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a b s t r a c t
The use of agricultural wastes as low-cost and effective adsorbents is a promising path toward 
pollution reduction. This study aimed to investigate the adsorption ability of Cr(VI) by citric acid 
modified peanut shell (CPS). The adsorption equilibrium, kinetics, and thermodynamics were 
evaluated. The pseudo-first-order and pseudo-second-order models can be used to describe the 
uptake of Cr(VI) by CPS. The isotherm adsorption behavior was fully fitted with the Langmuir and 
Freundlich isotherm models, and the maximum adsorption capacity presented by the Langmuir 
model was 15.63 mg·g–1. Thermodynamic studies showed that the adsorption of Cr(VI) on CPS was 
an endothermic process. Negative values of ΔG° (between –7.28 and –6.60 kJ·mol–1) demonstrated 
that the adsorption process occurred spontaneously at all temperatures evaluated. Fourier-
transform infrared spectroscopy, X-ray diffraction, carboxyl group content, and zeta potential mea-
surements were used to clarify the structure of the adsorbent before and after modification and 
to discuss the possible adsorption mechanism. The scale-up design operation has been studied 
to show the cost-effective nature. The current work indicates that peanut shell treated with citric 
acid can be employed as a low-cost and potential adsorbent for removing Cr(VI) from aqueous 
solutions.
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1. Introduction

Water containing Cr(VI) has increased dramatically as 
a result of rapid industrial growth in electroplating, dye, 
mining, and many other industries [1,2]. Longer accumu-
lation of Cr(VI) in the body may cause serious damages 
to skin, liver, kidney and nervous system. The maximum 

acceptable limit of Cr(VI) in drinking water is about 
0.05 mg·L–1 according to the World Health Organization 
(WHO). Due to substantial environmental and health con-
sequences, this type of industrial effluent must be treated 
before being released into the environment. However, 
Cr(VI) wastewater treatment is difficult because it is 
likely to interact with oxygen and exists as chromate and 
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dichromate, both of which are highly water–soluble and 
mobile in the environment [3,4]. 

Among various technologies such as chemical pre-
cipitation, reverse osmosis, electrochemical process, ion 
exchange, adsorption is considered to be one of the most 
preferred alternatives to remove Cr(VI) from indus-
trial wastewater because of its convenience, reversibility, 
and low secondary pollution [5–7]. An essential factor 
of successful adsorptive applications is the adsorbent. 
Agricultural crops such as peanuts produce large quanti-
ties of shells that have little or no value, which are mostly 
served as animal feed or burned for energy, especially in 
China, which is the world’s leading producer of peanuts, 
with an annual production capacity of 5 million tons of 
peanut shells. Based on their sustainability and biode-
gradability, converting these by-products into effective 
and low-cost bioadsorbents for heavy metal removal has 
attracted increasing research interest. Several studies 
have found that lignocellulosic materials such as pea-
nut shell have high potential as bioadsorbents due to the 
fact that they are made up of D-glucose units containing 
free hydroxyl groups and carboxyl groups that can act as 
coordination sites to bind with various metal ions [8–11].

However, because of the low adsorption capacity, raw 
biosorbents are seldom directly applied for adsorption. To 
increase the number of functional groups or surface area 
and thereby improve adsorption performance, seeking 
green and sustainable ways to modify natural adsorbents 
is still a hot issue of research. It has been reported that cit-
ric acid (CA) can be used as a modifying agent to increase 
adsorption efficiency by introducing carboxylic functions 
to the structure of crude lignocellulosic materials, such 
as peach stone shell, sugarcane bagasse, cigarette fiber, 
almond, and hazelnut shell, through esterification reaction 
for wastewater treatment [12–15]. Therefore, the current 
study looked into the potential use of citric acid modified 
peanut shell (CPS) as an adsorbent for Cr(VI) removal, as 
well as the effect of CA on enhancing the ability of peanut 
shell to bind metal ions. The effects on adsorption capac-
ity and removal efficiency, including adsorbent dose, ini-
tial concentration, contact time, and temperature, were 
investigated in detail. Adsorption kinetics, isotherms, and 
thermodynamic parameters were determined. In addition, 
X-ray diffraction (XRD), Fourier-transform infrared spec-
troscopy (FTIR), and pHPZC were performed to characterize 
the synthesized adsorbents and to explore the adsorption 
mechanism. The scale-up design operation has been done 
as well to indicate the cost-effective nature of this study.

