the second portion line, the intra-
particle diffusion rate (kd) and the thickness of the boundary 
layer (C) were calculated from the slope and the intercept of 
the linear portion, respectively. 

2.4.3. Boyd model

Boyd et al. identify the rate-controlling step involved in 
the adsorption step using the following equations [34].

F = 1 − (6/π2) exp (−Bt)  (8)

The percentage of solute adsorbed at time t (F) is given by the 
following equation: 

F = q / qα (9)

The amount of adsorbed solute (mg/g) at any time t and at an 
infinite time are defined as q and qα.

Bt is a mathematical function of F and can be calculated 
for each value of F using Eq. (10) obtaining from substitut-
ing Eq. (8) into Eq. (9). Plotting Bt values vs. time giving a 
straight line which provides useful information to distin-
guish between external-transport- and intraparticle-trans-
port-controlled rates of sorption.

Bt = −0.4978 − Ln (1 − q/qα) (10)

2.5. Sorption isotherm models

The sorption isotherm models deal with the main factors 
affecting the interaction between the adsorbent surface and 
the adsorbate. These factors could be mentioned as: 

• the homogeneity of the adsorption sites distribution,
• the limitation of adsorption levels (layers) onto the 

 adsorbent surface and inside its pores, and
• the indirect adsorbent/adsorbate interactions. 

2.5.1. Langmuir isotherm 

The Langmuir isotherm model postulated the formation 
of monolayer adsorbate onto an entirely homogeneous distri-
bution of adsorption sites onto the adsorbent surface neglect-
ing the interaction between the adsorbate molecules [35].

Ce/qe = 1/qm K + Ce/qm  (11)

Plotting of Ce/qe against Ce presents a straight line of slope 
1/qm and intercept 1/qm K. The Langmuir constants, the maxi-
mum adsorption capacity qm (monolayer capacity; mg/g) and 
the energy of adsorption K (L/mg), can be calculated from the 
slope and the intercept, respectively.

To predict the favorableness of the adsorption system, a 
dimensionless separation factor (RL) was calculated (Eq. (12)) 
to identify the isotherm shape [36].

RL = 1/1 + K C0 (12)

where C0 is defined as the cadmium ions initial concentration 
(mg/L).

2.5.2. Freundlich isotherm

The Freundlich isotherm model, the oldest one, assumed 
the heterogeneity of the adsorbent surface and the formation 
of multilayer adsorbate [37]. The linear for of the model is 
expressed as follows:

Ln qe = Ln KF + (1/nf) Ln Ce  (13)

Plotting Ln qe vs. Ln Ce gives a straight line with a slope 
1/nf and an intercept Ln KF. The qe is defined as the amount of 
ions sorbed at equilibrium (mg/g). The adsorbate concentra-
tion at equilibrium is Ce (mg/L). The KF is an indicator of the 
adsorption capacity, and nf is an indicator of the adsorption 
effectiveness. 

2.5.3. D–R isotherm

For describing the adsorption of single solute systems, 
the Dubinin–Radushkevich (D–R) isotherm is usually used. 
The D–R isotherm on one hand considers the formation of 
monolayer adsorbate as the Langmuir isotherm, but on the 
other hand considers the heterogeneity of the adsorbent 
surface and unequal adsorption potential as the Freundlich 
isotherm model [38]. It is assumed that the characteristic of 
the sorption curve is related to the porosity of the adsorbent. 
The D–R isotherm model linear expression is as follows:

Ln qe = Ln Vʹm – Kʹε2  (14)

where qe is the adsorption capacity at equilibrium (mg/g); 
Vʹm is the D–R maximum sorption capacity (mg/g); Kʹ is the 
adsorption energy constant (mol2/kJ2); and ε is the Polanyi 
potential. 

