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Abstract 

This study was aimed to evaluate the performance of DESs functionalized peanut shell (PSD) as biosorbent for remov-
ing Cr(VI) from water. The effects of pretreatment, initial concentration, adsorption temperature, kinetics, adsorption 
isotherm, and thermodynamics were investigated. Scanning electron microscopy (SEM) and Point of Zero charge 
(pHpzc) techniques were used for characterization of the adsorbents. The results showed that the rigid structure of 
peanut shell was broken down after DESs modification and the point of zero charge was 6.02 for peanut shell and 
6.84 for PSD, which exhibited a slightly acid character. Based on the comparisons of linear and nonlinear analysis of 
four kinetic models and four isotherms, the pseudo-second-order kinetic model was found to be suitable for describ-
ing the adsorption process. The presence of a boundary effect was observed within the range of research, indicating 
that internal diffusion was not the only rate-controlling step. The equilibrium data were well represented by the Lang-
muir model rather than the Freundlich, Temkin, and Dubinin–Radushkevich models. The maximum capacity derived 
was 5.36 mg g−1. Changes in Gibb’s free energy, enthalpy, and entropy revealed that Cr(VI) adsorption onto modified 
peanut-shell powders was a spontaneous and endothermic process. However, the highest desorption efficiency was 
only 8.77% by using NaOH as a desorbing agent.
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Introduction
Heavy metal pollution caused by industrial operations is 
a global environmental issue. To minimize health risks, 
these contaminants should be removed from the aquatic 
ecosystem. Chromium, used in chrome plating, textile 
dyeing, wood preservation, and metal finishing, is clas-
sified as a priority pollutant by the Environmental Pro-
tection Agency (EPA) due to its high toxicity even at low 
concentrations [10, 12, 21]. Therefore, it is critical to 
remove chromium (VI) to make water safe.

There are several ways of eliminating heavy metals 
from wastewater. These include ion exchange, pho-
tocatalytic oxidation, electrochemical technologies, 
membrane separation processes and adsorption [2, 
4, 16, 42]. El-Aryan et  al. [13] prepared a type of ion 
exchange material based on zirconium phosphate and 
reported that the cation-exchanger showed a high 
selectivity for Pb(II) compared to other metal ions. 
Peng et al. [35] used lead sulfate precipitate chromium 
(VI) according to the solubility difference between 
lead sulfate and lead chromate and the precipitation 

efficiency was higher than 90%. Kumar et al. [23] stud-
ied the potentiality of the green emulsion liquid mem-
brane (GELM) to extract hexavalent chromium and 
showed that extraction efficiency was up to 97% under 
the optimum process conditions. However, most of 
these removal technologies suffer from problems such 
as high capital investment and disposal of sludge, and 
they might not be feasible in small industries or at low 
concentrations of metal ions.

In contrast, adsorption is regarded one of the most 
practicable methods because of its low cost, ease of han-
dling, high effectiveness, and environmental friendliness. 
A large number of adsorbents like activated carbon, have 
been developed to deal with wastewater [3]. According to 
recent research, bio-adsorbents made of cellulose have 
good adsorption characteristics in aqueous solutions due 
to their high surface area, high ion exchange capacity, 
and high affinity towards these pollutants. Several natural 
and synthetic bio-adsorbents have been found, including 
tea waste, mangosteen shell, oyster shell, walnut shell, 
Mosambi Fruit Peelings [9, 20, 22, 26, 32].

Graphical abstract
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Taking into account the fact that China is one of the 
largest producers and consumers of peanuts in the world, 
the peanut shell is widely available. It has a porous tex-
ture and a large specific surface area, as well as functional 
groups such as hydroxyl, phenolic hydroxyl, carboxyl, 
and amino groups, making it easy to be modified. A study 
on this kind of materials as adsorbents is of great interest. 
However, many modification methods have drawbacks 
such as secondary pollution, high modification cost, and 
a tedious procedure. It is extremely important to develop 
a sustainable synthetic or modified technique for pro-
ducing sustainable adsorbents with higher adsorption 
capacity.