2. Materials and methods

2.1. Preparation of peanut shell powder modified with citric acid

The peanut shell (PS) used in the experiments was 
collected from a local market (Wuhan, China). The dried 
powders were pulverized and sieved to 80 mesh. After that, 
the peanut shell powder was mixed with 10% citric acid 
at a ratio of 1:40 (powder/acid, w/v) at 298 K for 3 h [16]. 
The obtained samples were then filtered, washed, dried 
and labeled as CPS. Analytical grade reagents were used 
in all cases.

2.2. Characterization

The raw PS and CPS were characterized by measuring 
the content of carboxyl group [17], the pH of point of zero 
(pHPZC), X-ray diffraction (XRD), and FTIR.

2.3. Adsorption of Cr(VI) on CPS

The adsorption capacity of Cr(VI) on CPS was studied 
by adding 2 g CPS into a series of 250 mL Cr(VI) solutions 
with different initial concentrations (5–70 mg·L–1) at 298 K 
for 6 h. The initial pH was adjusted to 2 by adding 1 M 
HCl. The residue Cr(VI) concentration was determined 
spectrophotometrically at 540 nm.

2.4. Calculation of adsorption capacity

The percentage (%) of removal can be calculated as:

η =
−

×
C C
C

e0

0

100%  (1)

The adsorption capacity qt (mg·g–1) can be calculated as:

q
C C
m

Vt
t=

−( )
×0  (2)

where η is the removal percentage, C0 (mg·L–1) is the ini-
tial Cr(VI) concentration, Ct (mg·L–1) is the residual Cr(VI) 
concentration at time t (min); V (L) is the volume of the 
solution, and m (g) is the dry weight of the adsorbent into 
each beaker. 

2.5. Adsorption kinetics

Kinetics studies were carried out by preparing a 
series of 250 mL Cr(VI) solutions containing 2 g CPS with 
an initial concentration range of 5–70 mg·L–1 at different 
adsorption temperatures (298, 308, 323, 338, and 353 K). 
The pH was adjusted to 2 using 1 M HCl. Samples were 
collected at different time intervals and analyzed. Different 
kinetic models were applied to fit the adsorption process.

2.6. Pseudo-first-order kinetic model

The pseudo-first-order kinetic model can be given as 
follows [18]:

log log
.

q q q
k t

e t e−( ) = − 1

2 303
 (3)

where qe (mg·g–1) and qt (mg·g–1) are amount of Cr(VI) 
adsorbed at equilibrium and at time t (min), respectively, and 
k1 (min–1) is the rate constant of pseudo-first-order adsorption.

2.7. Pseudo-second-order kinetic model

The pseudo-second-order kinetic model can be written 
as follows [19]:

t
q k q

t
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1

2
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where qe (mg·g–1) and qt (mg·g–1) are the amount of Cr(VI) 
adsorbed (mg·g–1) at equilibrium and at time t (min), respec-
tively, and k2 (g·mg–1·min–1) is the rate constant of pseudo- 
second-order adsorption.

2.8. Elovich model

The linear form of Elovich equation can be generally 
expressed as follows [20]:

q tt = ( ) +1 1
β

αβ
β

ln ln  (5)

where α (mg·g–1·min–1) is the initial adsorption rate; 
β (g·mg–1) is the desorption constant.

2.9. Weber and Morris intraparticle diffusion model

The Weber and Morris intraparticle diffusion model 
can be expressed as follows [21]:

q k t Ct = +id
1 2/  (6)

where qt (mg·g–1) is the amount of Cr(VI) adsorbed at 
time t (min), kid (mg·g–1·min1/2) is the rate constant of intra-
particle diffusion, and C (mg·g–1) is the intercept.

2.10. Boyd kinetic model

The Boyd kinetic model can be described as follows:

B
q
qt
t

e

= − − −
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B k t Ct b= +  (8)

where Bt is Boyd constant, qe (mg·g–1) and qt (mg·g–1) are 
the amount of Cr(VI) adsorbed (mg·g–1) at equilibrium and 
at time t (min), respectively. kb and C are Boyd constants.

2.11. Adsorption isotherm

The isotherm studies were carried out by varying 
the initial Cr(VI) concentrations in the solution from 5 to 
70 mg·L–1 at 298 K. The Langmuir, Freundlich, Temkin, and 
Dubinin–Radushkevich adsorption models were applied 
to characterize the adsorption mechanism.

