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a b s t r a c t
In this study, walnut shell (WS) was used to remove Malachite green (MG) from aqueous solutions 
through adsorption. Static experiments were performed to investigate the effects of different 
parameters including initial pH value, adsorbent dosage, contact time, and temperature on MG 
adsorption onto WS. It was found that both Langmuir and Freundlich isotherms could describe 
the equilibrium of MG onto WS. The maximum Langmuir adsorption capacity at 313 K was up 
to 1,477.33 mg g–1 WS. The removal efficiency was as high as 94.6% for 300 mg L–1 of MG concen-
tration, pH = 6.0, a temperature of 303 K, and 6 g L–1 of WS dosage. Pseudo-second-order kinet-
ics provided a better fit for the kinetic data of MG on WS. Intraparticle diffusion is an important 
rate-controlling step in the kinetic process, but it was not the only one. A method derived from 
the Langmuir equilibrium constant KL was developed to determine the thermodynamic parame-
ters, which proposes an endothermic spontaneous physisorption process. These findings imply that 
WS is a cost-effective, efficient, and very promising adsorbent for the treatment of MG wastewater.
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1. Introduction

Large amounts of dye-based wastewaters are dis-
charged from many industries, including textile, printing, 
leather, plastics, paper, food, and cosmetics, among oth-
ers. Due to their highly toxic, teratogenic, and carcino-
genic properties, these waters are associated with serious 
environmental effects and are hazardous to human beings 
[1]. Such dye-containing wastewaters must be treated 
before their discharge into water bodies. However, many 
dyes have complex aromatic ring structures that are diffi-
cult to be degraded. Therefore, the removal of such dyes 
has become an important factor in wastewater treatment. 
As an important cationic dye, Malachite green (MG) is 
widely applied in wool, leather, cotton, and silk products. 
In addition, it is used as a disinfectant and fungicide in 
fish farming, and animal husbandry. It has been reported 

that MG has a potential carcinogenic risk and may cause a 
variety of other diseases [2].

Among the various chemical and physical technologies 
to treat dye-based wastewater, adsorption is an inexpensive, 
fast, and universal method [3]. Currently, activated carbon 
is used to treat dye-containing wastewaters because of its 
high efficiency and simple operation. However, its operating 
costs are relatively expensive. Studies are evaluating cheaper 
and more effective alternatives for treating dyestuff waste-
waters from different raw materials such as rice husks [4], 
banana peels [5], sugar beet bagasse [6], sawdust [7], tobacco 
residues [8], mango seeds [9], sago wastes [10], corn straws 
[11], peanut shells [12], and Luffa aegyptica peel [13], among 
others. These raw materials suggest a new and effective 
route for achieving low-cost and environmentally friendly 
goals in the industry. Furthermore, they show promise for 
use as adsorbents for dye removal from aqueous solutions.
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As an agricultural by-product, walnut shell (WS) is usu-
ally burned or directly discarded, producing waste gas and 
dust. Because of its good adsorption property, mechani-
cal strength, and chemical stability, it has been successfully 
used to remove heavy metals (Cr(VI) [14], Cu(II) [15],) dyes 
(reactive brilliant red K-2BP [16], methylene blue [17]), and 
other organic substances (oil/water mixtures [18], dimethyl 
sulfide [19]) from waste-water. Activated carbon based on 
WS was synthesized for the removal of MG and a poor 
maximum Langmuir adsorption capacity of 11.76 mg g–1 
adsorbent was obtained [20]. Studies have shown that sev-
eral factors, including adsorbent dosage, pH, temperature, 
and contact time, affect the adsorption capacity. Therefore, 
this study aimed at evaluating the potential of WS to 
remove MG from aqueous solutions. Experiments were 
performed in a static system to evaluate the adsorption 
performance of WS from different aspects such as initial 
pH, adsorbent dosage, MG concentration, and tempera-
ture. A higher maximum Langmuir adsorption capacity 
of 1,477.33 mg g–1 WS at 313 K was obtained. A method 
derived from the Langmuir equilibrium constant, KL, was 
used to predict the thermodynamic parameters. The MG 
adsorption mechanism of WS was deduced from the iso-
therms, kinetics, and thermodynamics results. This study 
provides a cheap, excellent, and promising biosorbent (WS) 
for MG removal in azo dye wastewater treatment.

