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Abstract: Chestnut shell-based activated carbon was prepared with chestnut shell as the raw material
and ZnCl2 as the activating agent. Based on thermodynamic parameters, the adsorption behavior
of methylene blue (MB) on chestnut shell-based activated carbon was studied, and the effect of
temperature on the thermodynamic parameters and adsorption behavior was investigated. The
Langmuir equilibrium constant (KL) and the standard equilibrium constant (K0) were used to calcu-
late the thermodynamic parameters, respectively. Comparative analysis showed that spontaneous
adsorption (∆G0 < 0) was more compatible with the standard equilibrium constant (K0). Furthermore,
the thermodynamic parameters at 30, 40 and 50 ◦C were measured, and the adsorption potential was
investigated and calculated. Eventually, the mechanism of the adsorption process was determined. It
was concluded that the adsorption process mainly involved chemical adsorption, which indicated
that MB adsorption was caused by the force of the chemical bond.

Keywords: chestnut shell-based activated carbon; thermodynamic parameters; equilibrium constant;
adsorption potential

1. Introduction

Printing and dyeing wastewater is discharged in large quantities, and it is character-
ized by a high content of organic pollutants, high chromaticity, high alkalinity and great
variety of water quality, making it difficult to carry out sewage treatment. Printing and
dyeing wastewater has become a major source of pollution [1–3]. If discharged into natural
water without effective treatment, the wastewater will inflict harm on aquatic life and
human beings alike [4]. At present, the treatment methods of printing and dyeing wastew-
ater include biological treatment [5], chemical oxidation [6], flocculation-precipitation [7],
electrolysis [8], photocatalytic degradation [9], etc. Each of the methods is accompanied by
certain disadvantages, such as high cost, complex processes, a large amount of sludge re-
sulting from treatment, secondary pollution, etc. [10]. Among them, adsorption has become
the most widely used wastewater treatment method due to its non-pollution, low energy
consumption and resource recovery by separating and enriching organic pollutants [11].

The selection of solid adsorbent holds the key to the adsorption treatment of wastew-
ater. Commonly used solid adsorbents include silica gel [12], zeolite [13], diatomite [14],
activated carbon [15], etc. Activated carbon is widely used in the advanced treatment of
printing and dyeing sewage due to its well-developed pore structure, high specific surface
area, strong acid and alkali corrosion resistance, high-temperature endurance, good physi-
cal and chemical adsorption performance and extensive raw materials sourcing. Moreover,
activated carbon can be regenerated, which involves easy operation and management
procedures [16].

The preparation method of activated carbon can be divided into two basic categories: a
physical activation method with water vapor and/or CO2 as the activating agent [17], and a
chemical activation method with ZnCl2, H3PO4 or KOH as the activating agent [18]. Steam
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activation requires high temperature, heavy investment in equipment and causes serious
pollution. H3PO4 activation features massive raw material consumption and low energy
efficiency, resulting in high cost and serious pollution, although the technology is relatively
mature. KOH activation causes severe corrosion of equipment. Girgis et al. [19] studied
peanut shell-based high-quality activated carbon with H3PO4, ZnCl2, KOH and water
vapor as the activating agent, respectively. According to their study, mesoporous activated
carbon was obtained through 600 ◦C water vapor activation, activated carbon with high
specific surface area and well-developed micropores obtained with KOH as the activating
agent. Microporous activated carbon was prepared by means of ZnCl2 activation. Based
on this, activated carbon with abundant micropores, high specific surface area and large
total pore volume was prepared by increasing the ratio of H3PO4 to raw material. ZnCl2
activation has been extensively studied at home and abroad, and about 40–50% of activated
carbon produced worldwide is prepared by means of ZnCl2 activation [20]. In recent
years, the production technology of activated carbon with ZnCl2 as the activating agent
has witnessed great development. Due to the advantages of less severe environmental
pollution and low production cost, ZnCl2 activation has gradually become one of the
leading chemical activation technologies in activated carbon production worldwide.

