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Adsorption Behavior and Mechanism of 2,4,6-
Trichlorophenol on Nut Shell Activated Carbon
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The adsorbable organic halides (AOX) produced during chlorine dioxide
bleaching are highly toxic and difficult to degrade. Currently, AOX
generation is mainly reduced by controlling conditions during bleaching.
Studies on AOX removal in the natural environment are rarely reported. In
this study, the adsorption of 2,4,6-trichlorophenol (2,4,6-TCP) on nut shell
activated carbon was investigated. The effects of activated carbon
dosage, adsorption time, and temperature on the removal of 2,4,6-TCP
were examined. The optimal adsorption conditions was activated carbon
dosage 0.20 g x L1, adsorption time 130 min, and temperature 25 °C. The
removal efficiency of 2,4,6-TCP was 91.5%. The adsorption kinetics and
isothermal adsorption were studied, and a thermodynamic equation was
established. The adsorption was more consistent with a pseudo-second-
order kinetic model and Freundlich adsorption isotherm model.
Thermodynamic studies showed that the adsorption of 2,4,6-TCP on
activated carbon was a spontaneous exothermic process. These findings
provide a new method for AOX removal in natural environments.
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INTRODUCTION

Adsorbable organic halides (AOX) are persistent organic pollutants in bleaching
effluents and are highly toxic and difficult to degrade (Jaacks and Staimez 2015; Yao et al.
2015; Zhang et al. 2019). Their accumulation in natural environments (Krawczyk et al.
2013) can damage the environment and human health (Savant et al. 2006; Krawczyk et al.
2013). Therefore, several researchers have studied the formation mechanism of AOX in
chlorine dioxide bleaching to reduce the formation of AOX from the source (Nie et al.
2014; Yao et al. 2015).

Currently, optimization, chemical treatment, and biological treatment are the main
methods employed to reduce concentrations of AOX in effluent from pulp and paper mills
(Nie et al. 2018; Ge et al. 2020; Huang et al. 2020). The contents of dioxin and
organochloride are noticeably reduced by gas-phase lignin removal technology (Terrell et
al. 2020). Adsorbable organic halides are mainly generated from lignin and hemicellulose
(Yao et al. 2017; Shi et al. 2019). These components can be removed by different
pretreatment methods. Therefore, AOX reduction by chemical treatment has been
investigated. Francis et al. (1997) studied the effect of pretreatment by alkaline sulfides on
woody biomass, and AOX content decreased by 30%. Deshmukh et al. (2009) studied the
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effects of acetate and glucose on the biodegradation of AOX. The degradation of AOX was
noticeably improved by the addition of electron donors, such as acetic acid and glucose
into the bleaching system.

At present, elemental chlorine free (ECF) bleaching with chlorine dioxide as the
main bleaching agent is one of the main bleaching technologies. Formation of AOX has
been significantly reduced using this technique. However, due to the limitations of the main
chlorine dioxide preparation technology, a small amount of AOX is still generated during
chlorine dioxide bleaching (Liu et al. 2020). AOX is generated from the reaction between
chlorine gas and lignin, as well as with hexenuronic acid in the unbleached pulp (Yao et al.
2016; Shi et al. 2019). With the discharge of pulp and paper wastewater, AOX discharged
into the natural environment is continuously accumulating, and the threat to the
environment is also increasing. At present, the mechanism of AOX generation during
bleaching has attracted much attention. There have been efforts to reduce AOX generation
at source by optimization of the pulp bleaching process. However, there have been few
reports on the removal of AOX that has been discharged into the natural environment.
Activated carbon, which is an excellent adsorbent, has been widely used to adsorb organic
pollutants (Vikrant et al. 2020) and heavy metals (Kadirvelu et al. 2001). Nut shell
activated carbon has unique physical and chemical properties, such as high specific surface
area, excellent hydrophobicity, and porous structure (Bhatnagar et al. 2013; Fernandez et
al. 2014), and it is widely used as an adsorbent in water purification, gas separation, and
industrial catalysis (Amstaetter et al. 2012; Ceyhan et al. 2013; Smidova et al. 2017).
Therefore, the adsorption of AOX on nut shell activated carbon is of great significance.

Chlorobenzene and chlorophenol are typical components of AOX. In this study, as
a model compound of AOX, the adsorption of 2,4,6-TCP on nut shell activated carbon was
studied. The effects of activated carbon dosage, adsorption time, and temperature on the
removal efficiency of 2,4,6-TCP were investigated. The adsorption mechanism of 2,4,6-
TCP on activated carbon was determined by examining various adsorption kinetic models,
adsorption isotherms, and adsorption thermodynamic models. The results provide a new
method for AOX removal in natural environment.

EXPERIMENTAL

Materials

Nut shell activated carbon (30 mesh to 60 mesh) was purchased from Aladdin
Biotechnology Co., Ltd. (Shanghai, China). Analytical grade 2,4,6-TCP was obtained from
Sigma-Aldrich (St. Louis, MO, USA). Other analytical reagents were purchased from
Aladdin Biotechnology Co., Ltd. (Shanghai, China). All chemicals used were of analytical
grade.

Methods

An ultraviolet visible (UV-vis) spectrophotometer (SPECORD 50 PLUS; Analytik
Jena AG, Analytikjena, Germany) was used to determine the absorption spectra. The
absorption spectrum of 2,4,6-TCP had a characteristic peak at 204 nm, and no peaks
corresponding to other interfering substances in the solution were observed. The equation
of the standard curve for the absorbance at 204 nm was as follows (Eqg. 1). This equation
was used to analyze the concentration of 2,4,6-TCP in the reaction solution.
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y = 0.2269 X (R = 0.9996) (1)

Activated carbon samples of different weights were placed into conical flasks, each
of which contained 100 mL of pure water. Various concentrations of 2,4,6-TCP solutions
were added to the flasks. The mixture was shaken, and adsorption was allowed to proceed
in a constant temperature oscillator at different temperatures and for different time periods.
The 2,4,6-TCP concentrations in the reaction solutions were measured. Each sample was
measured three times and averaged.

