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a b s t r a c t
Industrial waste or natural materials used as adsorbents for wastewater treatment have the 
advantage of cost-effective, simple operation, and high efficiency. In this work, batch tests were 
performed to investigate the adsorption characteristics of Cr(VI) onto fly ash, pine nut shells, and 
acid-modified bentonite and explore the influence of the solid-to-liquid ratio, pH, ionic strength, and 
reaction time on adsorption. The results show that the removal rate of the three adsorbents increases 
with increasing solid-to-liquid ratio, while the unit adsorption capacity decreases. The unit adsorp-
tion capacity is maximized when pH = 1–3 and decreases with increasing Cl– concentration. The 
adsorption of fly ash, pine nut shells, and acid-modified bentonite is a rapid reaction process, of 
which reaches equilibrium at 180, 120, and 90 min, respectively. The maximum adsorption capaci-
ties of fly ash, pine nut shells, and acid-modified bentonite is 0.57, 6.06, and 10.55 mg/g, respectively. 
The adsorption of Cr(VI) onto fly ash is an exothermic reaction, and the adsorption onto either 
pine nut shells or acid-modified bentonite is an endothermic reaction. The adsorption of Cr(VI) 
onto fly ash can be described using the Langmuir, Freundlich, and Redlich–Peterson models, and 
the pine nut shells can be described by the Langmuir and Redlich–Peterson models, whereas the 
acid-modified bentonite can be described by the Langmuir, Temkin, and Redlich–Peterson models. 
The pseudo- second-order kinetic model can accurately describe the kinetic processes of Cr(VI) 
adsorption onto these adsorbents.
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1. Introduction

Industrial wastewater contains multiple components, 
which require a high-cost, complex treatment process. 
To reduce production costs, some enterprises dispose of 
industrial wastewater into the municipal wastewater net-
work without any treatment or even underground through 

a deep well. Industrial wastewater is different from municipal 
wastewater, as the former contains various kinds of heavy 
metal ions and needs special treatment methods. Chromium 
pollution comes mainly from electroplating, mining, steel 
manufacturing, leather, and electronic instruments. Most 
of the chromium exists as Cr(VI) (such as CrO3, chromate, 
and dichromate) and Cr(III) (such as chromium oxide and 
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chromium sulfate). Due to the water solubility and diffusion 
properties of Cr(VI), in addition to its carcinogenic and muta-
genic effects, its toxicity is much higher than that of Cr(III). 
Frequent contact with a large amount of Cr(VI) may cause 
an ulcerous discomfort at the contact point. Inhalation of 
an excessive amount of Cr(VI) may cause liver and kidney 
failure, cancer, nausea, gastrointestinal irritation, and even 
death [1]. Generally, heavy metals in industrial wastewater 
are treated using chemical precipitation [2,3], ion exchange 
[4,5], membrane treatment [6,7], and biosorption [8–10]. 
Ion exchange and physical adsorption methods are effective 
in treating lead [11,12], chromium [13,14], and nickel [15].

Compared to other treatment methods, adsorption 
methods have the advantage of cost-effective, simple 
operation, wide pH application range, and high adsorp-
tion to heavy metals. Sharma et al. [16–20] investigated 
the adsorption characteristics and ion exchange of nano-
composite. They found nanocomposite hydrogels show 
excellent adsorption selectivity for heavy metal ions, and 
therefore can be used as good bio-absorbent materials 
for environmental detoxification. Naushad et al. [21–23] 
pointed out sodium dodecyl sulfate acrylamide Zr(IV) 
selenite (SDS-AZS), starch-based nanocomposite (starch/
SnO2) and quaternary amino anion exchanger (Pc-QAE) 
were successfully used for the adsorbent to the removal of 
Pb2+, Hg2+, and phosphate anions, respectively. Pathania et 
al. [24] studied the ion exchange capacity, and thermal sta-
bility of pectin cerium(IV) iodate (PcCeI) and cerium(IV) 
iodate (CeI) cation ion exchange materials. The results 
indicated that the selectivity of pectin-cerium(IV) iodate 
hybrid ion exchange for As3+ and Zn2+. Al-Othman et al. 
[25] investigated the adsorption kinetics, equilibrium, and 
thermodynamics studies on the removal of Cr(VI) by acti-
vated carbon. The results showed that the Langmuir model 
fitted better than the Freundlich model, and the adsorp-
tion capacity increased with temperature. Kumar et al. 
[26] conducted the synthesis of reduced graphene oxide 
(RGO), polymeric g-C3N4, and coal-char (RPC) nano-pho-
tocatalysts for efficient solar-powered degradation of 
noxious emerging pollutants, and they found RPC shows 
good adsorption activity owing to the high surface area. 
Huang et al. [27] investigated the adsorption behaviors of 
fly ash onto quinoline in the aqueous solution, the results 
indicated that the adsorbed amount increased with the 
increasing of initial concentration and contact time. Zhou 
et al. [28] studied the phosphorus adsorption onto coal fly 
and bottom ash pellet, they found the bottom ash pellet was 
more suitable adsorbent than fly ash pellet due to the better 
phosphorus adsorption capacity. Ye et al. [29] investigate 
the fluoride adsorption onto fly ash modified by lime mud. 
The results indicated that optimization of the adsorption 
conditions ensured the realization of the practical needs 
for fluoride contaminated water. Alouani et al. [30] com-
pared the removal of methylene blue (MB) by fly ash and 
activated fly ash, they found the maximum monolayer 
adsorption capacity of fly ash and activated fly ash were 
2.88 and 37.08 mg/g, indicating that the activated fly ash 
is an efficient and low-cost adsorbent for decontamination 
of dye-containing water. Naushad et al. [31] investigated 
the isotherms, kinetics, and thermodynamics characteris-
tics of modified pine nut shells onto methylene blue (MB). 