Deep eutectic solvents (DESs) are a new class of com-
pounds that can be used as solvents, reactants, or cata-
lysts. In comparison to traditional ionic liquids (ILs), 
DESs have a number of advantages, including ease of 
preparation and availability from relatively low-cost 
components, low toxicity, biodegradability, and low 
vapor emissions [38]. The use of DESs as the pretreat-
ment media appears promising in terms of its efficiency 
and biocompatibility. Sirviö et  al. [37] employed cho-
line chloride-urea to promote nanofibrillation of birch 
cellulose pulp, and the cellulose fibers disintegrated 
into nanofibril bundles with widths ranging from 15 to 
200  nm and individual cellulose nanofibrils with widths 
ranging from 2–5 nm. Yu et al. used two types of DESs, 
choline chloride-oxalic acid dehydrate (CO) and cho-
line chloride-urea (CU) for the nanofibrillation of ramie 
fibers (RFs). It turned out that CO DESs pretreatment 
improved nanofibrillation of RFs with low hemicellulose 
content substantially [43]. Kaur et al. [18] prepared cho-
line chloride-based DESs as a functionalization agent for 
activated carbon derived from pumpkin seed shell for the 
uptake of doxycycline hydrochloride (DOX). Hussin et al. 
[17] studied the modification of low-cost biomass-based 
activated carbon with DESs to achieve high CO2 adsorp-
tion capacity, and a maximum adsorption capacity of 
11.05 mg g−1 was attained at lower temperature.

The main advantages of choosing biomass-based adsor-
bents functionalized with DESs are sustainability and 
non-toxicity. Therefore, they have the potential to remove 
pollutants with no or less harmful effects on the environ-
ment compared to conventional treatment. In addition, 
converting biomass-based wastes into benign adsorbents 
is a practical solution to the disposal problem associated 
with these wastes. Nevertheless, to our knowledge, choline 
chloride-urea based DESs solutions used as a pretreatment 
for cellulose materials such as peanut shells have rarely 
been reported, and there is still a lack of detailed analysis 
regarding the adsorption of Cr(VI) from aqueous solution 
by using this type of DESs functionalized biosorbent. In 
this paper, the peanut shell was modified by using choline 

chloride-urea based DESs for the removal of Cr(VI) from 
aqueous solution. The kinetics, isotherms, thermodynam-
ics, and desorption behavior related to the process were 
investigated. The results can be used as a reference for 
evaluating the ability of peanut shells to remove heavy met-
als within a green chemistry framework and promoting the 
use of sustainable alternative biomass-based materials.

Materials and methods
Preparation of adsorbents
The peanut-shell powder used in the experiments was 
purchased from local market (Wuhan, China). In order 
to eliminate the impurities, the peanut-shell was repeat-
edly washed, filtered, and dried. The dried samples were 
pulverized, sieved by a mesh size of 80, and were kept in 
desiccators until use.

DESs pretreatment of peanut‑shell powder
For pretreatment of peanut-shell powder, DESs were 
synthesized by heating choline chloride and urea with 
a molar ratio of 1:2 under constant stirring at 353 K for 
about 2 h until a clear and colorless liquid was obtained.

For optimizing the best pretreatment conditions, the 
peanut-shell powders were mixed with DESs at differ-
ent ratios (0.5:20, 1:20, 3:20, 5:20) (W/W) and different 
pretreatment temperatures (298 K, 313 K, 323 K, 333 K, 
353  K) for 2  h. The resulting mixture was then filtered, 
washed, dried and labeled as PSD. Analytical grade rea-
gents were used in all cases.

Characterization
The techniques used to characterize the PSD included 
Scanning Electron Microscope (FEI Quanta 200) and pH 
point of zero charge (pHPZC) [30].

Adsorption of Cr(VI) on PSD
Adsorption experiments were carried out by making a 
series of 250 mL Cr(VI) solutions containing 4 g L−1 PSD. 
The initial pH was adjusted to 2 by adding 1 M HCl solu-
tions. And then the suspension was stirred thoroughly at 
a certain adsorption temperature (298  K, 313  K, 323  K, 
333 K, 353 K) for 6 h in a magnetic stirrer. After the reac-
tion, the mixture was filtered, and the concentration of 
Cr(VI) in the filtrate was determined spectrophotometri-
cally at 540 nm.