The preparation method, surface characteristics and adsorption properties for methy-
lene blue (MB) of chestnut shell-based activated carbon has been reported in previous
studies. The results indicated that the adsorption isotherms of methylene blue dye were
fitted well by the Langmuir model [21]. Therefore, in this study, the optimal chestnut
shell-based activated carbon was prepared by the response surface method to investigate
the effect of temperature on the thermodynamic parameters during the adsorption pro-
cess. Comparisons were made between the thermodynamic parameters calculated with
Langmuir adsorption equilibrium constant KL and those calculated using the standard
equilibrium constant K0. Thermodynamic parameters of the solid–liquid interface during
MB adsorption onto activated carbon were obtained, and adsorption spontaneity and
adsorption mechanism were determined.

2. Results and Discussion
2.1. Comparative Analysis of the Calculation of Thermodynamic Parameters
2.1.1. Calculation of Thermodynamic Parameters

To effectively evaluate the adsorption performance of the adsorbent and accurately
understand the adsorption process, thermodynamic parameters, including standard free
energy change (∆G0), enthalpy change (∆H0) and entropy change (∆S0), were measured.
Those parameters could help investigate the adsorption mechanism by providing important
information on adsorption feasibility, adsorption limit and adsorption type, leading to
a correct understanding of the adsorption mechanism. To obtain the thermodynamic
parameters, the adsorption isotherm was measured, and it was then used to perform
curve fitting to obtain the adsorption constant K at different temperatures. The adsorption
constant K was subsequently converted into the standard equilibrium constant K0, with
which Gibbs equation [22] was used to calculate the effect of temperature on adsorption
equilibrium.

∆G0 = −RTlnK (1)

∆G0 = ∆H0 − T∆S0 (2)

lnK =
−∆H0

RT
+

∆S0

R
(3)

where R is the gas constant (8.314 J·mol−1·k−1), T(K) is the thermodynamic temperature,
∆G0 (kJ·mol−1) is the change of adsorption free energy, ∆H0 (kJ·mol−1) is the change in
enthalpy of adsorption, ∆S0 (J·mol−1k−1) is the change of adsorption entropy and K is the
adsorption equilibrium constant.

When the effect of temperature on enthalpy change ∆H0 and entropy change∆S0

were ignored, a plot of lnK versus 1/T provided a straight line based on Equation (2) and
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Equation (3). ∆H0 and ∆S0 at a fixed temperature were obtained using the slope (−∆H0/R)
and the intercept (∆S0/R) of the plot.

The adsorption constant K obtained by curve fitting using the adsorption isotherm
model is an empirical constant, and it is a physical quantity that can be expressed in units.
The value of K is related to the unit of solution concentration used in the experiment, so it
was essential to transform adsorption constant K into a dimensionless standard equilibrium
constant K0 for the abovementioned calculation. In the literature available so far, the
transformation mode of the standard equilibrium constant K0 is non-uniform, resulting
in poor reliability of the thermodynamic data obtained. Even though correct calculation
results are obtained in some literature, the dimensionless characteristics of the standard
equilibrium constant are not accurately understood. In this experiment, the Langmuir
adsorption model was employed. Langmuir adsorption equilibrium constant KL and the
standard equilibrium constant K0 were calculated to investigate the physical significance,
correlation and calculation difference between them.

2.1.2. Calculation of Thermodynamic Parameters Using the Langmuir Adsorption
Equilibrium Constant KL

As mentioned above, the previous investigation of the adsorption performance showed
that equilibrium data fits well for the Langmuir adsorption isotherms, with the correlation
coefficient being more than 0.99 [21]. The Langmuir isotherms obtained from the equilib-
rium adsorption data of previous study were given in Figure 1. Based on the Langmuir
adsorption model, Ka and Kd are used to represent the rate coefficient of adsorption and
desorption, respectively; and the adsorption process of adsorbate B in the solution onto
adsorbent A can be expressed as A(S) + B(I)⇔ B − A(s).
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Figure 1. Langmuir isotherms for adsorption of MB onto CnSAC.