The results revealed that maximum MB adsorption reached 
39.73 mg/g at pHi = 5.9, which demonstrated that pine 
nut shell was a probable cost-effective adsorbent for the 
removal of MB. Qureshi et al. [32] found the pine nut shell 
could efficiently remove the toxic phthalates in the aque-
ous system, as well as in the real water samples. Esmaeili 
and Eslami [33] investigated the adsorption of Pb(II) and 
Zn(II) onto natural bentonite. The results revealed that 
the removal efficiency of Pb(II) and Zn(II) were increased 
with increasing of the initial pH, adsorbent dose, and 
contact time, and the adsorption efficiency of Pb(II) was 
larger than Zn(II). Sahan [34] studied the Pb(II) and Cu(II) 
adsorption onto bentonite enriched with-SH groups (BSH). 
They pointed out that the maximum removal rate of Pb(II) 
and Cu(II) were 95.05% and 91.4%, respectively, which 
indicated that BSH has great potential applications in the 
removal of heavy metal. Cheng et al. [35] found the benton-
ite modified by aluminum cross-linking and tannin double 
modification has excellent removal performance for ammo-
nia nitrogen in low temperature wastewater. Sadeghalvad 
et al. [36] investigated the adsorption behaviors of Ni(II) 
onto bentonite, and the statistical method was used to 
evaluate the maximum adsorption amount of Ni(II). Souza 
et al. [37] investigated the kinetics of crystal violet (CV) 
adsorption on bentonite by pore volume and surface diffu-
sion model, surface diffusion model, and pore volume dif-
fusion model. Mdlalose et al. [38] studied the adsorption of 
phosphate ions from water by bentonite modified with Fe, 
Co, and Ni salts. The results indicated that metal-modified 
bentonite have lower crystallinity compared to the native 
bentonite, and the competition effect of coexisting anions 
were not significant for Fe and Ni modified bentonite.

To date, relatively few studies have been conducted 
to examine the adsorption behaviors of Cr(VI) onto natu-
ral or waste materials. In this work, we used fly ash, pine 
nut shells, and acid-modified bentonite as absorbents and 
investigated their adsorption characteristics for Cr(VI) 
using batch experiments. The influence of the solid-to-liquid 
ratio, pH, initial Cr(VI) concentration, temperature, reaction 
time, and ionic strength on the adsorption of Cr(VI) was 
analyzed. The adsorption kinetic characteristics, isothermal 
adsorption characteristics, and thermodynamic characteris-
tics are discussed. The research results provide a reference 
for removal of Cr(VI) from wastewater.

2. Materials and methods

2.1. Experimental materials and instruments

The fly ash, pine nut shells, and bentonite used in this 
experiment were natural materials, the fly ash was obtained 
from Dalian Taishan Power Plant of Liaoning Province, 
China, the pine nut shells were from red pine nuts from 
Northeast China (the kernels were removed), and the ben-
tonite was from the Heishan area of Liaoning Province, 
China. As shown in Table 1, fly ash was mainly composed 
of SiO2, CaO, Al2O3, and Fe2O3. Fly ash particles were porous 
honeycomb structure with large specific surface area and 
high adsorption activity. The particle size ranges from 0.5 
to 300 µm, and the porosity was as high as 50%–80%. Pine 
nut shell was widely distributed in China and annual output 



391G. Li et al. / Desalination and Water Treatment 195 (2020) 389–402

was huge, mainly composed of C, K2O, SiO2, and Na2O. 
Meanwhile, it mainly consists of lignin, cellulose, and hemi-
cellulose. Bentonite was mainly composed of SiO2, Al2O3, 
K2O, and CaO, and the main mineral component was mont-
morillonite. The physical and chemical structure of mont-
morillonite leads to its excellent ion exchange, expansibility, 
and dispersibility, which was widely used in environmental 
remediation and wastewater treatment.

The fly ash, pine nut shells, and bentonite were crushed 
using a crushing machine and passed through a 60-mesh 
geogrid. They were then placed in a DHG-9011A type oven 
(Shanghai Jinghong laboratory Instrument Co., Ltd., China) 
at 60°C for 24 h and passed through the 60 mesh geogrid 
again. The powders were then stored in desiccators for future 
usage. The main chemical compositions of the three samples 
were analyzed by SRS3400 type total-reflection X-ray fluo-
rescence spectrometer (Bruker, Germany), and the results are 
listed in Table 1. Moreover, concentrated nitric acid was used 
to modify the bentonite. The concentrated nitric acid was 
injected into the distilled water slowly by passing through 
a glass rod while the solution was slowly stirred. The con-
centrated nitric acid was diluted to 1 mol/L and allowed to 
stand for 12 h before future usage. A bentonite sample of 
30 g was weighed and poured into 500 mL of diluted nitric 
acid solution. The solution was slowly stirred to turbid liq-
uid and allowed to stand for 24 h after bentonite particles 
precipitated to the bottom of the beaker. The acid in the 
beaker was transferred into the water bottle using a pipette, 
and the remaining saturated bentonite sample was filtered 
using filter paper and dried in a 60°C oven for 48 h. The 
sample was then crushed and passed through the 60 mesh 
geogrid to obtain the acid-modified bentonite sample.