ε = RT (1 + 1/Ce) (15)
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where R is defined as the gas constant (8.314 × 10–3 kJ/mol K), 
and T is the temperature (K). The Kʹ is the energy required 
to transfer of adsorbate molecules from the solution phase 
to the surface of the solid phase. The nature of the adsorp-
tion process, physical or chemical features, extracted from 
the energy value [39] is calculated according to the following 
equation [40]:

E = (2 Kʹ)–0.5  (16)

2.5.4. Harkins-Jura isotherm

The Harkins-Jura adsorption isotherm can be expressed 
as follows [41,42].

1/qe
2 = (BH/AH) – (1/AH) Ln Ce (17)

where BH (mg2/L) and AH (g2/L) are the isotherm constants. 
The Harkins-Jura adsorption isotherm accounts to multilayer 
adsorption and can be explained with the existence of het-
erogeneous pore distribution. The value of 1/qe

2 was plotted 
against Ln Ce.

3. Results and discussion

The sorption process of Cr(VI) ions is dependent on pH 
of the equilibrium solution. The hexavalent chromium exists 
primarily as chromic acid (H2CrO4) and its salts, hydrogen 
chromate (HCrO4

–) and chromate (CrO4
2–) ions depending on 

the sample pH [43]. The dichromate ion (Cr2O7
2–) is formed 

when the concentration of chromium exceeds approximately 
1 g/L. In the solution, in the whole range of concentrations 
and when pH > 6.5, only CrO4

2– ions exist. In the pH range 
from 0 to 6.5, HCrO4

– and Cr2O7
2– ions are predominant [44]. 

A sorption process between a strong base anion exchange 
resin with quaternary ammonium –N+(CH3)3 and chromates 
from the aqueous solution can be described according to the 
following reactions [45]:

RC R C1+ → − 1−4
4

−HCrO HCrO +  (18)

2 1+ → 2 14
2−

2 4
−RC R CCrO CrO +  (19)

2 1+ 2 → 2 14
−

2 2 7
−

2RC R C H OHCrO Cr O + +  (20)

2 1+ → 2 12 7
−2

2 2 7
−RC R CCr O Cr O +  (21)

There are two principal means by which anion exchanger 
and ions can interact with each other in aqueous solutions. 
The most common way involves ion exchange or chelation 
of metal ions. These interactions are characterized by the 
resin structure regarding present functional groups. Amine 
groups bound to carbon are considered to be the reaction 
partner of Cr(VI) ions.

Adsorption of chromium (VI) ions from initial metal ions 
solutions with different concentrations ranged between 300 

and 1,000 (mg/L) investigated, and both the removal percent-
age (%) and the adsorption capacity (mg/g) were calculated 
and presented in Fig. 1. From the figure, it is evident that the 
removal percentage was almost constant (95%–97%) while 
the adsorption capacity linearly increased (Fig. 1). The high-
est adsorption capacity obtained using 1,000 (mg/L) Cr(VI) 
ions solution was found around 240 (mg/g). 

3.1. Sorption kinetic models

The kinetic study is important for an adsorption pro-
cess because it depicts the uptake rate of the adsorbate and 
controls the residual time of the whole adsorption process. 
Therefore, three different kinetic models, pseudo-first-order, 
pseudo-second-order and Elovich, were selected in this study 
for describing the Cr(VI) ions sorption process using AMB.

3.1.1. Pseudo-first-order model

The pseudo-first-order kinetic model was the earliest 
model about the adsorption rate based on the adsorption 
capacity. The values of the pseudo-first-order constant k1 and 
correlation coefficient, R2, obtained from the slope of the plot 
Ln (qe − qt) vs. time in Fig. 2 are tabulated in Table 1. From 

Fig. 1. Effect of the contact time on the removal percentage 
(%) and adsorption capacity for different chromium (VI) ions 
concentrations.

Fig. 2. First-order plot for chromium (VI) ions removal using 
AMB.
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Table 1, it indicated that the correlation coefficients are good 
enough. However, the estimated values of qe calculated from 
the equation have differed from the experimental values 
especially at the low concentrations, which show that the 
model is appropriate only to describe the sorption process at 
high concentrations above 900 (mg/L) (Table 1). 