2.12. Langmuir isotherm

The linear form of Langmuir isotherm can be expressed 
as [22]:

C
q bq

C
q

e

e m

e

m

= +
1  (9)

where qe (mg·g–1) is the amount of Cr(VI) adsorbed at equilib-
rium, Ce (mg·L–1) is the equilibrium concentration of Cr(VI), 
qm (mg·g–1) is maximum adsorption capacity, b (L·mg–1) 
is the Langmuir constant.

The separation factor R
bCL = +
1

1 0

 (10)

2.13. Freundlich isotherm

The linear form of Freundlich isotherm can be written 
as [23]:

ln ln lnq
n

C Ke e F= +
1  (11)

where qe (mg·g–1) is the amount of Cr(VI) adsorbed at 
equilibrium, Ce (mg·L–1) is the equilibrium concentra-
tion of Cr(VI), n is related to the intensity of adsorption, 
KF (mg·g–1) is the Freundlich constant.

2.14. Temkin–Pyzhev isotherm

The Temkin–Pyzhev isotherm can be shown as [24]:

q
RT C
b

RT A
be

e

T T

= +
ln ln  (12)

where qe (mg·g–1) is the amount of Cr(VI) adsorbed at 
equilibrium, Ce (mg·L–1) is the equilibrium concentration 
of Cr(VI), bT (J·mol–1) is the Temkin–Pyzhev isotherm 
constant related to the heat of adsorption, A (L·g–1) is 
the Temkin–Pyzhev isotherm equilibrium binding con-
stant corresponding to the maximum binding energy, R 
(8.314 J·mol–1·K–1) is the universal gas constant, T (K) is the 
absolute temperature.

2.15. Dubinin–Radushkevich isotherm

The Dubinin–Radushkevich isotherm can be described 
as [25]:

ln lnq qe m= − +βε2  (13)
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where qe (mg·g–1) is the amount of Cr(VI) adsorbed at 
equilibrium, qm (mg·g–1) is maximum adsorption capacity, 
Ce (mg·L–1) is the equilibrium concentration of Cr(VI), ε 
(J·mol–1) is the Potential of Polanyi, β (mol2·kJ–2) is a con-
stant related to the mean free energy of adsorption per 
mole of an adsorbate, R (8.314 J·mol–1·K–1) is the univer-
sal gas constant, T (K) is the absolute temperature, and 
E (kJ·mol–1) is the mean adsorption energy.

2.16. Adsorption thermodynamics

∆ ∆ ∆G H T S° = ° − °  (16)
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where Ke is the distribution coefficient of the adsorbate, 
and qe (mg·g–1) is the amount of Cr(VI) adsorbed at equi-
librium, Ce (mg·L–1) is the equilibrium concentration of 
Cr(VI) in the solution. R (8.314 J·mol–1·K–1) is the universal 
gas constant and T (K) is the temperature.

3. Results and discussion

3.1. Determination of carboxyl group content

Table 1 lists the values of the carboxyl group before and 
after modification. It was observed that CPS had a greater 
amount of carboxylic acid, indicating that the content of 
acid groups increased after reacting with citric acid, and 
the surface of CPS became more positive.

3.2. Determination of pHPZC

The point of zero charge (pHPZC) was used to determine 
the charge on the adsorbent surface. From Fig. 1 it was found 
that pHPZC was 7.2 for PS and 6.6 for CPS. Accordingly, 
the adsorbent surface tended to be acidic due to the exis-
tence of acid groups in the peanut shell. This result was 
in agreement with that obtained for carboxyl group con-
tent. Because of the positive charge on the CPS surface, 
Cr(VI) adsorption was easier at pH values lower than 6.6.

3.3. Effect of dosage on Cr(VI) adsorption

Fig. 2 depicts the effect of CPS dose on Cr(VI) adsorp-
tion capacity as contact time increases at an initial Cr(VI) 
concentration of 10 mg·L–1, pH = 2, 298 K. It was clear that 
as the dose increased, the adsorption capacity decreased 
from 2.34 to 0.89 mg·g–1 after 4 h. And the adsorption 

reached equilibrium within 240 min at doses of 2 and 3 g, 
which was much shorter than the equilibrium time at a 
dose of 1 g. However, when the dose was up to 3 g, the 
CPS could not be distributed evenly in solution, resulting 
in poor absorption. As a result, the optimum dose was 
determined to be 2 g for further experiments.