Potassium dichromate (K2Cr2O7, guaranteed reagent 
grade) (Tianjin Chemical Reagent Co., Ltd., China) was 
placed in an oven at 120°C and dried for 2 h. Potassium 
dichromate was weighed (0.2829 g) and dissolved in a vol-
umetric flask (Tianjin Tianbo Glass Instrument Co., Ltd., 
China) with distilled water by shaking. After all potassium 
dichromate was dissolved, distilled water was added until 
the total volume of the solution reached 1,000 mL to obtain 

a Cr(VI) stock liquor of 100 mg/L concentration. The solu-
tion was allowed to stand for 12 h before usage. All Cr(VI) 
solution used in this experiment was diluted from the 
aforementioned stock liquor.

2.2. Experimental methods

2.2.1. Adsorption tests

Adsorption tests were performed using a batch method. 
First, the stock liquor was diluted to the desired concen-
tration. 50 mL of the diluted solution was introduced 
into a numbered Erlenmeyer flask (Tianjin Tianbo Glass 
Instrument Co., Ltd., China). Each solid adsorbent was 
weighed to make samples with the desired solid-to-liquid 
ratio and added to an Erlenmeyer flask. The flasks were then 
placed in a SHA-C type thermostatic oscillator (Changzhou 
Guohua Electric Appliance Co., Ltd., China) with tempera-
ture adjusted according to the predesigned experimental 
conditions. The rotating rate of the oscillator was set at 
120 rpm, and samples were oscillated for 12 h. After the 
reaction, the solutions were removed from the Erlenmeyer 
flasks, transferred into a CT15RT type centrifuge machine 
(Shanghai Tianmei Biochemical Engineering Equipment 
Co., Ltd., China), and centrifuged at 3,000–5,000 rpm for 
20–30 min. The supernatant solution was isolated, and its 
Cr(VI) concentration and the equilibrium pH (pHe) were 
measured using an AA6000 type atomic absorption spec-
trophotometer (Shanghai Tianmei Biochemical Engineering 
Equipment Co., Ltd., China) and a Starter2C type pH meter 
(Shanghai Ohaus Instruments Co., Ltd., China).

An isothermal adsorption experiment was also carried 
out using a batch method. Batch tests were performed at dif-
ferent temperatures through adjusting the temperature of the 
oscillator. The influence of the temperature on the adsorption 
characteristics was analyzed by comparing the test data.

2.2.2. Kinetic test

The kinetic test used a sampling interval of 1 h, when 
samples were observed for equilibrium to predict the test 

Table 1
Chemical composition of fly ash, pine nut shell, and bentonite

Fly ash Pine nut shell Bentonite

Component Mass percent (%) Component Mass percent (%) Component Mass percent (%)

SiO2 50.4 C 98.9 SiO2 70.7
CaO 25.0 K2O 0.339 Al2O3 14.3
Al2O3 9.08 SiO2 0.148 K2O 4.38
Fe2O3 8.39 Na2O 0.141 CaO 2.99
SO3 2.77 SO3 0.116 Fe2O3 2.94
MgO 1.04 Al2O3 0.106 MgO 2.00
K2O 0.986 P2O5 0.0826 Na2O 1.91
P2O5 0.700 Fe2O3 0.0566 TiO2 0.241
Na2O 0.658 CaO 0.0537 BaO 0.197
TiO2 0.507 Cl 0.0206
SrO 0.215
BaO 0.191
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duration. The influence of the reaction time on the adsorp-
tion characteristics was observed by adjusting the sampling 
interval.

2.2.3. Desorption test

During the desorption test, the adsorbent was filtered by 
the filter paper three times after the isothermal adsorption 
reaction and dried at 60°C for 48 h before passing through 
the 60-mesh geogrid. Distilled water was added dropwise 
to prepare a solution with the desired solid-to-liquid ratio. 
The Cr(VI) content in the solution was measured using a 
batch method.

The adsorption capacity qe (mg/g), removal rate R (%), 
and solid-to-liquid ratio r (g/L) at equilibrium were calcu-
lated using the equations below:

q
C C
m

Ve
e=

−( )
×0  (1)

R
C C
C

e(%) =
−( )

×0

0

100  (2)

r m
V

=  (3)

where C0 and Ce are the initial and equilibrium concentra-
tions of heavy metal ions in the solution (mg/L), respec-
tively. V is the volume of the solution (L), m is the mass of 
the clay or bentonite (g).

2.3. Theoretical model

2.3.1. Isothermal adsorption model

The equation describing the adsorption isothermal 
curve is called the isothermal adsorption model. In this 
paper, Langmuir model, Freundlich model, Temkin model, 
and Redlich–Peterson model were used to fit the isother-
mal adsorption test data, and the adsorption characteristics 
of the Cr(VI) onto three adsorbents were analyzed.

(a) Langmuir model [39]

C
q bQ

C
Q

e

e

e= +
1

 (4)

where qe is the adsorption capacity (mg/g) of heavy metal 
ions at adsorption equilibrium, Q is the single-layer 
maximum adsorption capacity (mg/g) of the adsorbent, and 
b is the Langmuir model constant (L/mg).

R
bCL = +
1

1 0

 (5)

The value of the dimensionless separation factor RL can 
indicate whether the adsorption reaction is favorable [40]. 
When 0 < RL < 1, the reaction is favorable for adsorption; 
when RL > 1, it is unfavorable for adsorption. When RL = 1, 
the adsorption is reversible, when RL = 0, it is irreversible [41].