3.1.2. Pseudo-second-order model

The chemisorption kinetics can also be given by the pseu-
do-second-order model. The pseudo-second-order kinetics 
applies to the experimental data. The plot of t/qt vs. t gave 
a linear relationship as illustrated in Fig. 3. From the figure, 
the values of qe calculated and k2 can be determined from the 
slope and intercept of the plot, respectively (Table 2). Also, 
the value of the correlation coefficients, R2 (1), was extracted. 
Based on linear regression (R2 ≈ 1) values, the kinetics of 
Cr(VI) ions sorption on to AMB can be described well by 
the second-order equation. That suggests that the rate-limit-
ing step in these sorption processes may be chemisorptions 

involving valent forces through the sharing or exchanging 
of electrons between sorbent and sorbate [46]. Additionally, 
comparing the values of qe calculated resulted from the inter-
section point of the second-degree reaction kinetic curve with 
that obtained from the experimental data. Thus, second- order 
rate expression fits the data most satisfactorily.

3.1.3. Elovich model

The simple Elovich model is one of the most useful mod-
els for describing the kinetics of chemisorption of gas onto 
solid systems. However, recently, it has also been applied 
to describe the adsorption process of pollutants from aque-
ous solutions. Fig. 4 illustrates the plot of qt against Ln t for 
the sorption of Cr(VI) ions onto AMB. From the slope and 
intercept of the linearization of the simple Elovich equation, 
the estimated Elovich equation parameters were obtained 
(Table 3). The values of β are indicative of the number of 
sites available for adsorption while α values are the adsorp-
tion quantity when Ln t is equal to zero, i.e., the adsorption 
quantity when t is 1 h. This value is helpful in understanding 
the adsorption behavior of the first step [47]. Also, from this 
table, it was declared that the Elovich equation does not fit 
well with the experimental data.

3.2. Sorption mechanisms

It is known that a typical liquid/solid adsorption involves 
film diffusion, intraparticle diffusion, and mass action. For 
physical adsorption, mass action is a very rapid process and 
can be negligible for kinetic study. Thus, the kinetic process 

Table 1 
The values of the pseudo-first-order constants

Cr(VI) (mg/L) R2 q(calc) q(exp) K1

300 0.9658 155 71.2 0.2303
500 0.932 259.46 119 0.2767
700 0.9483 375.9 168.6 0.2753
900 0.9538 235.64 217.8 0.2348
1,000 0.9485 259 242.5 0.2192

Fig. 3. Second-order plot for chromium (VI) ions removal using 
AMB.

Fig. 4. Simple Elovich plot for chromium (VI) ions removal using 
AMB.

Table 2 
The values of the pseudo-second-order constants

Cr(VI) (mg/L) R2 q(calc) q(exp) K2

300 0.993 76.33 71.2 0.0131
500 0.991 131.57 119 0.0076
700 0.996 178.57 168.6 0.0056
900 0.998 227.3 217.8 0.0044
1,000 0.999 256.4 242.5 0.0039

Table 3 
The Elovich model constants

α (mg/g min) β (g/mg)

3.7116 21.8
22.465 28.37
48.154 34.82
101.53 34
110.53 38
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of adsorption is always controlled by liquid film diffusion 
or intraparticle diffusion, i.e., one of the processes should be 
the rate-limiting step [48]. Therefore, adsorption diffusion 
models are mainly constructed to describe the process of film 
diffusion and intraparticle diffusion. To illuminate the dif-
fusion of Cr(VI) ions through AMB, the diffusion rate equa-
tion inside particulate of Dumwald–Wagner and intraparticle 
models were used to calculate the diffusion rate. On the other 
hand concerning the external mass transfer, Boyd model was 
examined to determine the actual rate-controlling step for the 
Cr(VI) ions adsorption.

The linear plot of Ln (1 − F2) vs. t indicates the applicabil-
ity of Dumwald–Wagner kinetic model (Fig. 5). The diffusion 
rate constants for Cr(VI) ions diffusion inside AMB were tab-
ulated in Table 4. 