Furthermore, the parameter θ was used to represent the proportion of adsorbent
surface covered by adsorbate, and then the proportion of blank positions on the adsorbent
surface not covered by adsorbate was (1 − θ). The adsorbate concentration of the solu-
tion was expressed as cB. According to the mass-action law of microscopic reaction, the
adsorption rate (va) and the desorption rate (vd) can be calculated by Ka and Kd as follows,

va = Ka(1− θ)cB; (4)

vd = Kdθ. (5)

In the Langmuir adsorption theory, the rate of adsorption and desorption is the same
when the adsorption reaches equilibrium, i.e., va = vd. Thus, the Ka/Kd can be obtained by:

Ka

Kd
=

θ

(1− θ)cB
. (6)
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Moreover, when the adsorption reaches equilibrium, the Langmuir adsorption equi-
librium constant KL can be calculated by the ratio of adsorption rate constant Ka to the
desorption rate constant Kd, KL = Ka/Kd.

Therefore, θ can be obtained by,

θ =
KLcB

1 + KLcB
. (7)

However, θ is defined by the ratio of equilibrium adsorption capacity (qe, mg·g−1)
to the maximum adsorption capacity (qm, mg·g−1). Therefore, the Langmuir adsorption
isotherm equation can be expressed as,

ce

qe
=

ce

qm
+

1
KL·qm

. (8)

In our previous studies, the Langmuir isotherm model was used to conduct curve
fitting and analyze experimental data. The fitting parameters are listed in Table 1, and
thermodynamic parameters were calculated, where the initial concentration of MB is
600 mg/L [21].

Table 1. Fitting parameters calculated using the Langmuir isotherm model.

Langmuir Parameter 303.15 K 313.15 K 323.15 K

qe (mg·g−1) 1119.12 1226.64 1429.88
qm (mg·g−1) 1143.22 1248.33 1435.87
ce (mg·L−1) 488.09 478.34 451.01

θ 0.979 0.982 0.996
KL (L·mg−1) 0.0426 0.0442 0.0683

The plot of lnKL versus 1/T is presented in Figure 2. ∆H0, ∆S0 and ∆G0 were calculated
from Equations (1)–(3), as shown in Table 2.

Catalysts 2022, 12, x FOR PEER REVIEW 5 of 11 
 

 

3.05 3.10 3.15 3.20 3.25 3.30
−3.2

−3.1

−3.0

−2.9

−2.8

−2.7

−2.6

ln
K

L
 (

L
× m

g
 1

)

T 1´103K1)  
Figure 2. The relationship between lnKL and 1/T. 

Table 2. Thermodynamic parameters calculated using KL. 

Temperature  
(K) 

Δ H0  
(kJ·mol−1) 

Δ G0 
(kJ·mol−1) 

Δ S0 
(kJ·mol−1·K−1) 

303.15 19.62 95.99 381.37 
313.15 19.62 95.76 381.37 
323.15 19.62 94.86 381.37 

2.1.3. Calculation of Thermodynamic Parameters Using the Adsorption Standard  
Equilibrium Constant K0 

The adsorption equilibrium was described as A(S) + B(I) ⇔ B − A(s). The chemical 
potential, μ, of each substance in the adsorption system can be expressed as, 

0
B B BRTlna    (9)

0
A A ARTlna    (10)

0
B A B A B ARTlna      (11)

where μB, μA and μB−A represent the chemical potential at a standard state of adsorbate B, 
adsorbent A and adsorption product B − A, respectively. Additionally, aB, aA and aB-A are 
the activity of adsorbate B, adsorbent A and adsorption product B − A, respectively. 

For solid adsorbent A and its adsorption product B − A, their activity depends on 
the number of active sites on the solid surface, which can be taken as the number of ad-
sorption sites. The number of active sites is associated with surface coverage θ, 

1Aa    (12)

B Aa   . (13)

In the adsorption process, the relationship between Gibbs free energy change and 
chemical potentials can be expressed as Equation (14), 

B A B AG       . (14)

Thus, ΔG can be calculated by, 

0 0ln = ln
(1 )

B A

A B B

a
G G RT G RT

a a a




     


. (15)

Figure 2. The relationship between lnKL and 1/T.