(b) Freundlich model [42]

log log logq K
n

Ce F e= +
1  (6)

where KF is the model constant, which is related to the 
adsorption capacity (mg/g), and n is the model constant that 
is related to adsorption strength.

(c) Temkin model [43]

q RT
b

K RT
b

Ce
T

T
T

e= +ln ln  (7)

where bT is the Temkin constant related to the heat of sorp-
tion (kJ/mol), KT is the equilibrium binding constant cor-
responding to the maximum binding energy (L/g), T is 
the absolute temperature (K), and R is the gas constant 
(8.314 × 10–3 kJ/mol/K). The values of KT and bT were obtained 
from the slope and intercept of a straight line plot of qe vs. lnCe.

(d) Redlich–Peterson model [44]

q
PC
Ce
e

e

=
+1 α β

 (8)

where α (L/mg) and β are the isotherm constants.

2.3.2. Adsorption kinetic model

According to different adsorption mechanisms and 
assumption conditions, several adsorption kinetic models 
were developed to study the adsorption process of the 
adsorbate onto the adsorbent and the rate of adsorption. 
In this paper, the pseudo-first-order kinetic model and 
pseudo- second-order kinetic model were used to describe 
the kinetic adsorption process of the three adsorbents.

(a) Pseudo-first-order kinetic model [45]

ln( ) lnq q q k te t e− = − 1
 (9)

where qt and qe are the adsorbed amounts at time t, and 
at equilibrium, respectively, and k1 is the rate constant 
for pseudo- first-order adsorption (1/min). The values of 
rate constants were determined from the slope of the plot 
ln(qe – qt) vs. t.

(b) Pseudo-second-order kinetic model [46]

dq
dt

k q qt
e t= −( )2

2
 (10)

Its integral is:

t
q k q q

t
t e e

= +
1 1

2
2  (11)

where k2 is the adsorption rate constant (g/mg/min), 
qt and qe are adsorption capacities at time t and equilib-
rium (mg/g), respectively, and h is the initial adsorption 
rate (g/mg/min).
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When t approaches 0, h can be expressed as:

h k qe= 2
2  (12)

2.3.3. Adsorption thermodynamic model [47]

The adsorption thermodynamic equation can be 
expressed as:

K
q
CD
e

e

=  (13)

lnK S
R

H
RTD =

∆
−
∆  (14)

∆ = ∆ − ∆G H T S  (15)

where Ce is the metal ion concentration in the superna-
tant at the equilibrium, qe is the adsorption capacity at the 
equilibrium, KD is the distribution coefficient at the solid– 
liquid interface (mL/g), R is the molar gas constant (8.314 J/
mol/K), T is the thermodynamic temperature (K), DH is 
the enthalpy change (kJ/mol), DS is the entropy change 
(J/mol/K), and DG is the Gibbs free energy (kJ/mol).

3. Results and discussion

3.1. Influence of the solid-to-liquid ratio on Cr(VI) adsorption

Tests were carried out at 20°C on solutions with dif-
ferent initial Cr(VI) concentrations of 10, 25, and 50 mg/L. 

The pH value (pH0 = 5.5) was not adjusted during the test. 
The influence of the solid-to-liquid ratio r on the adsorp-
tion capacity qe and removal rate R of Cr(VI) by the fly 
ash, pine nut shells, and bentonite were analyzed by adjust-
ing the solid-to-liquid ratio. For fly ash, the solid-to-liquid 
ratio were 20, 50, 100, 200, 400, and 600 g/L, whereas the 
solid-to-liquid ratio were 1, 2, 5, 10, 20, and 50 g/L for pine 
nut shells and bentonite, the results are shown in Fig. 1. 
The removal rate of Cr(VI) by fly ash, pine nut shells, and 
bentonite increases, and adsorption capacity decreases 
with increasing solid-to-liquid ratio. The main reason is 
that when the amount of adsorbent increases, its surface 
area and the number of available adsorption sites also 
increase [48], which results in an increase of the removal 
rate. However, the decrease of the adsorption capacity is 
due to the incomplete mixing of adsorbent particles and 
the solution, where only part of the adsorption sites is 
exposed. For solutions with different initial concentrations 
of Cr(VI), a lower solid-to-liquid ratio results in higher 
adsorption capacity. However, due to the limited mass of 
adsorbent, the removal rate to Cr(VI) in the solution is low. 
With increasing solid-to-liquid ratio, the adsorption capac-
ity decreases, but the removal rate increases. Therefore, 
a high solid-to-liquid ratio is preferred when using fly 
ash to adsorb Cr(VI), and a low solid-to-liquid ratio is 
preferred when using pine nut shell and bentonite.

As shown in Fig. 1c, when the solid-to-liquid ratio 
reaches 50 g/L, the highest removal rate of bentonite is only 
60%. Clearly, the capability of bentonite to adsorb Cr(VI) 
is low. Therefore, concentrated nitric acid was used to mod-
ify the bentonite. Tests were carried out at the same condi-
tion as the bentonite, the results as shown in Fig. 1d. When 

Fig. 1. Effect of solid-to-liquid ratio on Cr(VI) adsorption (a) fly ash, (b) pine nut shell, (c) bentonite, and (d) H+-bentonite.
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the solid-to-liquid ratio reaches 20 g/L, the removal rate of 
acid-modified bentonite nearly reaches 90% of the maximum 
removal rate. Any further increase in the solid-to-liquid 
ratio has a less significant effect on the removal rate. With 
a gradual increase in the solid-to-liquid ratio, the adsorp-
tion capacity decreases, and the removal rate is enhanced. 
A comparison between Figs. 1c and d show that the effect 
of acid-modified bentonite is significantly better than the 
original bentonite sample in the removal of Cr(VI).