The intraparticle diffusion plot for Cr(VI) ions adsorp-
tion onto AMB was given in Fig. 6. As shown in the figure, 
the plots were not linear over the whole time range and can 
be separated into three distinct linear regions. The values of 
kd and C were determined from the slopes and intercepts of 

the linear portions, respectively, that are listed in Table 5. 
At the initial stage, instantaneous adsorption resulted in the 
sharper portion of each plot. Although the regressions were 
linear, these plots did not pass through the origin. Thus, the 
intraparticle diffusion applied to this system, but it was not 
the only rate-limiting step during the adsorption. Additional 
processes, such as the adsorption on the boundary layer, 
may also be involved in the control of the adsorption rate. 
The slope of each line was increased with increasing Cr(VI) 
ions concentration, thereby indicating that a multitude of 
Cr(VI) ions interacted with the active sites on the adsorbent. 
Thus, a high adsorption capacity was observed at high Cr(VI) 
ions concentrations, as shown in Fig. 1. Subsequently, the 
adsorption decelerated as a consequence of the decreased 
concentration gradient of Cr(VI) ions between the aqueous 
and solid phases, as shown by the second linear portion of 
the curves. Finally, the adsorption reached the equilibrium 
stage, in which the intraparticle diffusion decreased because 
of the extremely low Cr(VI) ions concentration in the solu-
tion. Meanwhile, the diffusion rate constants of each Cr(VI) 
ions concentration followed the order of kd1 > kd2 > kd3 (Table 5).  
The first diffusion stage was the fastest, and the kd1 rate con-
stants for the adsorption of Cr(VI) ions were significantly 
higher than the succeeding rate constants, which might be 
attributed to the existence of fresh active sites on the surface 
of the AMB beads. Furthermore, the data in Table 5 illus-
trate that the intercept C increased with increasing contact 
time, suggesting an increase in the effect of the boundary 
layer [49]. The values of C give an idea about the thickness of 
the boundary layer. The obtained data is in agreement with 
published data by Zhang et al. [50].

Fig. 5. Dumwald–Wagner plot for chromium (VI) ions removal 
using AMB.

Table 4 
The Dumwald–Wagner diffusion rate constants

Cr(VI) (mg/L) R2 K

300 0.9537 0.21
500 0.9113 0.258
700 0.9351 0.246
900 0.9656 0.236
1,000 0.9435 0.217 Fig. 6. Intraparticle diffusion plot for chromium (VI) ions removal 

using AMB.

Table 5 
The intraparticle diffusion constants 

Cr(VI) (mg/L) Kd1 Kd2 Kd3 C1 C2 C3 R1
2 R2

2 R3
2

300 28.161 12.339 0.0883 –38.231 15.968 70.516 0.9928 0.9567 1
500 40.333 14.525 0.0442 –33.110 54.535 118.66 1 0.9589 1
700 45.524 22.370 0.0442 –0.8575 68.347 168.26 0.9966 0.9959 1
900 44.107 16.314 0.1325 46.687 144.66 216.77 0.9971 0.9773 1
1,000 43.050 23.164 0.2208 64.467 138.47 240.79 0.9941 0.9809 1
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To characterize what the actual rate-controlling step 
involved in the Cr(VI) ions sorption process, the sorption 
data were further analyzed by the kinetic expression given 
by Boyd et al. [37]. The value of Bt can be calculated for 
each value of F using Eq. (10). The calculated Bt values were 
plotted against time as shown in Fig. 7. The linearity of this 
plot will provide useful information to distinguish between 
 external-transport- and intraparticle-transport-controlled 
rates of sorption. Fig. 7 shows the plot of Bt vs. t, which was a 
straight line that does not pass through the origin, indicating 
that film diffusion governs the rate-limiting process [51].