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

The amount of Cr(VI) adsorbed qt (mg g−1), at contact-
ing time of t (min) can be calculated as:

(1)η =
C0 − Ce

C0
× 100%
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where Co (mg  L−1) is initial Cr(VI) concentration; Ct 
(mg  L−1) is the residual Cr(VI) concentration at time t; 
V (L) is the volume of the solution, and m (g) is the dry 
weight of the adsorbent into each beaker.

Adsorption kinetics
Kinetics studies were carried out by preparing a series of 
250  mL Cr(VI) solutions containing 4  g  L−1 PSD with 
the initial concentration range of 5–50  mg  L−1 at differ-
ent adsorption temperatures (298 K, 313 K, 323 K, 333 K, 
353 K). The pH was adjusted to 2 using 1 M HCl. Samples 
were collected at different time intervals and analyzed. Dif-
ferent kinetic models were applied to fit the adsorption 
process.

The pseudo‑first‑order kinetic model
The non-linear and linear pseudo-first-order kinetic 
expressions can be given as follows:

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.

The pseudo‑second‑order kinetic model
The non-linear and linear pseudo-second-order kinetic 
expressions can be written as follows:

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

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

(2)qt =
(C0 − Ct)

m
× V

(3)qt = qe

(

1− e−k1t
)

(4)log(qe − qt) = logqe −
k1t

2.303

(5)qt =
q2e k2t

1+ qek2t

(6)
t

qt
=

1

k2q2e
+

t

qe

(7)qt = kidt
1/2

+ C1

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 
intraparticle diffusion, and C1 (mg g−1) is the intercept or 
the boundary layer thickness.

The Boyd kinetic model
The Boyd kinetic model can be described as follows:

where Bt is Boyd constant, qe (mg  g−1) and qt (mg  g−1) 
are the amount of Cr(VI) adsorbed at equilibrium and at 
time t (min), respectively, kb (min−1) is the rate constant 
of Boyd kinetic model, and C2 is the intercept.

Adsorption isotherm
The isotherm studies were carried out by varying the ini-
tial Cr(VI) concentrations from 5 to 50 mg  L−1 at 298 K. 
The Langmuir, Freundlich, Temkin and Dubunin–Radush-
kevich adsorption models were applied to characterize the 
adsorption mechanism.

The Langmuir isotherm
The non-linear and linear forms of Langmuir isotherm can 
be expressed as:

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), qm (mg g−1) is maximum adsorption capacity, 
KL (mg L−1) is the Langmuir constant.

where C0 (mg  L−1) is the lowest initial concentration of 
Cr(VI), and KL (mg L−1) is the Langmuir constant.

The Freundlich isotherm
The non-linear and linear forms of Freundlich isotherm 
can be written as:

(8)Bt = −0.4977− ln

(

1−
qt

qe

)

(9)Bt = kbt + C2

(10)qe =
qmKLCe

1+ KLCe

(11)
Ce

qe
=

KL

qm
+

Ce

qm

(12)The separation factor RL =
1

1+ C0/KL

(13)qe = KFCe
1/n
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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), n is related to the intensity of adsorption, KF 
(mg g−1) is the Freundlich constant.

The Temkin–Pyzhev isotherm
The non-linear and linear forms of Temkin–Pyzhev iso-
therm can be shown as:

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, A (L  mg−1) is Temkin–Pyzhev isotherm equi-
librium binding constant, R (8.314  J  mol−1  K−1) is the 
universal gas constant, T (K) is the absolute temperature.

The Dubinin–Radushkevich isotherm
The non-linear and linear forms of Dubinin–Radushk-
evich isotherm can be described as:

where qe (mg  g−1) is the amount of Cr (VI) adsorbed at 
equilibrium, qm (mg g−1) is maximum adsorption capac-
ity, 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 constant related to the mean free energy of adsorp-
tion per mole of an adsorbate, R (8.314 J mol−1 K−1) is the 
universal gas constant, T (K) is the absolute temperature, 
and E (kJ mol−1) is the mean adsorption energy.