3.4. Effect of initial concentration on Cr(VI) adsorption

Fig. 3 shows the effect of initial Cr(VI) concentration on 
Cr(VI) adsorption capacity as contact time increases at 2 g 
of CPS, pH = 2, 298 K. Obviously, the adsorption process 
was rapid in the first 90 min and then gradually increased 
until the adsorption equilibrium plateau was reached. The 
fast adsorption of Cr(VI) at the initial stages may be due to 
the accessibility of the uncovered active sites on the sur-
face of CPS and the strong driving force caused by the con-
centration gradient [14]. After 6 h, the Cr(VI) adsorption 
capacity increased from 0.7 to 8.34 mg·g–1, and the removal 
efficiency decreased from 99% to 92% within the initial 
Cr(VI) concentration rang of 5 to 70 mg·L–1. As presented 
in Figs. 2 and 3, the contact time required for maximum 
adsorption of Cr(VI) by CPS was obviously dependent 
on the adsorbent dose and initial Cr(VI) concentration.

3.5. Adsorption kinetics

In order to investigate the adsorption mechanism and 
identify the rate-limiting step, the adsorption data from 
Fig. 3 was analyzed through several kinetic models, such as 
pseudo-first-order, pseudo-second-order, Elovich, Weber–
Morris, and Boyd kinetic models (Fig. 4). Tables 2 and 3 
summarize the derived parameters from these correspond-
ing plots.
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Fig. 1. Point of zero charge (pHPZC) of PS and CPS.
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Fig. 2. Effect of adsorbent dosage on Cr(VI) adsorption.

Table 1
Content of carboxyl groups of PS and CPS

Adsorbent Value (mmol·g–1)

PS 3.28
CPS 3.44



79Q. Li et al. / Desalination and Water Treatment 272 (2022) 75–87

For varying initial concentrations, the plots of log(qe – qt) 
vs. t and t/qt vs. t for the pseudo-first-order model and 
pseudo-second-order model both showed straight lines, 
as indicated in Fig. 4a and b. The rate constant k and 

equilibrium adsorption capacity qe,cal could be calculated from 
the slops and intercepts of the corresponding linear plots.

As listed in Table 2, the relatively high value of R2 
(>0.99) suggested that both pseudo-first-order and pseudo- 
second-order models were suitable to describe this 
adsorption kinetic process at different Cr(VI) concentra-
tions. However, a slight difference between qe,exp and qe,cal 
was found in the case of the pseudo-second-order kinetic 
model. The calculated values of qe,exp (0.69, 0.95, 1.47, 2.66, 
and 8.35 mg·g–1) from the pseudo-first-order kinetic model 
were much closer to the experimental values qe,exp. Other 
researchers have also reported similar observations [26–28].

The Elovich equation is one of the most useful mod-
els for modeling adsorption involving chemisorption [29]. 
The fitting results of the Elovich model are given in Fig. 4c 
and Table 2. As the initial Cr(VI) concentration increased, 
the initial adsorption rate constants α, increased from 0.06 
to 0.28 mg·g–1·min–1, whereas the surface coverage constant, 
β, decreased from 4.78 to 0.50 g·mg–1. Therefore, increas-
ing the Cr(VI) concentration might increase the rate of 
chemisorption but decrease the surface coverage of chro-
mium ions. The linear regression correlation coefficients 
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at 5, 7.5, 10, 25 and 70 mg·L–1 were 0.9931, 0.9922, 0.98, 0.985 
and 0.9688, respectively, which were all inferior to those 
of pseudo-first-order and pseudo-second-order kinetic 
models, suggesting the insufficiency of Elovich model for 
explaining the relationship between Cr(VI) and CPS.

In order to further identify the diffusion mechanism, 
the Weber–Morris intraparticle diffusion and Boyd mod-
els were considered. The plot of qt vs. t1/2 for the intrapar-
ticle diffusion model is shown in Fig. 4d, and the values 
of kid and C are obtained from the slopes and intercepts of 
the plots, respectively (Table 3).