3.3. Sorption isotherm models

Sorption isotherms are mathematical models that 
describe the distribution of adsorbant species among solid 
and liquid phases, and they are thus important for chemical 
design. The results obtained for the sorption of Cr(VI) ions 
onto AMB were analyzed with the well-known Langmuir, 
D–R, Freundlich, and Harkins-Jura models. The sorption 
data obtained for equilibrium conditions were analyzed with 
the linear forms of these isotherms.

The Langmuir model is valid for monolayer sorption 
onto a completely homogeneous surface with a finite number 
of identical sites and with a negligible interaction between 

adsorbed molecules. According to the R2 value, which is 
regarded as a measure of the goodness of fit of experimen-
tal data for the isotherm model, the Langmuir equation rep-
resents the sorption process of Cr(VI) ions; the R2 value is 
0.7937 (Fig. 8). That indicates not good mathematical fit. The 
Langmuir parameters for Cr(VI) ions removal, qm and K, were 
calculated from the slope and intercept of Fig. 8. The calcu-
lated values are 161.3 mg/g and 51.27 L/mg, respectively. 
That indicates that the AMB was highly efficient for Cr(VI) 
ions removal and had a moderately high energy of sorption 
(5.83 L/mg). 

On the other hand, the essential characteristics of the 
Langmuir isotherm are defined by a dimensionless sep-
aration factor (RL) that is indicative of the isotherm shape, 
which predicts whether an adsorption system is favorable 
or unfavorable. The calculated values of RL for Cr(VI) ions 
removal (Table 6) show favorable adsorption because the RL 
values fall between 0 and 1 [52]. This finding, again, confirms 
that the Langmuir isotherm was favorable for the sorption 
of Cr(VI) ions onto AMB under the conditions used in this 
study.

The D–R isotherm is commonly used to describe the 
sorption isotherms of single solute systems. The D–R iso-
therm, apart from being an analog of the Langmuir isotherm, 
is more general than the Langmuir isotherm because it rejects 
the homogeneous surface or constant adsorption potential. 
The D–R isotherm model was applied to the equilibrium data 
obtained from the empirical studies for Cr(VI) ions removal 
with AMB to determine the nature of the sorption processes 
(physical or chemical). A plot of Ln qe against ε2 is given in 
Fig. 9. The D–R plot yields a straight line with the R2 values 

Fig. 7. Boyd expression of the sorption of chromium (VI) ions 
using AMB.

Fig. 8. Langmuir isotherm for the sorption of chromium (VI) ions 
using AMB.

Table 6 
The RL values for different chromium (VI) ions adsorption 
using AMB

Cr(VI) (mg/L) RL

300 0.000065
500 0.00004
700 0.000028
900 0.000022
1,000 0.00002

Fig. 9. Freundlich isotherm for the sorption of chromium (VI) 
ions using AMB.
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equal to 0.854, and this indicates that the D–R model less fits 
the experimental data in comparison with the Freundlich 
and more fits the experimental data in comparison with the 
Langmuir isotherm models. According to the plotted D–R 
isotherm, the model parameters V ḿ, Kʹ, and E are equal to 
302.57 mg/g, 0.0041mol2/kJ2, and 0.091kJ/mol, respectively. 
The calculated adsorption energy (E < 8 kJ/mol) indicates that 
the Cr(VI) ions sorption processes could be considered phy-
sisorption in nature [53]. Therefore, it is possible that physi-
cal means such as electrostatic forces played a significant role 
as sorption mechanisms for the sorption of Cr(VI) ions in this 
work.

The Freundlich isotherm is a widely used equilibrium 
isotherm model but provides no information on the mono-
layer sorption capacity, in contrast to the Langmuir model 
[54,55]. The Freundlich isotherm model assumes neither 
homogeneous site energies nor limited levels of sorption. The 
Freundlich model is the earliest known empirical equation 
and has been shown to be consistent with the exponential 
distribution of active centers, which is characteristic of het-
erogeneous surfaces [35]. The values of Freundlich constants, 
nf and KF, estimated from the slope and intercept of the lin-
ear plot (Fig. 10) were 0.57 and 0.56, respectively. From the 
estimated values of nf , it was found that nf < 1 dictated less 
favorable sorption for Cr(VI) ions with the AMB beads [56].