Desorption experiments
The desorption experiments were carried out after 
adsorption equilibrium by using four different desorb-
ing agents: acetic acid solution, sodium hydroxide solu-
tion, EDTA solution, and deionized water. Briefly, 0.2 g of 

(14)logqe =
logCe

n
+ logKF

(15)qe =
RTlnACe

bT

(16)qe =
RTlnCe

bT
+

RTlnA

bT

(17)qe = qme
−βε2

(18)lnqe = −βε2 + lnqm

(19)ε = RTln

(

1+
1

Ce

)

(20)E =
1

(2β)1/2

Cr(VI) loaded PSD was mixed with 50 mL of desorbing 
agent within a pH range of 2–12 at 298 K. Then the des-
orbed Cr(VI) concentration was analyzed spectropho-
tometrically after the suspension was stirred for a fixed 
time. The desorption efficiency of Cr(VI) can be calcu-
lated as follows:

where Ct
ʹ (mg L−1) is the desorbed Cr(VI) concentration 

at time t (min−1); Vʹ (L) is the volume of the desorption 
solution, and mʹ (g) is the dry weight of the Cr(VI) loaded 
PSD into each beaker. qe (mg  g−1) is the equilibrium 
adsorbed amount.

Results and discussion
The effect of pretreatment on adsorption
Effect of the ratio of peanut shell powder to DESs
At pretreatment temperature of 353 K, the effect of ratio 
on Cr(VI) removal under the adsorption conditions 
of pH 2, adsorbent dose of 4 g  L−1, contact time of 2 h, 
298  K, is shown in Fig.  1. As the ratio of peanut shell 
powder to DESs increased, the adsorption percentage 
did not change much, but the adsorption capacity first 
increased and then decreased. That might be due to the 
fact that as the amount of peanut shell powder increased, 
the powders were distributed unevenly on the surface of 
the DESs, resulting in insufficient contact and an unsatis-
factory modification effect. Furthermore, excessive pea-
nut shell powder made mixing more difficult, leading to 
poor interaction between the peanut shell and DESs. As a 
result, the ratio of 1:20 was preferred.

Effect of pretreatment temperature
At the ratio of peanut shell powder to DESs of 1:20, the 
effect of pretreatment temperature on Cr(VI) removal 

(21)η
′

=
C

′

tV
′

qem
′
× 100%

Fig. 1  Effect of pretreatment ratio on Cr(VI) adsorption by PSD
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under the adsorption conditions of pH 2, adsorbent dose 
of 4 g L−1, contact time of 2 h, 298 K, is shown in Fig. 2.

As seen from Fig.  2, the adsorption percentage and 
adsorption capacity of peanut shell powder for Cr(VI) 
increased with the increase of the pretreatment tem-
perature. This result can be attributed to the viscosity of 
DESs, which was lower at higher temperatures and thus 
facilitated the contact with peanut shell powder. In addi-
tion, higher temperatures also provided more energy for 
the dissolution of peanut shell powder in DESs, which 
enhanced the breakage of hydrogen bonds in its internal 
cellulose structure. To reduce energy consumption, the 
pretreatment temperature of 353 K was acceptable.

Kinetics of adsorption
Adsorption kinetics describes the change of adsorp-
tion amount with time, which can be used to analyze the 
adsorption rate and provide a reference for the design 
of sewage treatment equipment in terms of minimizing 
contact time and cost [29].

The kinetics of Cr(VI) adsorption on DESs modified 
peanut-shell powders (PSD) at different initial concentra-
tions is shown in Fig. 3 and evaluated by using the linear 
and nonlinear pseudo-first-order, pseudo-second-order, 
intraparticle diffusion, and Boyd models (Figs. 4 and 5). 
The fitting results derived from these models are listed in 
Tables 1 and 2.

Correlation coefficients (R2) were used to indicate the 
consistency between experimental results and model 
predicted values. At various Cr(VI) concentrations, 
the correlation coefficient values (R2) for the linear and 
nonlinear pseudo-second-order models were higher 
than those obtained from the linear and nonlinear 
pseudo-first-order models, indicating that the pseudo-
second-order model can effectively describe the Cr(VI) 
adsorption kinetics.