According to Table 3, internal diffusion was not the 
only rate-controlling step because none of the plots were 
completely linear or passed through the origin in the range 
studied. The deviation from the origin might be caused 
by the difference between the initial rate and final rate of 
mass transfer. Furthermore, the value of intercept C pro-
vides an impression of the thickness of the boundary layer. 
The surface sorption or the boundary layer effect might 
contribute more to the rate-determining step when the 
intercept C is larger. Accordingly, the interaction between 
Cr(VI) ions and CPS was either restricted to the surface 
or to the pores of the adsorbent. 

The experimental data was further assessed by the Boyd 
model. Five fitting curves, as shown in Fig. 4e, had a linear 
trend, but none of them passed through the origin. Therefore, 
the process was governed by intraparticle and film diffu-
sion simultaneously, which supported the outcomes of the 
intraparticle diffusion model. Nevertheless, the comparison 
indicated that both the Weber–Morris and Boyd models 
exhibited lower R2 values than those of the previous kinetic 
models, especially at lower initial Cr(VI) concentrations.

As a result, the adsorption kinetics followed the pseudo- 
first-order, pseudo-second-order, and Elovich models better 
than the Weber–Morris and Boyd kinetic models to pre-
dict the adsorption of Cr(VI) onto CPS in the experimental 
range. The adsorption behaviors were complex, involving 
multiple rate-controlling steps.

3.6. Adsorption isotherms

Several isotherm models (Langmuir, Freundlich, Temkin–
Pyzhev, and Dubinin–Radushkevich) were used to fit the 
equilibrium data of Cr(VI) adsorption onto CPS. Based on the 
fitting results of isotherm models, an appropriate adsorption 
isotherm mechanism can be identified.

The Langmuir model implies that adsorbate molecules 
are adsorbed through monolayer adsorption at specific 
homogeneous sites with no interaction between adsorbed 
molecules. Table 4 shows the fitting parameters and cor-
relation coefficients (R2) obtained from the linear regression 
analysis of the Langmuir isotherm at 298 K (Fig. 5a).

The maximum Cr(VI) adsorption capacity, as specified 
by the Langmuir model, was 15.63 mg·g–1, with an R2 of 
0.9961. The high value of R2 showed the suitability of the 
Langmuir isotherm. In addition, the essential characteris-
tics of the Langmuir isotherm can be expressed by a dimen-
sionless separation factor, RL. The RL values calculated from 
Eq. (10) were in the range of 0.01–0.15 for the initial Cr(VI) 
concentration ranging from 5 to 70 mg·L–1. This parame-
ter value (0 < RL < 1) indicated the favorable nature of the 
adsorption of Cr(VI) on CPS. 

The Freundlich isotherm assumes that adsorp-
tion takes place on heterogeneous surfaces with a 

Table 2
Pseudo-first-order, pseudo-second-order, and Elovich parameters for adsorption of Cr(VI) at different initial concentrations

C0 qe,exp

Pseudo-first-order Pseudo-second-order Elovich

q1e,cal k1 R2 q2e,cal k2 R2 α β R2

(mg·L–1) (mg·g–1) (mg·g–1) (min–1) (mg·g–1) (g–1·mg–1·min–1) (mg·g–1·min–1) (g·mg–1)

5 0.7 0.69 3.73 × 10–2 0.9903 0.75 7.32 × 10–2 0.9977 6.10 × 10–2 4.78 0.9931
7.5 0.95 0.95 3.85 × 10–2 0.9927 1.01 5.89 × 10–2 0.9983 8.72 3.59 0.9922
10 1.33 1.47 3.15 × 10–2 0.9924 1.45 2.74 × 10–2 0.9977 0.1 2.74 0.9800
25 2.9 2.66 1.29 × 10–2 0.9932 3.32 5.70 × 10–3 0.9963 0.16 1.57 0.9850
70 8.9 8.35 7.83 × 10–3 0.9942 10.79 8.88 × 10–4 0.9896 0.28 0.5 0.9688

Table 3
Parameters of Weber–Morris intraparticle and Boyd’s film diffusion model for Cr(VI) adsorption at different initial concentrations 
(0–360 min)

C0 kid C R2 kb C R2

(mg·L–1) (mg·g–1·min1/2) (mg·g–1) (min–1) (mg·g–1)