2. Materials and methods

2.1. Adsorbent preparation

WS was purchased from a supermarket in Chongqing, 
China. First, WS was thoroughly cleaned using deionized 
water to remove dust and impurities and dried at 60°C in 
an oven. Then, it was ground into powder and sieved into 
different meshes before use.

2.2. Chemicals

0.5 g of MG was dissolved in 1 L of deionized water to 
prepare the stock solution, which was diluted to the desired 
concentrations (30–500 mg L–1) to obtain test solutions. 
Initial pH of the solution was adjusted to a certain value 
using 1.0 mol L–1 of sodium hydroxide or hydrochloric 
acid solutions before the addition of WS.

2.3. Adsorption studies

A certain amount of WS (0.1–0.6 g) was added to 100 mL 
of MG solution (300 mg L–1), after which the mixture was 
agitated at 150 rpm at a constant temperature (303–323 K). 
Samples were obtained at regular time intervals to spec-
trophotometrically determine residual MG concentra-
tions at 617 nm. Experiments were repeated and mean 
values were taken for subsequent calculations.

For equilibrium studies, 0.02 g of WS was added to 
100 mL of MG solution with concentrations ranging from 30 
to 400 mg L–1, then, mixtures were agitated at three differ-
ent temperatures (298, 303, and 313 K) for 6 h. The kinetic 
and equilibrium data were non-linearly fitted using the 
Microcal OriginPro 8.5.1 software.

The adsorption capacity q (mg g–1) and the percent 
removal efficiency %R was calculated as follows:
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where c0 and ct are the initial concentration and the con-
centration at t moment (mg L–1); v is the volume of MG 
solution used (L); and m is the mass of the dry WS used (g).

3. Results and discussion

3.1. Effect of Initial pH

Adsorption capacity increased sharply when initial 
pH of the solution rose from 2.0 to 6.0 while when pH was 
greater than 6.0, adsorption capacity decreased slowly 
(Fig. 1).

Under acidic conditions, excess H+ ions in the solution 
will neutralize the negative charge on the WS surface, which 
inhibited the adsorption of cationic MG onto WS, result-
ing in lower MG removal. With increasing pH, protonation 
weakened and the available vacant sites on the WS surface 
became negatively charged, and the electrostatic attraction 
between positively charged cationic dye molecules and 
WS surface dominated [21]. However, when initial pH is 
greater than 6.0, the molecular structure of MG changes in 
an alkaline medium, and MG adsorption on WS exhibits a 
downward trend [22].

3.2. Effect of contact time and temperature

MG adsorption on WS was evaluated at an MG con-
centration of 300 mg L–1 and temperatures of 303, 313, and 
323 K, respectively (Fig. 2). At the same concentration, 
the higher the temperature, the greater the equilibrium 
adsorption capacity, indicating that MG adsorption on WS 
was an endothermic process. Adsorption capacity of MG 
on WS increased from 88.4 mg g–1 at 303 K to 121.4 mg g–1  
at 323 K.

As shown in Fig. 1, in the first 50 min MG removal was 
very fast, after which it gradually slowed down, and finally 
reached equilibrium in about 360 min. At the beginning, 
there were many vacant adsorption sites on WS and MG 
adsorption was very fast. As the vacant sites were grad-
ually occupied, the adsorption process slowed down. As 
time went on, repulsive forces between bulk solution and 
MG molecules increased, inhibiting the occupancy of the 
remaining vacant sites. A similar finding was also reported 
regarding methylene blue adsorption onto eggshells [23].

3.3. Effect of the adsorbent dosage

As shown in Fig. 3, with increasing amounts of WS 
from 1 to 6 g L–1, MG removal increased from 50.3% to 
94.6% due to the increased surface area and the adsorption 
sites which enhanced MG adsorption [12]. However, when 
dosage increased to 6 g L–1, the adsorption sites were close 
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to saturation, and the WS dosage had no longer significant 
impact on the removal efficiency of MG.