Furthermore, compared with the results from the linear 
and nonlinear pseudo-first-order models, the qcal values 
predicted from the linear pseudo-second-order model 
(1.1, 1.62, 2.22, 4.16, and 5.58 mg g−1) and from the non-
linear pseudo-second-order model (1.09, 1.56, 2.16, 3.98, 
and 5.45 mg g−1) for different Cr(VI) concentrations were 
much closer to the experimental values qexp (1.06, 1.54, 
2.1, 4.1, 5.2 mg g−1).

These results confirmed that the pseudo-second-order 
kinetic model was applicable and implied that electron 
sharing or electron transfer between PSD and Cr(VI) 
might be involved in this process. Similar kinetic fitting 
results have been reported for Cr(VI) adsorption [6, 19].

The intraparticle diffusion and Boyd models were used 
in this study to further understand the potential diffusion 
mechanism. Table 2 shows the fitting results of intrapar-
ticle diffusion and Boyd models for Cr(VI) adsorption 
onto PSD. Generally, if intraparticle diffusion is involved 
in the adsorption process, adsorption capacity should 
be plotted against the square root of time linearly, and 
if the plot passes through the origin, intraparticle diffu-
sion is the only rate determining step. If the plot doesn’t 
pass through the origin, there might be some degree of 
boundary layer control, and the values of the intercept 
C can be used to estimate the thickness of the boundary 
layer, i.e., the larger the intercept, the greater the bound-
ary layer effect [7, 33].

In this study, the intraparticle diffusion model demon-
strated that internal diffusion was not the only rate con-
trolling step because none of the plots passed the origin 
(Fig.  5a). This illustrated that there were other mecha-
nisms involved in addition to intraparticle diffusion.

Five fitting curves of Boyd model, as depicted in 
Fig.  5b, followed a linear pattern, but none of them 
passed through the origin. As a result, boundary effect 

Fig. 2  Effect of pretreatment temperature on Cr(VI) adsorption by 
PSD
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was important in the adsorption of Cr(VI) by PSD, which 
was consistent with the findings of the intraparticle diffu-
sion model. The R2 values of the Boyd model at 5, 7.5, 10, 
25, and 50  mg  L−1 were 0.9686, 0.9977, 0.9919, 0.9917, 
and 0.9972, respectively, showing the applicability of this 
model.

As a result of these findings, adsorption behaviors of 
Cr(VI) onto PSD were complex, involving multiple rate-
controlling steps.

Adsorption isotherms
In order to investigate the equilibrium characteristics of 
Cr(VI) adsorption onto PSD samples, more adsorption 
experiments were carried out under different tempera-
tures (Fig. 6). As seen in Fig. 6, the equilibrium adsorp-
tion capacity was higher at higher temperatures. The 
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Fig. 4  a Linear pseudo-first-order kinetic model for adsorption 
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different initial concentrations; c Nonlinear pseudo-first-order and 
pseudo-second-order kinetic models for adsorption of Cr(VI) ion at 
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linear and nonlinear Langmuir, Freundlich, Dubinin 
Radushkevich and Temkin isotherm models were applied 
to analyze these adsorption behaviors (Fig. 7).

As shown in Table  3, the adsorption process was 
appropriately represented by the linear or nonlinear 
Langmuir models with R2 values of 0.99, which were 
greater than the other three isotherm models. In addi-
tion, the maximum Cr(VI) adsorption capacity obtained 
from linear and nonlinear Langmuir models were 5.84 
and 5.77  mg  g−1, respectively. Moreover, according to 
the value of RL, the adsorption of Cr(VI) onto PSD was 
favorable [15]. This result was in accordance with other 
reports obtained by Liang and Tsamo [27, 39].