5 0.0315 0.2566 0.8054 0.0192 0.4137 0.9063
7.5 0.0418 0.3617 0.8045 0.0192 0.4607 0.8965
10 0.0657 0.3737 0.8598 0.0185 0.0622 0.9378
25 0.1541 0.3418 0.9754 0.0148 –0.4876 0.9785
70 0.4962 –0.267 0.9882 0.0078 –0.4342 0.9942
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non-uniform distribution of adsorption heat. The het-
erogeneity arises from the existence of surface func-
tional groups and adsorbent– adsorbate interactions [30]. 
According to the linear Freundlich isotherm plot (Fig. 5b), 
it was noted that the Freundlich isotherm also fitted the 
experimental data well, as a high R2 was observed (Table 
4). The Freundlich isotherm constants KF and n were 
8.31 mg·g–1 and 1.32, respectively. The value of n repre-
sented the favorable adsorption nature of Cr(VI) by CPS.

Consequently, the applicability of Langmuir and 
Freundlich isotherms suggested that the monolayer and 
heterogeneous coverage of the adsorbate be formed on the 
adsorbent surface and the adsorption of Cr(VI) on CPS was 
a complicated process including physical, chemical, mono-
layer, and multilayer adsorption. This result was consistent 
with other results published in the literature [31].

The Dubinin–Radushkevich isotherm model is typi-
cally employed to distinguish whether the adsorption is 
a physical or chemical process on the basis of a Gaussian 
energy distribution on the heterogeneous surface. If the 
mean adsorption free energy E is between 8 and 16 kJ·mol–1, 

the adsorption behavior can be described by chemical 
ion exchange; if E is less than 8 kJ·mol–1, the adsorption 
is controlled by a physical process [32]. The Dubinin–
Radushkevich isotherm parameters and correlation coeffi-
cients are given in Fig. 5c and Table 4. It was found that 
the calculated value of E was 1.12 kJ·mol–1 under the stud-
ied experimental conditions, indicating that there might be 
a physical adsorption mechanism involved in the process.

The Temkin isotherm assumes that the adsorption heat 
decreases linearly with coverage because of adsorbate- 
adsorbate interaction and those binding energies are 
distributed homogenously [33]. Fig. 5d shows the lin-
ear fitting for the Temkin isotherm, and the values of the 
isotherm parameters are given in Table 4. As depicted 
in Table 4, the Temkin constants, bT and A, were calcu-
lated to be 997.97 J·mol–1and 23.58 L·g–1, respectively. The 
R2 value of the Temkin model was relatively lower than 
other models but still greater than 0.97, implying that 
although the Temkin model was not the best of the four 
models studied so far, the electrostatic interaction might 
be included between Cr(VI) and CPS.
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3.7. Adsorption thermodynamics

To evaluate the feasibility of this study, the thermody-
namic parameters ΔH°, ΔS° and ΔG° were obtained by using 
Eqs. (16)–(18) as shown in Table 5.

Table 5 showed that over the temperature range of 
298–348 K, the values of ΔH° and ΔG° were found to be 
negative, indicating that the interaction between CPS and 
Cr(VI) was a favorable, feasible, spontaneous, and exother-
mic adsorption process. Similar findings were presented 
in the previous studies [34]. The negative value of ΔS° 
showed the adsorption caused the decrease in disorder at the 
interface between the adsorbent and the solution phase. 

3.8. Possible adsorption mechanism

To further explore the mechanism of Cr(VI) adsorption 
on CPS, XRD and FTIR analysis were conducted.

Fig. 6 shows the XRD patterns of PS and CPS before 
and after adsorption. The native PS depicted obvious 
diffraction peaks at 2θ ≈ 15°, 17°, 22°, and 35° that corre-
sponded to the characteristic peaks of natural cellulose 
types I and II [35]. Nevertheless, the XRD pattern of CPS 
showed a much broader peak distribution than that of 
PS. The degree of crystallinity of PS decreased after being 
treated with citric acid, which is due to the damage in the 
crystal structure caused by reacting with citric acid. The 
amorphous phase of both PS and CPS was confirmed by 
the presence of fewer peaks, which could indicate that 
chromium ions could penetrate and stay on the surface 
of the adsorbent. This observation was in agreement with 
the previous studies [36,37]. Nevertheless, the peaks at 
about 15° and 17° decreased after Cr(VI) adsorption com-
pared to the XRD pattern before adsorption, indicating an 
interaction between CPS and chromium ions.