3.4. Adsorption isotherms and thermodynamic parameters

Three different adsorption isotherms, namely, the 
Langmuir, Freundlich, and Temkin were used to test the 
present system. Non-linear forms of adsorption isotherms 
were presented in the following forms.

q
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where ce (mg L–1) is the equilibrium MG concentra-
tion, qe (mg g–1) and qmax (mg g–1) the equilibrium and the 

maximum Langmuir adsorption capacity respectively, KL, 
KF, and KT (L mg–1) the Langmuir, the Freundlich, and the 
Temkin equilibrium constant, n (dimensionless) a constant 
related to the heterogeneity of the adsorbent, b (J mol–1) 
the Temkin constant related to the heat of adsorption, 
R (8.314 J mol–1 K–1) the ideal gas constant, and T (K) is 
the absolute temperature of the solution.

As shown in Fig. 4, the adsorption capacity of MG on 
WS increased from 117.0 to 830.9 mg g–1 at 298 K, from 118.1 
to 891.1 mg g–1 at 303 K, and from 118.6 to 995.9 mg g–1 at 
313 K by increasing MG concentration. At the same tem-
perature, the mass transfer driving force increased with the 
increase in initial MG concentration, and the interactions 
between MG and WS were enhanced, thereby increasing 
the loading capacity of WS.

An increase was also be observed in the equilibrium 
adsorption capacity when the temperature increased at the 
same concentration as shown in Fig. 4. The adsorption of 
MG on WS was enhanced by increasing temperature from 
298 K to 313 K at different MG concentrations.

Three isotherms (the Langmuir, Freundlich, and 
Temkin models) were used to describe the equilibrium 
data. Correlation parameters are shown in Table 1. Based 
on R2 comparisons, the adsorption equilibrium of MG 
onto WS can be both well described by the Langmuir and 
Freundlich equations. The Langmuir maximum adsorp-
tion capacity of 1,477.33 mg g–1 was obtained at 313 K and 
it increased with increasing temperature from 298 to 313 K, 
which indicated that MG adsorption on WS was an endo-
thermic process. This phenomenon can be explained by 
the increased KL and KF values (Table 1) under higher tem-
peratures due to the enhanced interaction forces between 
MG and WS [24]. All n values greater than 1 of the Freundlich 
equation indicated favorable adsorption [25]. According 
to Temkin isotherm, b values <20 J mol–1 are ascribed 
to the physisorption dominating chemisorption [26].

3.5. Thermodynamic parameters

The mechanism and rate-controlling step of the adsorp-
tion process can be elucidated by thermodynamic analysis 
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Fig. 1. Effect of pH (c0 = 300 mg L–1; T = 303 K; WS dosage = 0.2 g L–1; 
contact time = 6 h; rpm = 150).
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Fig. 2. Effect of contact time (c0 = 300 mg L–1; pH = 6.0 ± 0.1; 
WS dosage = 1 g L–1; rpm = 150). The lines represented the best 
non-linear regression fits with pseudo-second-order kinetics.
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Fig. 3. Effect of absorbent dosage (c0 = 300 mg L–1; T = 303 K; 
pH = 6.0 ± 0.1; contact time = 6 h; rpm = 150).
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of the equilibrium data. Thermodynamic parameters, includ-
ing free energy change, enthalpy, and entropy change, 
were calculated with the help of Eq. (6) [27].

� � �G H T S RT Ke� �� � � � ln  (6)

where Ke is the equilibrium constant.
The key factor for determining thermodynamic param-

eters using Eq. (6) is a correct Ke, which has been estimated 
using different methods. Various studies used the KL of 
the Langmuir and KF of the Freundlich isotherms instead 
of the Ke directly [28–30]. However, from Eq. (6), Ke is 
shown to be a dimensionless parameter. The Langmuir 
constant of KL can be accepted as Ke when solute activity 
can be negligible only if the solution of the ionic solute is 
very dilute or the solute is a non-ionic one [31]. It has been 
suggested that KL can be converted to a dimensionless Ke 
in Eq. (7) when KL is expressed as L mg–1 [32] in an aque-
ous solution. The Freundlich equilibrium constant KF can 
also be converted to a dimensionless Ke in Eq. (8) when KF 
was expressed as (mg g–1)(L mg–1)1/n [33]. These calculation 
methods were recommended to be more accurate than the 
direct use of KL and KF [33].
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where ρ is the density of pure water (~1.0 g mL–1).