The Freundlich model didn’t match the experimental 
data as well as the Langmuir model. The heterogeneity 

Table 1  (a) Parameters of the linear and nonlinear pseudo-first model for Cr(VI) adsorption on PSD at different initial concentrations; 
(b) Parameters of the linear and nonlinear pseudo-second order model for Cr(VI) adsorption at different initial concentrations

(a)

C0/mg L−1 qe,exp/mg g−1 Pseudo first order

Linear form Nonlinear form

qe,cal/mg g−1 k1/min−1 R2 qe,cal/mg g−1 k1/min−1 R2

5 1.06 0.56 1.68 × 10–2 0.9686 0.99 4.95 × 10–2 0.8232

7.5 1.54 0.95 1.68 × 10–2 0.9977 1.41 4.47 × 10–2 0.7521

10 2.1 1.37 1.11 × 10–2 0.9842 1.91 2.92 × 10–2 0.853

25 4.1 2.99 7.08 × 10–3 0.9917 3.43 2.08 × 10–2 0.8879

50 5.2 4.03 1.01 × 10–2 0.9948 4.69 1.96 × 10–2 0.8996

(b)

C0/mg L−1 qe,exp/mg g−1 Pseudo second order

Linear form Nonlinear form

qe,cal/mg g−1 k2/g−1 mg−1 min−1 R2 qe,cal/mg g−1 k2/g−1 mg−1 min−1 R2

5 1.06 1.1 6.38 × 10–2 0.9995 1.09 6.92 × 10–2 0.9336

7.5 1.54 1.62 3.40 × 10–2 0.9992 1.56 4.26 × 10–2 0.8979

10 2.1 2.22 1.39 × 10–2 0.9951 2.16 1.81 × 10–2 0.9362

25 4.1 4.16 5.66 × 10–3 0.9941 3.98 6.39 × 10–3 0.9525

50 5.2 5.58 4.24 × 10–3 0.9954 5.45 4.39 × 10–3 0.9541

Table 2  Parameters of Webber–Morris intraparticle and Boyd film diffusion models for Cr(VI) adsorption on PSD at different initial 
concentrations

C0/
mg L−1

kid/
mg g−1 min1/2

C1 R2 kb/
min−1

C2 R2

5 3.68 × 10–2 0.5 0.8958 1.68 × 10–2 0.13 0.9686

7.5 5.63 × 10–2 0.66 0.937 1.67 × 10–2 − 0.02 0.9977

10 8.94 × 10–2 0.63 0.9618 1.09 × 10–2 − 6.46 0.9919

25 0.18 0.73 0.9819 7.03 × 10–3 − 0.18 0.9917

50 0.24 0.96 0.9828 9.82 × 10–3 − 0.25 0.9972
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Fig. 6  Cr(VI) adsorption at different temperatures
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factor (n) of the linear and nonlinear Freundlich iso-
therms were derived to be 2.32 and 2.66, confirming that 
the adsorption was favorable.

In this investigation, the Temkin–Pyzhev model 
appeared to have a decent fitting result, indicating that 
electrostatic might be involved in this process. The value 
of E derived from the D–R model was less than 8 kJ mol−1, 
indicating the physical nature of this process. However, the 
R2 value for the D–R model was lower than for other mod-
els, showing that the D–R model was not appropriate for 
describing Cr(VI) adsorption onto PSD.

Adsorption thermodynamics
The thermodynamic parameters �G⊖ , �H⊖ , and �S⊖ of 
the chromium adsorption by PSD can be calculated by the 
following equations:

where Ke is the distribution coefficient of the adsorbate, 
and qe (mg g−1) and Ce (mg L−1) are the equilibrium con-
centration of Cr(VI) on the adsorbent and in the solution, 
respectively. R (8.314  J  mol−1  K−1) is the universal gas 
constant and T (K) is the temperature.

(22)�G⊖
= �H⊖

− T�S⊖

(23)�G⊖
= −RTlnKe

(24)Ke =
qe

Ce
= exp

(

�S⊖

R
−

�H⊖

RT

)

(25)ln
qe

Ce
= −

�H⊖

RT
+

�S⊖

R

Fig. 7  a Linear Langmuir isotherm for Cr(VI) adsorption on PSD at 298 K; b Linear Freundlich isotherm for Cr(VI) adsorption on PSD at 298 K; c Linear 
Temkin-Pyzhev isotherm for Cr(VI) adsorption on PSD at 298 K; d Linear Dubinin–Radushkevich isotherm for Cr(VI) adsorption on PSD at 298 K; e 
Nonlinear Dubinin–Radushkevich isotherm for Cr(VI) adsorption on PSD at 298 K; f Nonlinear Langmuir, Freundlich, and Temkin–Pyzhev isotherms 
for Cr(VI) adsorption on PSD at 298 K
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The linear and nonlinear van’t Hoff plot are shown in 
Fig. 8 and the fitting results are summarized in Table 4. 
The �G⊖ values were derived to be negatively rang-
ing between −  0.16 and −  6.9  kJ  mol−1 for various 

temperatures, confirming that this adsorption process 
was spontaneous and feasible in the range of 298–353 K.