Fig. 7 shows the FTIR spectra of PS and CPS before 
and after adsorption. In the structure of pure peanut shell, 
the bands presented at 2,810; 1,391; and 1,351 cm–1 indi-
cated the aliphatic C–H group (Fig. 7a). These bands were 
weaker in the structure of CPS (Fig. 7b). The peak observed 
at approximately 1,596 cm–1 represented the C–O stretch. 
This point has shifted to 1,587 cm–1 in CPS. The peak 
shown at 1,253 cm–1 verified the presence of –C–O peaks. 
The peaks in the range of 1,025–1,097 cm–1 referred to the 
C–O–C structure. These points have been lost in the struc-
ture of CPS. Furthermore, the peak at about 1,642 cm–1 was 

noted as evidence that the carboxyl groups originated from 
citric acid. Accordingly, the esterification between citric 
acid and peanut shell occurred, and the peanut shell had 
the required functional groups to be a potential adsorbent 
for Cr(VI) uptake. In contrast, peak intensities of at 3,441; 
1,645; 1,109; and 762 cm–1 decreased after adsorption, while 
peaks at 1,385 cm–1 showed a slight shift in transmittance 
(Fig. 7c), indicating that the –OH, –NH2, –C=C, C–N groups, 
and π–π interactions played a role in the Cr(VI) adsorption 
process [38]. This result coincided with those obtained by 
Altun et al. [15], Leng et al. [39], and Wang et al. [40].

Based on the analysis above, CPS provided character-
istics including amorphous structure, acidic pHPZC, and 
functional groups of –OH, –NH2, and –C=O, which were 
favorable for the adsorption of Cr(VI). After citric acid 
treatment, the surface of the peanut shell was positively 
charged at an experimental pH (pH = 2). Since the domi-
nant species of Cr(VI) at acidic pHs were anionic HCr2O7

–, 
HCrO4

–, CrO4
2–, and Cr2O7

2–, these ions could be attracted to 
the CPS surface due to electrostatic interaction [41]. In addi-
tion, it was reported that there might be some reduction of 
Cr(VI) to Cr(III) during adsorption due to –NH2 groups, 
and then the Cr(III) could be immobilized because of coor-
dination effects with –OH groups [42]. The representative 
diagram for mechanism is given in Fig. 8.

3.9. Comparison of CPS with other biomass adsorbents for Cr(VI) 
adsorption

Table 6 summarizes the comparison of adsorption capac-
ities between CPS and other biomass adsorbents [43–54]. 
It was evident that the adsorption capacity of CPS was 
good and comparable with these adsorbents, which showed 
that peanut shell modified with citric acid was an effective 
adsorbent in the case of Cr(VI) removal.

3.10. Scale-up design

The scale-up design is established by using the mass 
balance equation, which can be calculated as [9,55]:

V C C Wqt t0 −( ) =  (19)

where V (L) is the volume of effluent; C0 (mg·L–1) is the initial 
Cr(VI) concentration; Ct (mg·L–1) is the Cr(VI) concentration 

Table 4
Parameters of different isotherms at 298 K

Isotherm Parameters

Langmuir
qm (mg·g–1) b (L·mg–1) RL R2

15.63 1.1 0.01–0.15 0.9961

Freundlich
KF (mg·g–1) n R2

8.31 1.32 0.9958

Dubinin–Radushkevich
E (kJ·mol–1) qm (mg·g–1) R2

1.12 7.67 0.9769

Temkin–Pyzhev
bT (J·mol–1) A (L·g–1) R2

994.8 23.58 0.9755
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Table 5
Thermodynamic parameters for the Cr(VI) adsorption

ΔH° ΔS° ΔG° (kJ·mol–1)

(kJ·mol–1) (J·mol–1·K–1) 298 (K) 308 (K) 323 (K) 338 (K) 348 (K)

–11.31 –13.53 –7.28 –7.15 –6.94 –6.74 –6.6
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Fig. 6. XRD patterns: (a) PS, (b) CPS before adsorption, and (c) CPS after adsorption.
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at time t (min); W (g) is the mass of adsorbent; qt (mg·g–1) is 
the adsorption capacity.

As the process approaches equilibrium, the equation 
becomes:

V C C Wqe e0 −( ) =  (20)

where Ce (mg·L–1) is the Cr(VI) concentration at time t (min); 
qe (mg·g–1) is the adsorption capacity at equilibrium.