Recently, partition or distribution coefficient Kp, qe/ce or 
ca/ce (where ca is the concentration of solute adsorbed onto 
the adsorbent), was often utilized directly as Ke [34,35], 
but the dimensionless one could be only obtained with 
Eq. (9) by plotting ln(ca/ce) vs. ca and extrapolating to ca = 0. 
If the plot is a straight line with a high correlative coefficient 
(R2), Kp can be used as the correct value of Ke [32,33].
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The Langmuir isotherm shows that the unit of KL should 
be L mg–1 when the ce is in mg L–1. It can be changed into 
a dimensionless parameter by multiplying with a variable 
in mg L–1, for example, 106 mg L–1, the pure water concen-
tration when the adsorbate was dissolved in water. From 
the qe/ce relationship, it should be reasonable that the unit 
of KL be mg(adsorbate)/mg(adsorbent) over mg(adsor-
bate)/L (solution), that is, L(solution)/mg(adsorbent). The 
Langmuir equilibrium constant KL can be converted into a 
dimensionless one by multiplying with mg (adsorbent)/L 
(solution) conducted in the system under investigation. 
Since 0.02 g of WS was added into 100 mL of solution in the 
present equilibrium study, we obtained Ke4 by multiplying 
KL with 200 mg L–1 (i.e., 0.02 g/100 mL) as Eq. (10).

K Ke L4 200=  (10)

ΔG could also be calculated by the following equation 
since the present adsorption process could be well described 
by the Freundlich isotherm [36].

�G nRT� �  (11)

where n is the Freundlich constant.
Different Ke values obtained from Eqs. (7)–(10) are 

shown in Table 2. The ln(ca/ce) vs. ca plots are provided in 
Fig. 5. We considered the thermodynamic parameters cal-
culated with Ke2 to be accurate since the R2 values were 
very high (all above 0.98). The obtained Ke4 calculated by 
the newly established method in Table 2 was pretty close 
to Ke3, therefore, we believe the conversion of KL by mul-
tiplying with mg(adsorbent)/L(solution) to obtain the 
dimensionless Ke is credible.

Thermodynamic parameters obtained using Eqs. (6)–
(11) are shown in Table 3. Table 3 shows that the applied 
equilibrium constants exerted a significant impact on ΔG 
values. The ΔG values calculated by Ke1 and Ke2 are roughly 
the same, while ΔG calculated by Ke3 and n are roughly 
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Fig. 4. Adsorption isotherms of MG onto WS (pH = 6.0 ± 0.1; 
adsorbent dosage = 0.2 g L–1; contact time = 6 h; rpm = 150).

Table 1
Isotherms constants for the adsorption of MG on WS

T (K) Langmuir constants Freundlich constants Temkin

qmax (mg g–1) KL (L mg–1)(10–3) R2 KF n R2 KT (L mg–1) b (J mol–1) R2

298 1,165.72 9.62 0.9870 45.62 1.87 0.9994 0.20 12.65 0.958
303 1,261.58 9.86 0.9905 48.69 1.85 0.9984 0.20 11.76 0.9608
313 1,477.33 10.01 0.9934 52.34 1.78 0.9956 0.20 10.50 0.9617
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the same, with the former being about 6 times as much as 
the latter. ΔG calculated by Ke4 (200 KL) is much closer to 
that calculated by Ke3 (Kp). Negative ΔG values that were 
derived from the Ke1, Ke2, Ke3, Ke4 (dimensionless) constants, 
and n revealed that the adsorption process was spontaneous 
[37], while the positive ΔG value calculated by KL (L mg–1) 
directly provided an opposite sign. Therefore, a diverse and 
contradictory result was deduced regarding the spontaneity 
of the adsorption process. However, since WS exhibited 
excellent MG adsorption capacities, it can be concluded 
that this adsorption process was spontaneous. Furthermore, 
ΔG values decreased from –1.62 to –1.81 kJ mol–1 with 
increasing temperature, which suggested that adsorption 
was more spontaneous at higher temperatures [38].

The positive ΔH values proved that this adsorption 
process was endothermic, consistent with the experimen-
tal data. Regarding the ΔH absolute value, it is less than 
40 kJ mol–1, suggesting a typical physisorption process [39]. 
The calculated positive values for ΔS reflected a MG-WS 
affinity and increased randomness on the WS surface. 
Similar results were reported regarding MG adsorption 
by activated carbons [39] and biosorption of Erythrosine 
B onto Raphiahookeri seeds [40].