In addition, the change in Gibbs free energy decreased 
with increasing temperature, indicating that the adsorp-
tion was endothermic. The positive value of the enthalpy 
change �H⊖ (35.94 and 36.36  kJ  mol−1) supported the 
endothermic character of the adsorption process. Other 
researchers have also reported similar results [1, 11].

The entropy change, �S⊖ were determined to be 
121.29 and 122.55 J mol−1 K−1 from linear and nonlinear 
analysis, respectively. The positive value of �S⊖ revealed 
this process caused the increase in disorder of the system.

Desorption experiments
Table 5 shows the effect of pH on Cr(VI) desorption effi-
ciency. As the pH increased from 2 to 12, the desorption 
efficiency increased from 0.37% to 2.89%. The best des-
orption was achieved at pH of 12. The comparison of the 
efficiency of different desorbing agents is also shown in 
Table 5, and the highest desorption efficiency was about 
8.77% by using hydroxide solution in the present study. 
However, the desorption efficiency of PSD was still very 
low under all the experiment conditions, indicating that 
the adsorption between PSD and chromium ions was not 
a simple physical adsorption, but the result of chemical 
adsorption and other mechanisms. In addition, some 
Cr(VI) might be reduced to Cr III), which cannot be 
diluted with base, resulting in poor desorption efficiency 
[28]. Similar studies in China have shown that it was diffi-
cult for Cr(VI) to be completely desorbed from some cel-
lulosic-based biosorbents like tea stalks [40]. Considering 
the reduction reaction and the multiple forms of Cr(VI) 
in solution, the desorption mechanism of this type of 
biosorbents needed to be further studied.

Possible adsorption mechanism
To investigate the possible mechanism of Cr(VI) adsorp-
tion on PSD, morphology and surface charge of the 
adsorbents were evaluated as discussed below. The opti-
cal and SEM images of peanut shell and PSD are shown 
in Fig. 9.

As can be seen in Fig.  9a and b, the dispersed granu-
lar form of peanut shell was maintained with no macro 
changes. However, based on SEM images shown in 
Fig. 9c and d, a large portion of the cellulosic structure of 
the peanut shell was unexposed and covered with lignin 
and hemicelluloses before DESs treatment, whereas the 
rigid connecting structure between lignin and hemicellu-
loses was broken down after DESs treatment, showing a 
more heterogeneous and porous structure. Additionally, 

Table 3  Parameters of different linear and nonlinear isotherms 
for Cr(VI) adsorption on PSD at 298 K

Isotherm Parameters

Langmuir Linear form

qm/mg g−1 KL/mg L−1 RL R2

5.84 3.92 0.07 0.999

Nonlinear form

qm/mg g−1 KL/mg L−1 RL R2

5.77 3.84 0.07 0.9918

Freundlich Linear form

KF/mg g−1 n R2

1.33 2.32 0.9786

Nonlinear form

KF/mg g−1 n R2

1.5 2.66 0.9618

Temkin–Pyzhev Linear form

bT/kJ mol−1 A/L mg−1 R2

2.12 2.93 0.9948

Nonlinear form

bT/kJ mol−1 A/L mg−1 R2

2.12 2.93 0.9897

Dubinin–Radushkevich Linear form

E/kJ mol−1 qm/mg g−1 R2

1.22 3.73 0.885

Nonlinear form

E/kJ mol−1 qm/mg g−1 R2

2.65 4.72 0.9028
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Fig. 8  a Linear van’t Hoff plot of Cr(VI) adsorption on PSD; b 
Nonlinear van’t Hoff plot of Cr(VI) adsorption on PSD
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Li et al. [25] and Zhang et al. [44] reported that the DESs 
can form hydrogen bonds with the hydroxyl groups in 
the molecular chains of cellulose, thereby weakening the 
intramolecular or intermolecular hydrogen bonds of cel-
lulose and releasing more hydroxyl groups. Therefore, 
more adsorption sites were available on PDS because of 
its rough surface and increasing functional groups.