Table 2. Thermodynamic parameters calculated using KL.

Temperature
(K)

∆ H0

(kJ·mol−1)
∆ G0

(kJ·mol−1)
∆ S0

(kJ·mol−1·K−1)

303.15 19.62 95.99 381.37
313.15 19.62 95.76 381.37
323.15 19.62 94.86 381.37
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2.1.3. Calculation of Thermodynamic Parameters Using the Adsorption Standard
Equilibrium Constant K0

The adsorption equilibrium was described as A(S) + B(I)⇔ B − A(s). The chemical
potential, µ, of each substance in the adsorption system can be expressed as,

µB = µ0
B + RTlnaB (9)

µA = µ0
A + RTlnaA (10)

µB−A = µ0
B−A + RTlnaB−A (11)

where µB, µA and µB−A represent the chemical potential at a standard state of adsorbate B,
adsorbent A and adsorption product B − A, respectively. Additionally, aB, aA and aB−A are
the activity of adsorbate B, adsorbent A and adsorption product B − A, respectively.

For solid adsorbent A and its adsorption product B − A, their activity depends on the
number of active sites on the solid surface, which can be taken as the number of adsorption
sites. The number of active sites is associated with surface coverage θ,

aA = 1− θ (12)

aB−A = θ. (13)

In the adsorption process, the relationship between Gibbs free energy change and
chemical potentials can be expressed as Equation (14),

∆G = µB−A − µB − µA. (14)

Thus, ∆G can be calculated by,

∆G = ∆G0 + RT ln
aB−A
aAaB

= ∆G0 + RT ln
θ

(1− θ)aB
. (15)

When the adsorption reaction reaches equilibrium, ∆G = 0. Thus,

∆G0 = −RT ln
θ

(1− θ)aB
. (16)

Based on the definition of ∆G, the standard equilibrium constant K0 can be obtained by,

K0 =
θ

(1− θ)aB
. (17)

In addition, the activity mentioned above is defined as,

a = γ
b
b0

(18)

where b (mol·kg−1) is the molality of the adsorbate, b0 is the standard concentration
(1.0 mol·kg−1) and γ is the activity factor. For neutral and dilute solutions, γ = 1.

When the water is used as the solvent, and the effect of temperature on volume is
ignored, the molarity c (mol·L−1) can be used to substitute molality b (mol·kg−1), and then
Equation (18) can be written as,

a = γ
c
c0

. (19)

Therefore, the standard equilibrium constant K0 expressed by molarity c can be ob-
tained in another form,

K0 =
θ

(1− θ)
+

c0

γcB
. (20)
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Using Langmuir balance constant KL obtained in Table 1, K0 can be expressed as [23],

K0 =
1000KLmBc0

γ
(21)

where mB is the molecular weight of adsorbate B.
The MB solution used for the adsorption was a dilute solution; therefore, γ = 1, and

Equation (21) becomes,
K0 = 1000KLmBc0. (22)

A plot of lnK0 versus 1/T is shown in Figure 3. Table 3 show the standard equilibrium
constant K0 and the thermodynamic parameters obtained using K0.
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Table 3. Thermodynamic parameters calculated using K0.

Temperature
(K)

KL
(L·mg−1) K0 ∆ H0

(kJ·mol−1)
∆ G0

(kJ·mol−1)
∆ S0

(kJ·mol−1·K−1)

303.15 0.0426 13,632 24.01 23.99 76.58
313.15 0.0442 14,144 24.01 24.88 76.58
323.15 0.0683 21,853 24.01 26.85 76.58

2.2. Adsorption Potential

The liquid phase adsorption on solid adsorbents is quite complicated, featuring an
adsorption competition between the adsorbate and the solvent on the adsorbent surface.
According to the Polanyi adsorption potential theory, the adsorption potential ε of ad-
sorbate molecules in the attractive field of a solid surface refers to the work required to
move a molecule to infinity from its location in the adsorption space. Therefore, chemical
potential can help describe the interaction between various components and the situation of
chemisorption in the solution and adsorption layer. The adsorption potential at solid–liquid
interfaces can be expressed by the Polanyi equation,

ε = −RT ln(
ce

c0
) (23)

where ε (KJ·mol−1) is the adsorption potential and c0 (mg·L−1) and ce (mg·L−1) represent
the initial concentration and equilibrium concentration, respectively; T (K) is adsorption
temperature, and R is the universal gas constant (8.314 J·mol−1k−1).