3.2. Influence of the pH on Cr(VI) adsorption

To analyze the influence of the pH value on the adsorp-
tion characteristics of the fly ash, pine nut shells, and mod-
ified bentonite, tests were performed at a temperature of 
20°C. For fly ash, a solid-to-liquid ratio was 100 g/L, and 
an initial concentration was 50 mg/L. For pine nut shells, 
the solid-to-liquid ratio and initial concentration was 
10 g/L and 50 mg/L, respectively. Whereas, tests were per-
formed at a solid-to-liquid ratio was 2 g/L, an initial con-
centration was 10 mg/L for acid-modified bentonite. HNO3 
and NaOH were used as buffers to adjust the initial pH 
(pH0) of the solution, and the influence of the pH on the 
removal rate was analyzed. Furthermore, the pH value 
(pHe) when the adsorption reaction reached equilibrium 
was also measured; the results are shown in Fig. 2.

The capability of adsorbents to adsorb Cr(VI) and the 
removal rate of Cr(VI) decreases significantly when pH0 
increases, which indicates that the acidic environment is 
favorable to the adsorption of Cr(VI). For fly ash, the removal 
rate changes slowly when pH0 reaches 5.5, whereas when 
pH0 reaches 7.0 and 8.5 for pine nut shell and acid-modified 
bentonite, respectively. For a low pH0 value, Cr(VI) in the 

solution exists in the forms of HCrO4
– and Cr2O4

2– [49], and 
that low pH is favorable for the conversion of Cr6+ to Cr3+.

In strong acidic environments:

Cr O H e Cr H O2 7
2 3

214 6 2 7− + +−+ + → +  (16)

In a neutral environment:

HCrO H e Cr H O4
3

27 3 4− + +−+ + → +  (17)

In strong acidic environments, a large amount of H+ 
exists in the solution, which can neutralize the negative 
charges on the surface of the adsorbents. This neutralization 
reaction is favorable for the diffusion of HCrO4

– and Cr2O4
2– 

on the surface of the adsorbents. When the pH increases, 
due to the limit of the double electric layer on the surface 
of the adsorbents, the double electric layer on the surface 
of adsorbents converts from positive to negative, which is 
unfavorable for the adsorption reaction. Therefore, a higher 
pH of the solution results in a lower removal rate of Cr(VI).

In addition, metal ions, such as Fe and Al, may dissolve 
on the surface of the adsorbent particles, thus changing the 
porous property of the adsorbent and increasing the num-
ber of adsorption sites on the surface of the adsorbent [50]. 
The measurement of potentials on the surface of adsorbents 
shows that the surface has a strong positive zeta potential 
in the acidic environment and thus adsorbs negative ions 
[51], which is consistent with the results presented here. 
The equilibrium pH (pHe) was also measured during the 
test and was found to increase dramatically for pine nut 
shell and acid-modified bentonite, and changes slowly for 
fly ash when pH0 reached 5.5, indicating that oxides such as 

Fig. 2. Effect of pH on Cr(VI) adsorption (a) fly ash, (b) pine nut shell, and (c) H+-bentonite.
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CaO, Al2O3, and MgO react with water and generate a large 
amount of OH– [52].

3.3. Influence of the ionic strength on Cr(VI) adsorption

To analyze the ionic strength effect on the Cr(VI) 
adsorption, the experiments were conducted at a reaction 
tem perature of 20°C, the effect of ionic strength on Cr(VI) 
adsorption onto adsorbents was analyzed through addition 
of different concentrations of NaCl to adjust the concen-
tration of Cl– in the range of 0–0.5 mol/L. For fly ash, a sol-
id-to-liquid ratio was 100 g/L, and an initial concentration 
was 50 mg/L. For pine nut shells, the solid-to-liquid ratio 
and initial concentration was 10 g/L and 50 mg/L, respec-
tively. Whereas, tests were performed at a solid-to-liquid 
ratio was 2 g/L, an initial concentration was 10 mg/L for 
acid-modified bentonite. The results shown in Fig. 3, it 
reveals that the removal rate of fly ash, pine nut shells, and 
acid-modified bentonite to Cr(VI) decreases with increasing 
Cl– concentration. When the ionic strength increases from 
0.0 to 0.5 mol/L, the removal rate of Cr(VI) decreases 23.41%, 
27.87%, and 28.78%, respectively. As the ionic strength 
increases, the thickness of the diffusion layer decreases due 
to the increasing electrolyte concentration. The electrical 
double layer is compressed, the distance between ions and 
soil particles at collision decreases, and the attractive force 
between them increases. The increasing extent in the attrac-
tive force is lower than the extent of competition between 
Na+ and Cr6+ for adsorption sites. Therefore, the removal 
rate of Cr(VI) keeps decreases. In addition, the measured 
pH (not adjusted during the test) was approximately 5.5, 
which means that the solution was in an acidic environment, 

and Cr(VI) mainly existed in forms of HCrO4
– and Cr2O4

2–. Cl– 
and Cr(VI) competed for active adsorption sites, resulting 
in a dramatic decrease of adsorption capability. The exper-
imental results reveal that the adsorption capability of fly 
ash, pine nut shells, and acid-modified bentonite to Cr(VI) 
is significantly affected by the anionic strength.