The surface charge of PSD was evaluated by measur-
ing the pH at the point of zero charge (pHPZC). Gener-
ally, the adsorbent will exhibit better affinities for anions 
at pH < pHPZC and vice versa. Figure  10 shows the plot 
of pHfinal versus pHinitial for PSD. It can be seen that the 
pHPZC value obtained for peanut shell was approximately 
6.02, which was consistent with the value obtained by 
Banerjee et  al. [5] and Gama et  al. [14]. However, the 
pHPZC value of PSD was up to 6.84. The increase in the 
pHPZC of peanut shell might be explained by the fact 
that DESs treatment lead to an increase in the num-
ber of N-functional groups [34, 41]. It was expected 
that the adsorption of Cr(VI) could be enhanced at the 
experimental pH (pH = 2) due to electrostatic interaction 
between the main species of Cr(VI), Cr2O7

2−, HCr2O7
− 

and nitrogen-containing functional groups such as –
NH3

+ on the surface of PSD [24, 36]. Similar results were 

reported by Ma et  al., in which their research observed 
that the electrostatic attraction between Cr(VI) and 
protonated amino groups increased the Cr(VI) removal 
efficiencies under acidic conditions [31]. In addition, the 
composition of peanut shell comprises abundant oxy-
gen-containing functional groups such as –COOH and 
–OH. Because of the protonation effect, the surface of 
adsorbents will have positive charges below pHPZC, thus 
improving the attraction for anions [8].

Therefore, although this process followed the pseudo-
second-order model, it was not a normal chemical pro-
cess since effective physical interaction can also lead to 
this observation. It appeared that Cr(VI) adsorption by 
PSD was physicochemical adsorption rather than a pure 
physical or chemical process.

Conclusion
The application of DESs modified peanut-shell powders 
for removing Cr(VI) from aqueous solution was dis-
cussed. The removal of Cr(VI) was found to be depend-
ent on the initial concentration and temperature. The 
removal percentage was decreased with increase in 
initial concentration but increased with increase in 
temperature. Kinetic studies showed that the pseudo-
second-order model was best fitted for the sorption of 
Cr(VI) onto PSD at various initial concentrations. The 
Langmuir model was the best at describing the equi-
librium data as compared to the Freundlich, Temkin–
Pyzhev, and Dubinin–Radushkevich models over the 
studied temperature range. The adsorption was favorable 
as indicated by the separation factor (RL). The adsorption 
mechanism between Cr(VI) onto PSD was discovered to 
be a spontaneous and endothermic process by thermody-
namic analysis. Several mechanisms like hydrogen bond-
ing and electrostatic interaction were involved in the 
adsorption process. However, the desorption efficiency 
was relatively low, which needed to be further studied.

Table 4  Thermodynamic parameters for the Cr(VI) adsorption on PSD

Linear results

�H
⊖/kJ mol−1 �S

⊖/J mol−1 K−1 �G
⊖/kJ mol−1 R2

298 K 313 K 323 K 333 K 353 K

35.94 121.29 − 0.2 − 2.02 − 3.23 − 4.45 − 6.87 0.9995

Nonlinear results

�H
⊖/kJ mol−1 �S

⊖/J mol−1 K−1 �G
⊖/kJ mol−1 R2

298 K 313 K 323 K 333 K 353 K 0.9996

36.36 122.55 − 0.16 − 2 − 3.22 − 4.45 − 6.9

Table 5  Results of desorption of PSD

No Desorbing agents Desorption 
efficiency/%

1 Deionized water (pH = 2) 0.37

2 Deionized water (pH = 4) 0.23

3 Deionized water (pH = 6) 0.59

4 Deionized water (pH = 10) 2.22

5 Deionized water (pH = 12) 2.89

6 0.1 mol L−1 HAc 0.26

7 0.1 mol L−1 NaOH 8.77

8 0.1 mol L−1 EDTA 0.46
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