As can be seen from Table 1, under constant temperature, the adsorption capacity
generally showed a rising trend with the increase of adsorbate concentration, while the
adsorption potential decreased with the increase of adsorption capacity, as shown in Table 4.
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Table 4. Change of adsorption potential of MB on chestnut shell-based activated carbon.

Adsorption
Temperature,

K
303.15 313.15 323.15

Initial concentration,
(mg·L−1)

Adsorption
potential ε, (KJ·mol−1)

Adsorption
potential ε, (KJ·mol−1)

Adsorption potential ε,
(KJ·mol−1)

20 3.68 5.23 6.84
50 3.61 5.19 6.76

100 3.52 5.07 6.68
200 3.47 5.03 6.65
300 3.44 4.99 6.59
400 3.42 4.89 6.52
500 3.41 4.88 6.49
600 3.41 4.87 6.47
700 3.42 4.89 6.48

3. Materials and Methods
3.1. Materials

Chestnut shell (a chestnut orchard of Weifang city, Shandong, China), methylene blue
dye (analytically pure, Tianjin Zhiyuan Chemical Reagent Co., Ltd., Tianjin city, China),
zinc chloride (ZnCl2, analytically pure, Tianjin Damao Chemical Reagent, Co., Ltd., Tianjin,
China) and laboratory-made deionized water were obtained from the manufacturer. A
stock solution of MB (1000 mg/L) was prepared and suitably diluted to the required
concentration with deionized water. The concentrations of MB solution were determined
at 665 nm using a UV spectrophotometer. Moreover, the ultimate analysis of the chestnut
shell was conducted using an elements analyzer (vario ELIII, Elementar, Hesse, Germany).
Additionally, the result shows that the weight percentages of C, H, O, N and S are 52.66%,
5.13%, 40.84%, 0.58% and 0.01%, respectively.

3.2. Preparation of CnSACs

Chestnut shell-based activated carbon was prepared using the chestnut shell as the
raw material and ZnCl2 as the activating agent. During the preparation of CnSAC, the
parameters affecting its adsorption performance include impregnation mass ratio (25 wt%
ZnCl2 aqueous solution /chestnut shell), impregnation time, activation temperature and
activation time. In our previous studies, the optimum preparation conditions were found to
be the impregnation mass ratio of 11.4, impregnation time of 29.2 h, activation temperature
of 632.4 ◦C and activation time of 81.4 min [21,24]. Therefore, the activated carbon used
in this paper was prepared according to the above preparation parameters. Firstly, the
chestnut shell was dried for 24 h in a vacuum drying oven. Secondly, the chestnut shell
powder was impregnated in 25 wt% ZnCl2 aqueous solution when the mass ratio was
11.4 for 29.2 h. After mixing with the chestnut shell, ZnCl2 infiltrated into the chestnut
shell, displaying swelling, dehydration, oxidation, degradation and plasticization effects
on cellulose and lignin, the main composition of the chestnut shell. Then, the mixture was
carbonized in a tube furnace under a nitrogen atmosphere at 630 ◦C with a heating rate
of 10 ◦C/min. The activation process lasted for 75 min. During thermal decomposition,
ZnCl2 enabled the carbohydrates contained in cellulose and lignin, the main composition of
chestnut shells, to decompose into hydrogen and oxygen in the form of water, resulting in
the pore structure of activated carbon. This is because ZnCl2 has a strong dehydrating effect
and catalytic effect of removing hydroxyl and carboxyl groups from organic compounds.
In addition, ZnCl2 can erode further to form pores through oxidation, resulting in a
microcrystalline structure with densely distributed micropores. Finally, the carbonation
products were cooled and washed thoroughly several times with deionized water and
dried in a vacuum drying oven. Thus, porous activated carbon prepared from a chestnut
shell (CnSAC) was obtained. In addition, the SEM image and N2 adsorption–desorption
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isotherms of the CnSAC prepared by the above-mentioned preparation parameters are
shown in Figure 4. The SEM image shows that the surface of CnSAC is rich in folds and
porous. Moreover, the N2 adsorption–desorption isotherms indicate that CnSAC exhibits
type I isotherms. Additionally, the BET surface area, total pore volume and average pore
diameter are 1539.4 m2·g-1, 0.843 cm3/g and 2.19 mm, respectively [24].
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3.3. Isothermal Adsorption