Different methods were used to calculate the thermody-
namic parameters. However, an appropriate method has not 
been established. In this study, we developed a new method 
derived from KL to calculate thermodynamic parameters, 
and the obtained ΔG was pretty close to that calculated by Kp.

3.6. Adsorption kinetics

Several consecutive steps are generally involved in 
the adsorption process and kinetic studies may help us to 
establish which one is the rate-limiting step. For this pur-
pose, experimental data were compared with those pre-
dicted by the pseudo-first-order [41], pseudo-second-order 
models [42], the intraparticle diffusion kinetics [43], the 
Elovich models [44], and the Wünwald–Wagner intraparticle 
diffusion model [45]. The five kinetic models are obtained 
using Eqs. (12)–(16).
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where k1 (min–1) is the rate constant for the first-order, 
k2 (g mg–1 min–1) the rate constant for the second-order, 
Kp (mg min–1/2 g–1) the rate constant for the intraparticle diffu-
sion models, C (mg g–1) a parameter related to the boundary 
layer, α (mg g–1 min–1) the initial desorption rate, β (g mg–1) the 
Elovich desorption constant, d (cm) the mean particle diam-
eter, and D (cm2 s–1) is the intraparticle diffusion coefficient.

The non-linear fit of the pseudo-second-order model is 
shown in Fig. 2. Parameters of these five models are shown 
in Table 4.

Considering the low R2 values, and the large difference 
between equilibrium adsorption capacity calculated by 
the model and experimental data, the pseudo-first-order 
kinetic model could not give an ideal fit. At all three tem-
peratures, high correlative coefficients (>0.95) of the pseudo-
second- order kinetics were obtained. Besides, calculated 
qe values were much close to the experimental data with 
the pseudo-second-order kinetics. These findings revealed 
that MG kinetics on WS could be well represented by the 
pseudo-second-order model. This is further supported 
by the finding of Ojediran et al. [46] where functionalized 
Zea mays cob was used for MG adsorption. Given that all 
R2 values were less than 0.95, the Elovich model was also 
not suitable for describing the MG adsorption onto WS.

Table 2
Ke values of different methods

T (K) KL (L mg–1)10–3 KL (mg g–1)(L mg–1)1/n Ke1 (106 KL) Ke2 (KFρ(106/ρ)(1–1/n)) Ke3 (Kp(R2)) Ke4 (200 KL)

298 9.62 45.62 9,620 28,222 4.21(0.9811) 1.92
303 9.86 48.69 9,860 27,809 4.41(0.9896) 1.97
313 10.01 52.34 10,010 22,287 4.69(0.9929) 2.00

Table 3
Thermodynamic properties of the systems tested

T (K) ΔG (kJ mol–1) ΔH (R2)(kJ mol–1) ΔS (J mol–1 K–1)

KL Ke1 (106 KL) Ke2 (KFρ(106/ρ)(1–1/n)) Ke3 (Kp(R2)) Ke4 (200 KL) n Ke3 Ke4 Ke3 Ke4

298 11.51 –22.72 –25.39 –3.56(0.9747) –1.62 –4.63
5.47(0.9968) 1.93(0.9714) 30.3 11.9303 11.64 –23.17 –25.78 –3.74(0.9861) –1.71 –4.66

313 11.98 –23.97 –26.05 –4.02(0.9905) –1.81 –4.63
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Due to the long time to reach equilibrium in our exper-
iment, the effects of intraparticle diffusion should be con-
sidered. To elucidate the problem, the intraparticle diffu-
sion model was used to describe the kinetic data (Fig. 6). 
The time dependence of qt in Fig. 6 could be presented in 
three straight lines with correlation coefficients all greater 

than 0.90. Multi-linear characteristics indicated that intra-
particle diffusion was dominant in MG adsorption [47,48]. 
Estimated rate constants of intraparticle diffusion revealed 
that Kp1 > Kp2 > Kp3, which is attributed to a change in dif-
fusion rate during the multi-step adsorption process, 
wherein the first step, MG molecules rapidly diffused from 
the bulk solution to the WS surface, then, the MG mol-
ecules entered the WS micropores in the second step, the 

Table 4
Statistical results of the application of the kinetic models

Model Temperature (K)

303 313 323

First-order kinetic k1 Rate constant, min–1 13.53 17.05 19.98
qe,cal Equilibrium capacity, mg g–1 67.07 86.42 102.68
R2 Correlation coefficient 0.2913 0.4743 0.7342