The Harkins-Jura isotherm considers the multilayer 
adsorption and can be explained by the existence of a hetero-
geneous pore distribution. The model shows the best fit of 
the results where R2 value is 0.9852.

Finally, all the R2 values obtained from the four equilib-
rium isotherm models applied to Cr(VI) ions sorption on AMB 
are summarized in Table 7. The Langmuir model R2 value is 

0.7937. This indicates that the adsorbed Cr(VI) ions are not 
presented as a monolayer sorption, the AMB beads surface 
is neither completely homogeneous nor with a finite number 
of identical sites, and the interaction between adsorbed mol-
ecules is not negligible. The D–R isotherm, apart from being 
an analog of the Langmuir isotherm, is more general than the 
Langmuir isotherm because it rejected the homogeneous sur-
face or constant adsorption potential and used to determine 
the nature of the sorption processes (physical or chemical). 
The R2 value is equal to 0.854, and this indicates that the D–R 
model more fits the experimental data in comparison with the 
Langmuir isotherm models. The Freundlich isotherm model 
assumes nonhomogeneous site energies and multilayers of 
sorption. The Freundlich model yielded R2 value (0.9294), and 
this indicates that the Freundlich model more fits the experi-
mental data in comparison with the Langmuir and D–R model 
isotherm models. The Harkins-Jura isotherm is analogous to 
the Freundlich model in addition to considering the existence 
of a heterogeneous pore distribution. The model shows the 
best fit of the results where R2 value is 0.9852 (Fig. 11). The 
conclusion from the obtained results indicates the formation 
of multilayers of sorption and the pores nature of the adsor-
bent. Although the Freundlich model mainly assumes the 
formation of adsorbate multilayers, the obtained R2 value 
(0.9294) was not the best. To validate the Freundlich model, 
the nonlinear form has been illustrated in Fig. 12. From the 
figure, it is clear that the R2 value increased up to 0.9838. 

Fig. 10. Dubinin–Radushkevich isotherm for the sorption of 
chromium (VI) ions using AMB.

Table 7 
The R2 values for chromium (VI) ions removal with the different 
studied equilibrium isotherms

Isotherm model R2

Langmuir 0.7937
Dubinin–Radushkevich 0.854 
Freundlich 0.9294 (0.9838)
Harkins-Jura 0.9852

Fig. 11. Harkins-Jura isotherm for the sorption of chromium (VI) 
ions using AMB.

Fig. 12. Freundlich isotherm for the sorption of chromium (VI) 
ions using AMB (nonlinear form).
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4. Conclusion 

The bench-scale studies were carried out for the removal of 
Cr(VI) ions with different initial concentrations using AMB. The 
kinetics of the Cr(VI) ions sorption rate was best explained by 
the pseudo-second-order kinetic equation. The Elovich kinetic 
model confirmed that the ion-exchange mechanism played a 
significant role in all the studied Cr(VI) ions sorption systems. 

Among the four adsorption isotherms tested, the 
Harkins-Jura and Freundlich models yielded the highest R2 
values: 0.9852 and 0.9838, respectively. That showed the for-
mation of adsorbate multilayers onto nonhomogeneous site 
energies of AMB beads having heterogeneous pore distribu-
tion. The calculated adsorption energy using D–R isotherm 
(E < 8 kJ/mol) indicates that the Cr(VI) ions sorption pro-
cesses could be considered physisorptional in nature.

Finally, the diffusion mechanism of Cr(VI) ions was 
described by different adsorption diffusion models. The intra-
particle diffusion was applied to this system, but it was not the 
only rate-limiting step during the adsorption. Further analyses 
of the obtained results by the kinetic expression given by Boyd 
indicate that the film diffusion is the rate-limiting process. 
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