Nine groups of chestnut shell-based activated carbons with different masses (m) were
weighed and placed in a 100 mL conical flask at each temperature. MB solution of varying
concentrations ranging from 20 to 700 mg/L was added to the activated carbon. The conical
flask was then placed in a water bath shaker and agitated at 180 rpm. After 24 h, the
concentration of MB solution was determined, and the adsorption capacity (q) and removal
efficiency (R) of MB on chestnut shell-based activated carbon were obtained. Table 5 show
the relationship between the adsorption capacity and removal efficiency of the MB and the
initial MB concentration at 30, 40 and 50 ◦C.

Table 5. The relationship between the adsorption capacity and removal efficiency of chestnut shell-
based activated carbon and the initial MB concentration MB at different temperatures.

Initial
Concentration (mg·L−1) 20 50 100 200 300 400 500 600 700

303.15 K

m
(mg) 1.7 2.1 6.4 7.1 8.0 10.2 11.9 14.0 16.3

q
(mg·g−1) 352.9 714.3 781.3 844.5 1023.4 1040.3 1087.4 1119.1 1086.8

R 0.99 0.99 0.99 0.99 0.91 0.88 0.86 0.88 0.83

313.15 K

m
(mg) 1.6 1.9 6.8 7.4 8.0 9.7 11.1 12.9 13.8

q
(mg·g−1) 375.0 789.5 865.8 1007.8 1055.6 1090.4 1187.1 1226.6 1208.3

R 0.99 0.99 0.98 0.93 0.93 0.88 0.88 0.87 0.82

323.15 K

m
(mg) 1.5 1.7 5.5 7.9 6.6 8.1 9.5 10.4 12.8

q
(mg·g−1) 400.0 882.4 904.9 1192.1 1281.6 1328.6 1355.3 1429.9 1397.7

R 0.99 0.99 0.99 0.94 0.94 0.90 0.86 0.86 0.85

4. Conclusions

(1) The thermodynamic parameters during the adsorption of MB on chestnut shell-based
activated carbon can be calculated more correctly with the standard equilibrium
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constant K0. The significance of K0 lies in the fact that it enables the equilibrium to be
determined by concentration rather than by adsorption rate.

(2) Adsorption enthalpy change ∆H0 = 24.01 KJ mol−1, short of 40 KJ mol−1, indicating
that the adsorption mainly involved physical adsorption.

(3) ∆G0 < 0 and ∆S0 > 0, indicating that the adsorption of MB on chestnut shell-based
activated carbon was a spontaneous process. The adsorption system was more chaotic
after MB entered the activated carbon, and increasing the temperature could facilitate
the spontaneous adsorption process.

(4) The adsorption potential was <20 KJ mol−1, further demonstrating that the adsorption
consisted mainly of physical adsorption. Increasing the temperature could improve
the adsorption potential in the adsorption process, which implies that the adsorption
force was affected by temperature during the process of MB molecules entering the
activated carbon. The reason is that adsorption first occurred at the site with the
largest adsorption force on the adsorbent surface, and the adsorption force of the
adsorbent surface decreased as MB covered the surface.
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