Second-order kinetic k2 (10–4) Rate constant, g mg–1 min–1 2.61 4.26 9.00
qe,cal Equilibrium capacity, mg g–1 103.21 114.56 119.52
R2 Correlation coefficient 0.9548 0.9822 0.9851

Elovich α Rate constant, mg g–1 min–1 5.63 18.64 218.16
β Elovich constant, g mg–1 0.045 0.050 0.069
R2 Correlation coefficient 0.9201 0.9328 0.9436

Intraparticle diffusion Kp1 Rate constant, mg min–1/2 g–1 14.35 16.86 3.73
C1 –36.83 –23.60 34.56
R1

2 Correlation coefficient 0.9005 0.9060 1
Kp2 Rate constant, mg min–1/2 g–1 5.36 3.90 3.12
C2 26.34 56.57 74.81
R2

2 Correlation coefficient 0.9784 0.9943 0.9939
Kp3 Rate constant, mg min–1/2 g–1 0.61 0.34 1.38
C3 76.87 98.62 95.58
R3

2 Correlation coefficient 0.9877 0.9839 0.9810
Wünwald–Wagner 
intraparticle diffusion

D (10–9) Effective diffusion coefficient, cm2 s–1 1.37 1.07 1.32
Intercept –0.30 –0.46 –0.43

R2 Correlation coefficient 0.8803 0.9676 0.8626
qe,exp Experimental data of the equilibrium  

 capacity, mg g–1 90.17 107.07 123.91
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Fig. 6. Intraparticle diffusion plot for MG adsorption on WS.

0 50 100 150 200
-0.5

0.0

0.5

1.0

1.5
.

ln
(c

a / 
c e)

ca / mg L-1

■298K  ○303K  ▲313K 

Fig. 5. The plot of ln(ca/ce) vs. ca (pH = 6.0 ± 0.1; adsorbent dos-
age = 0.2 g L–1; contact time = 6 h; rpm = 150).
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diffusion resistance increased, which led to decreased Kp2. 
Finally, in the third step, MG molecules tardily diffused 
into the WS internal micropores until an equilibrium was 
reached [49,50]. However, the multi-linear plots did not 
pass through the origin of coordinates, which indicated 
that film diffusion and intraparticle diffusion occurred 
simultaneously [46].

Magnitudes of the internal diffusion coefficient of the 
Wünwald–Wagner intraparticle diffusion model were 10–9, 
which suggested that intraparticle diffusion was involved 
in MG adsorption onto WS, but was not the unique 
rate-limiting step [51].

3.7. Comparison of the qmax of various adsorbents

The Langmuir maximum MG adsorption capacities of 
some of the previously reported adsorbents in literature 
were compared to WS in Table 5. qmax of WS for MG was 
1,477 mg g–1 at 313 K in this study which was significantly 
higher than most of the reported adsorbents. Moreover, 
most of the other adsorbents were derived from chemically 
modified natural materials, which increased adsorbent costs. 
Table 5 shows that WS is an effective low-cost adsorbent 
for the removal of MG dyes from aqueous solutions.

4. Conclusions

We investigate the efficiency of MG adsorption onto 
WS. Moreover, the influence of various parameters includ-
ing particle size, pH value, temperature, and initial MG 
concentration on adsorption was evaluated. Both Langmuir 
and Freundlich isotherms ideally described the adsorption 
equilibrium. The maximum Langmuir adsorption capacity 
reached 1,477.33 mg g–1 WS at 313 K, while removal effi-
ciency reached 94.6% for 300 mg L–1 of MG concentration, 
pH = 6.0 at a temperature of 303 K, and 6 g L–1 of WS dosage. 
Thermodynamic constants of the process were determined 
using a method derived from the Langmuir equilibrium 
constant KL. Negative values of ΔG and the positive values 
of ΔH indicated the spontaneous endothermic nature of the 

process. The positive values of ΔS exhibited an increasing 
disorder at the solid-solution interface. The pseudo-sec-
ond-order model provided a better fit of the kinetic data 
while the intraparticle diffusion model gave multi-lin-
ear plots, which indicated that the intraparticle diffusion 
was involved during this process. The WS can be used 
as a low-cost and efficient adsorbent for MG removal.
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