3.4. Adsorption kinetic characteristics of Cr(VI)

The relationship between reaction time and capacity of 
adsorbents to adsorb Cr(VI) was analyzed at temperatures 
of 20°C, 30°C, and 40°C; and the pH (pH0 = 5.5) was not 
adjusted during the test. For fly ash, a solid-to-liquid ratio 
was 100 g/L, and an initial concentration was 50 mg/L. For 
pine nut shells, the solid-to-liquid ratio and initial concen-
tration was 10 g/L and 50 mg/L, respectively. Whereas, tests 
were performed at a solid-to-liquid ratio was 2 g/L, an ini-
tial concentration was 10 mg/L for acid-modified bentonite. 
The results are shown in Fig. 4.

The adsorption of Cr(VI) includes three continuous 
kinetic processes: diffusion outside the particles, diffusion 
in pores, and an adsorption reaction [53]. Fig. 3a shows that 
the removal of Cr(VI) by fly ash is a rapid reaction process 
in which the adsorption capacity reaches 75% of the maxi-
mum adsorption within the first 30 min of the reaction. The 
adsorption capacity no longer increases at 180 min, which 
shows that the adsorption reaction reaches equilibrium. 
Fig. 3b shows that the adsorption capacity of Cr(VI) onto 
pine nut shells reaches 80% of the maximum adsorption 
capacity in the first 20 min of the reaction and the adsorp-
tion reaction reaches equilibrium at 120 min. Fig. 3c shows 
that the adsorption capacity of Cr(VI) onto acid-modified 

Fig. 3. Effect of ionic strength on Cr(VI) removal rate (a) fly ash, (b) pine nut shell, and (c) H+-bentonite.
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bentonite reaches 90% of the maximum adsorption in the 
first 20 min of the reaction. The adsorption capacity stabi-
lizes at 90 min. The main reason of this phenomenon is that 
there are more adsorption sites on the surface of the adsor-
bent at the beginning of the reaction, which is favorable to 
the adsorption of Cr(VI) in the solution. With increasing 
reaction time, the adsorption sites on the surface of the 
adsorbent gradually decrease, which decreases the reaction 
rate of Cr(VI) adsorption.

To describe the adsorption kinetic characteristics of 
Cr(VI) onto adsorbents, a pseudo-first-order kinetic model 
and a pseudo-second-order kinetic model were used to fit 
and analyze the test data, the results are shown in Fig. 5 and 
Table 2. Table 2 shows that a high coefficient of determination 
was obtained using the pseudo-second-order kinetic model 
than pseudo-first-order kinetic model to fit the test results. 
The pseudo-second-order kinetic model assumes that the 
adsorption process includes two stages of rapid adsorp-
tion and slow adsorption. The adsorption reaction process 
of Cr(VI) is consistent with this assumption. Therefore, the 
kinetic processes of Cr(VI) adsorption onto the fly ash, pine 
nut shells, and acid-modified bentonite can be accurately 
simulated using the pseudo-second-order kinetic equation.

3.5. Isothermal adsorption characteristics of Cr(VI)

The isothermal adsorption characteristics of Cr(VI) 
onto adsorbents were analyzed at a reaction time of 12 h, 
and temperatures of 20°C, 30°C, and 40°C. The adsorption 
tests were performed at an initial concentration was varied 
from 5 to 50 mg/L. For fly ash, a solid-to-liquid ratio was 
100 g/L. For pine nut shells and acid-modified bentonite, the 

solid-to-liquid ratio was 10 and 2 g/L, respectively. As shown 
in Fig. 6a, the adsorption capacity of fly ash to adsorb Cr(VI) 
increases gradually with increasing Cr(VI) concentration at 
the same solid-to-liquid ratio and temperature, which shows 
that the adsorption sites of the fly ash have not reached sat-
uration. When the temperature is controlled at 20°C, 30°C, 
and 40°C, the adsorption capability of the fly ash decreases 
with increasing temperature, which indicates that the 
adsorption reaction of Cr(VI) onto the fly ash is an exother-
mic reaction and that higher temperatures are unfavorable 
to adsorption. As shown in Figs. 6b and c, the adsorption 
capacity of Cr(VI) onto pine nut shells and acid-modified 
bentonite increases with increasing initial Cr(VI) concentra-
tion at the same solid-to-liquid ratio and temperature, which 
shows that the utilization rate of the adsorption sites of pine 
nut shells is affected by the initial concentration of Cr(VI), 
and a higher initial concentration of Cr(VI) corresponds to 
more adsorption sites. The adsorption capability of pine nut 
shells and acid-modified bentonite increases slightly with 
increasing temperature, which reveals that the adsorption 
reaction of Cr(VI) onto pine nut shells is an endothermic 
reaction and that higher temperatures favor adsorption.

The Langmuir model, Freundlich model, Temkin model, 
and Redlich–Peterson model were used to describe the iso-
thermal adsorption process of Cr(VI), the results are shown 
in Fig. 7, and the corresponding model parameters are 
shown in Table 3. For fly ash, Langmuir model, Freundlich 
model, and Redlich–Peterson model can accurately fit the 
test results (the coefficient of determination R2 is high). 
By calculation, all RL values are less than 1, indicating that the 
adsorption of Cr(VI) onto fly ash is favored. Table 3 shows 
that n > 1, and the curve is a type I curve (upper convex), 

Fig. 4. Effect of reaction time on Cr(VI) adsorption (a) fly ash, (b) pine nut shell, and (c) H+-bentonite.