The mass balance equation can be combined with the 
Langmuir isotherm equation to form the following equation:

W
V

C C bC
bC q
e e

e

=
−( ) +( )0 1

max

 (21)

where b is the Langmuir constant; qmax (mg·g–1) is the 
maximum adsorption capacity.

Table 7 shows the amount of CPS required for 99% 
remotion of Cr(VI) at an initial concentration of 10 mg·L–1. 
Only 44.55 g of CPS might be used for 50 L of effluent.

3.11. Safe disposal of used adsorbents

The possible leaching of chromium ions from the used 
adsorbents may have an adverse effect on the environ-
ment, which needs to be investigated as well. In brief, the 

Cr(VI)-loaded CPS was incinerated for 1 h at approxi-
mately 600°C. After that, the obtained ash was mixed 
with deionized water in a liquid-solid ratio of 5:1 for 24 h 
[55–57]. And then the generated ash can be applied to road 
construction in the local city.

4. Conclusion

In this work, peanut shell powder was modified with 
citric acid and employed as an eco-friendly adsorbent 
(CPS) to remove Cr(VI) from aqueous solution. The 
adsorption capacity and efficiency of CPS for the removal 
of Cr(VI) were influenced by the dose of absorbent, ini-
tial Cr(VI) concentration, and contact time. Furthermore, 
the study focused on adsorption equilibrium, kinetics, 

Table 6
Comparison of adsorption capacities of CPS with other adsorbents for Cr(VI) adsorption

No. Adsorbents Cr(VI) adsorption capacity (mg·g–1) References

1 Banana peel 6.17 [2]
2 Oak acorn peel 47.39 [3]
3 Chitosan-citric acid modified almond shell 100.3 [15]
4 Chitosan-citric acid modified hazelnut shell 89.5 [15]
5 Sawdust 8.84 [24]
6 Ulva compressa L. 21.66 [32]
7 Groundnut shell 22.94 [43]
8 Walnut shell 24.52 [43]
9 Almond shell 24.25 [43]
10 Magnolia leaf 3.96 [44]
11 Peanut shell 3.49 [45]
12 Hemicelluloses 74.6 [46]
13 Phanera vahlii fruit biomass 159.1 [47]
14 Eucalyptus sawdust 34.07 [48]
15 Corn straw 30.15 [48]
16 Corn cob 29.46 [48]
17 Pine cone 7.01–9.4 [49]
18 Corn husk 17.3 [50]
19 Mangosteen peel 36.12 [51]
20 Corn cob 15.05 [52]
21 Green Moringa leaves 33.9 [53]
22 Mango 69.52 [54]
23 Jackfruit 22.45 [54]
24 Rubber leaves 15.79 [54]
25 Citric acid modified peanut shell 15.63 Present study

Table 7
Mass of CPS required for 99% Cr(VI) ions removal

Initial Cr(VI) (mg·L–1) Volume of effluent (L) Mass of CPS (g)

10 10 8.91
10 20 17.82
10 30 26.73
10 40 35.64
10 50 44.55
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and thermodynamics. The adsorption of Cr(VI) onto CPS 
was rapid in the first 90 min and then gradually reached 
equilibrium. Among the kinetic models that were put to 
the test, the pseudo-first-order, pseudo-second-order, and 
Elovich models provided good fits to the experimental 
data in the range of variables investigated. The results of 
the Weber–Morris and Boyd models suggested that intra-
particle diffusion was not the only rate-determining step of 
Cr(VI) adsorption on CPS. Langmuir, Freundlich, Dubinin–
Radushkevich, and Temkin isotherm models were applied 
to analyze the equilibrium data at 298 K. The results 
showed that the Langmuir model was more appropriate 
for Cr(VI) adsorption on CPS within the studied concen-
tration range. The adsorptive capacity of CPS obtained by 
the Langmuir model was 15.63 mg·g–1. Thermodynamic 
parameters were calculated, revealing that the adsorption 
of Cr(VI) on CPS was a spontaneous and exothermic pro-
cess. Based on the evidence of characterization, electro-
static attraction and reduction might be the main reasons 
for the adsorption. Additionally, only 44.55 g of CPS might 
be used for 50 L of effluent, indicating the cost-effective 
nature of this study. Hence, the overall outcome indicated 
that the citric acid modified peanut shell could be served as 
an efficient biosorbent to achieve the goal of waste control 
and Cr(VI) removal.
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