397G. Li et al. / Desalination and Water Treatment 195 (2020) 389–402

indicating that an affinity that boosts the adsorption exists 
between the surface of the adsorbent and adsorbate. For 
pine nut shells, Langmuir model, and Redlich–Peterson 
model fitting results are consistent with the test results, 
and the coefficient of determination R2 is high. Therefore, 
the Langmuir model and Redlich–Peterson model were 
used to simulate the isothermal adsorption process of 
Cr(VI) onto pine nut shells. All calculated RL values are 
less than 1, which indicates that the adsorption of Cr(VI) 
onto pine nut shells is favored. For acid-modified benton-
ite, Langmuir model, Temkin model, and Redlich–Peterson 
model are consistent with the test results and that the 
coefficient of determination R2 is high, indicating that the 
models can accurately simulate the isothermal adsorption 

process of Cr(VI). All calculated RL values are less than 1, 
which indicates that the acid-modified bentonite is favor-
able for adsorption of Cr(VI). However, the fitting results 
of Freundlich model are not well and the coefficient of 
determination R2 is low, indicating that Freundlich model 
cannot simulate the isothermal adsorption process of 
Cr(VI) onto acid-modified bentonite.

3.6. Thermodynamic adsorption characteristics of Cr(VI)

To analyze the adsorption thermodynamic properties 
of Cr(VI) onto fly ash, pine nut shells, and acid-modi-
fied bentonite, the adsorption thermodynamic model was 
used for calculation. The adsorption activation energy and 

Fig. 5. Fitting the data of Cr(VI) adsorption with the pseudo-second-order kinetic model (a) fly ash, (b) pine nut shell, and 
(c) H+-bentonite.

Table 2
Model parameters of the kinetic models for Cr(VI) adsorption

Adsorbents T (°C) Pseudo-first-order kinetic Pseudo-second-order kinetic

qe (mg/g) k1 (1/min) R2 qe (mg/g) k2 (1/min) R2

Fly ash 20 0.125 0.031 0.9918 0.187 0.453 0.9997
30 0.085 0.029 0.9834 0.138 0.711 0.9999
40 0.073 0.034 0.9845 0.121 0.965 0.9997

Pine nut shell 20 0.337 0.059 0.9150 0.877 0.205 0.9991
30 0.449 0.068 0.9675 0.884 0.327 0.9996
40 0.798 0.084 0.9996 0.906 0.392 0.9998

H+–bentonite 20 2.781 0.111 0.9978 3.178 0.082 0.9996
30 3.989 0.167 0.9416 3.908 0.131 0.9996
40 4.337 0.194 0.9907 4.259 0.166 0.9998



G. Li et al. / Desalination and Water Treatment 195 (2020) 389–402398

thermodynamic parameters are listed in Table 4. For fly 
ash, the enthalpy change (∆H) of the dry reaction is less 
than 0, indicating that the adsorption reaction process of 
Cr(VI) onto fly ash is exothermic. The negative change in 
Gibbs free energy (∆G) reveals that the adsorption reac-
tion is spontaneous [54]. For pine nut shells, the enthalpy 
change (∆H) is greater than 0, indicating the adsorp-
tion reaction process of Cr(VI) onto pine nut shells is an 

endothermic reaction (i.e., higher temperatures promote 
adsorption). The positive change in the Gibbs free energy  
(∆G) reveals that the adsorption reaction is not sponta-
neous. For acid- modified bentonite, the activation energy 
Ea is negative, indicating that the adsorption mechanism 
is mainly one of ionic exchange. The enthalpy change (∆H) 
is positive, indicating that the adsorption reaction process 
of Cr(VI) is an endothermic reaction, that is, one promoted 

Fig. 6. Isothermal adsorption curves of Cr(VI) under different temperatures (a) fly ash, (b) pine nut shell, and (c) H+-bentonite.

Table 3
Model parameters of isothermal adsorption models for Cr(VI) adsorption

Models Parameters Fly ash Pine nut shell H+-bentonite

20°C 30°C 40°C 20°C 30°C 40°C 20°C 30°C 40°C

Langmuir Q (mg/g) 0.335 0.344 0.565 6.060 5.570 5.430 10.554 10.274 10.440
b (L/g) 0.035 0.020 0.006 0.215 0.289 0.338 9.091 3.810 2.137
RL 0.367 0.502 0.778 0.085 0.065 0.056 0.011 0.026 0.045
R2 0.9994 0.9999 0.9996 0.9997 0.9993 0.9988 0.9993 0.9999 0.9997

Freundlich KF (mg/g) 0.014 0.008 0.004 1.003 1.130 1.219 1.412 2.319 3.233
N 1.346 1.239 1.082 1.460 1.558 1.606 1.856 2.267 2.821
R2 0.9929 0.9964 0.9994 0.9789 0.9742 0.9754 0.9649 0.9515 0.9500

Temkin bT (J/mol) 41.535 52.074 67.327 2.095 2.244 2.425 1.057 1.228 1.452
KT 0.493 0.392 0.266 2.972 3.611 4.507 1.118 3.219 8.267
R2 0.9848 0.9771 0.9663 0.9896 0.9810 0.9920 0.9980 0.9956 0.9916

Redlich–Peterson P (L/g) 0.011 0.007 0.003 1.328 1.563 1.883 1.248 2.831 5.878
α (L/g) 0.057 0.035 0.010 0.236 0.276 0.371 0.144 0.283 0.669
Β 0.863 0.865 0.866 0.968 0.997 0.970 0.946 0.994 0.959
R2 0.9999 0.9998 0.9999 0.9996 0.9992 0.9999 0.9995 0.9995 0.9992
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Fig. 7. Fitting curves of the isotherm model for Cr(VI) adsorption under different temperature (a) Langmuir model with fly ash, 
(b) Freundlich model with fly ash, (c) Langmuir model with pine nut shell, (d) Freundlich model with pine nut shell, (e) Langmuir 
model with H+-bentonite, and (f) Freundlich model with H+-bentonite.

Table 4
Thermodynamic parameters for Cr(VI) adsorption

Adsorbents Ea (kJ/mol) DH (J/mol) DS (J/mol/K) DG (J/mol)

293 K 303 K 313 K
Fly ash 28.997 –248.913 –0.074 –30.736 –23.294 –15.851
Pine nut shell 60.053 2,214.385 0.517 2,062.946 2,057.780 2,052.614
H+-bentonite –3.455 5,543.098 23.628 –1,383.45 –1,619.73 –1,856.01
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at higher temperatures. The negative change of Gibbs 
free energy (∆G°) reveals that the adsorption reaction is  
spontaneous.

3.7. Adsorption stability

The samples of fly ash, pine nut shell, and acid- modified 
bentonite after adsorption were filtered using filter paper 
three times after the adsorption reaction and dried at 60°C 
for 48 h. Distilled water was added to prepare samples 
with a solid-to-liquid ratio was 5 g/L for batch tests. No 
Cr(VI) was detected in the solution, indicating that fly ash, 
pine nut shell, and acid-modified bentonite with adsorbed 
Cr(VI) has excellent stability.

3.8. Comparison of adsorption capacity between adsorbents

The experimental results show that the pine nut shell 
and acid-modified bentonite have excellent adsorption 
capability to Cr(VI). For an easy comparison, the adsorp-
tion capacity of natural Akadama clay, tobacco residues, 
Aegle marmelos fruit shell, sugarcane bagasse, maize corn 
cob, jatropha oil cake, volcanic rocks, riverbed sand, 
Turkish montmorillonite clay, and orange peels powder 
were investigated. As shown in Table 5, the adsorption 
capability of pine nut shell and acid-modified bentonite 
to Cr(VI) is higher than that of the other adsorbents. It is 
reasonable to believe that pine nut shell and acid-modified 
bentonite can be used as a high-efficiency adsorbent for the 
treatment of Cr(VI) containing wastewater.

4. Conclusions

Using a large number of batch tests, the adsorption 
characteristics of Cr(VI) onto fly ash, pine nut shells, and 
acid-modified bentonite were investigated, and the influence 
of the solid-to-liquid ratio, pH, reaction time, initial concen-
tration, temperature, and ionic strength on Cr(VI) adsorp-
tion characteristics was analyzed. The isothermal adsorption 
model, the kinetic adsorption model, and the adsorption 

thermodynamic model were used to fit the test data, and the 
conclusions are listed below.

• The removal rates of Cr(VI) by the three adsorbents 
increase with increasing solid-to-liquid ratio, while the 
unit adsorption capacity decreases.

• Acidic environment promotes the adsorption of Cr(VI) 
onto the three adsorbents. The capacity of adsorbents 
to adsorb Cr(VI) is maximized when the pH of the 
solution is 1–3.

• Cl– in the solution can affect the capability of adsorbents 
to adsorb Cr(VI). The adsorption capability of three 
adsorbents all reduced with increasing Cl– concentration.

• The adsorption processes of three adsorbents all consti-
tute rapid reactions, of which the adsorption reaction 
of acid-modified bentonite is the fastest. All adsorp-
tion processes reach equilibrium within 180 min. 
The pseudo-second-order kinetic model can accurately 
simulate the kinetic processes of Cr(VI) adsorption 
onto adsorbents.

• The adsorption of Cr(VI) onto fly ash is a spontaneous 
exothermic reaction, whereas the adsorption processes 
onto pine nut shells and acid-modified bentonite are 
nonspontaneous endothermic reactions. The isothermal 
adsorption process onto the fly ash can be described 
by Langmuir model, Freundlich model, and Redlich–
Peterson model. However, the isothermal adsorption pro-
cess onto pine nut shells can be described by Langmuir 
model and Redlich–Peterson model, and acid-modified 
bentonite can be described by Langmuir model, Temkin 
model, and Redlich–Peterson model.

• Desorption test results showed that all three adsor-
bents exhibit excellent stability, and pine nut shell, and 
acid-modified bentonite are more suitable for the treat-
ment of Cr(VI) containing wastewater.
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Symbols

b — Langmuir model constant, L/mg
bT — Temkin constant, kJ/mol
C0 — Initial concentrations of heavy metal ions, mg/L
Ce —  Equilibrium concentrations of heavy metal ions, 

mg/L
h — Initial adsorption rate, g/mg/ min
k1 — Adsorption rate constant, 1/min
k2 — Adsorption rate constant, g/mg/min
KD —  Distribution coefficient at the solid-liquid inter-

face, mL/g
KF —  Model constant related to the adsorption capacity, 

mg/g
KT — Equilibrium binding constant, L/g
m — Mass of the clay or bentonite, g
n — Model constant related to adsorption strength
qe — Adsorption capacity at equilibrium, mg/g
Q — Single-layer maximum adsorption capacity, mg/g
qt — Adsorption capacities at time t, mg/g
RL — Dimensionless separation factor
R — Removal rate, %
r — Solid-to-liquid ratio, g/L
T — Thermodynamic temperature, K
V — Volume of the solution, L
α — Isotherm constants, L/mg
β — Isotherm constants
DG — Gibbs free energy, kJ/mol
DH — Enthalpy change, kJ/mol
DS — Entropy change, J/mol/K
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