The adsorption capacity of activated carbon for 2,4,6-TCP was calculated using Eqg.
2,

Q=(Co-C)V/m x 100% (2

where Co (mg x L) is the initial concentration of 2,4,6-TCP. C (mg x L) is the
concentration of 2,4,6-TCP after adsorption. V (L) is the solution volume. m (g) is the
activated carbon dosage. Q (mg x g) is the adsorption capacity of activated carbon.

The specific surface area of activated carbon with and without adsorption of 2,4,6-
TCP was measured using a BET specific surface area analyzer (ASAP 2460,
MICROMERITICS, United States). The test environment had a relative pressure of 0.975
MPa and a temperature of 77 K.

The micromorphological changes of 2,4,6-TCP adsorbed by activated carbon were
observed by field emission scanning electron microscope (FE-SEM, Hitachi SU8010,
Japan). The moisture in activated carbon samples was removed before the test, and the
activated carbon was sprayed with gold to improve its electrical conductivity.

RESULTS AND DISCUSSIONS

Effect of Activated Carbon Dosage on the Removal of 2,4,6-TCP

Activated carbon dosage has a noticeable effect on the adsorption behavior of
activated carbon (Bhatnagar et al. 2013). Therefore, the effects of activated carbon dosage
on its adsorption capacity and the removal of 2,4,6-TCP were studied. The activated carbon
dosage was increased from 0.03 g x L"*to 0.50 g x L. The initial 2,4,6-TCP concentration,
temperature, and time duration were 7.00 mg x L%, 25 °C, and 130 min, respectively. The
results are shown in Fig. 1. The error bar is the standard deviation.
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Fig. 1. Effect of activated carbon dosage on the adsorption capacity of activated carbon and the

removal rate of 2,4,6-TCP
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Figure 1 shows that the 2,4,6-TCP removal increased as activated carbon dosage
increased at dosages less than 0.20 g x L. The removal was 24.5% at an activated carbon
dosage of 0.03 g x L. It increased to 73.4% when the dosage was 0.20 g x L%, This is due
to the loose porous activated carbon, there are many adsorption sites on the surface
(Wirasnita et al. 2018). As activated carbon dosage increased, more active sites were
available to adsorb 2,4,6-TCP. Therefore, the 2,4,6-TCP removal increased rapidly in the
early stages of adsorption. However, increased activated carbon dosages also lead to the
blockage of sites by activated carbon particles (Zhang et al. 2007). The surface area of the
nut shell activated carbon is 1077 m? x g. Its specific surface area after adsorption
saturation is 148 m?x g at the dosage of 0.20 g x L%, The significant reduction in specific
surface area means that it had little influence on 2,4,6-TCP removal at dosage exceeding
0.20 g x L. Therefore, the 2,4,6-TCP removal remained unchanged when the activated
carbon dosage was higher than 0.20 g x L. The adsorption capacity of activated carbon
decreased from 97.13 mg x g* to 15.33 mg x g. This was because the unsaturated
adsorption sites on activated carbon increase as dosage increases (Hameed et al. 2008).
The adsorption capacity of activated carbon decreased as dosage increased at a constant
2,4,6-TCP concentration. The optimal activated carbon dosage was 0.20 g x L™,

Effect of Adsorption Time on the Removal of 2,4,6-TCP

The adsorption capacity of activated carbon increased as adsorption time increased
and ultimately reached saturation. The effect of adsorption time on the removal of 2,4,6-
TCP was studied. Adsorption was allowed to proceed for 5 min, 15 min, 30 min, 60 min,
100 min, 130 min, and 210 min. The activated carbon dosage, initial 2,4,6-TCP
concentration, and reaction temperature were 0.20 g x L™, 7.00 mg x L, and 25 °C,
respectively. The results are shown in Fig. 2.
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Fig. 2. Effect of adsorption time on the removal of 2,4,6-TCP

Figure 2 shows that the removal of 2,4,6-TCP increased rapidly for adsorption
times at 60 min. The removal was 58.7% at 5 min and increased to 88.1% at 60 min. The
removal continued to increase, but the growth gradually decreased between 60 min and
130 min. The removal was 95.6% at 130 min and remained stable thereafter. This was due
to the fact that the adsorption of chlorophenols on activated carbon can be roughly divided
into three stages (Shih et al. 2003; Tan et al. 2009). The 2,4,6-TCP was quickly adsorbed
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on activated carbon, as its surface has strong binding sites. The 2,4,6-TCP surface active
sites were occupied as adsorption time increased, and the molecules diffused from the
surface to the interior of the adsorbent. Therefore, the extent of removal increase gradually
decreased between 60 min and 130 min. Active sites on the surface and interior of activated
carbon were gradually occupied. This is consistent with SEM analysis. SEM of activated
carbon raw materials and activated carbon with the adsorption saturation state is shown in
Fig. 3. Compared with activated carbon raw material, the surface of activated carbon after
adsorption was more dense. Much of its porosity disappeared due to filling by 2,4,6-TCP.
As the pores and active adsorption points on the activated carbon surface became occupied,
adsorption saturation was reached. Further increase of adsorption time had no significance
for the removal of 2,4,6-TCP. The adsorption reached saturation after 130 min, which
indicated that the optimal adsorption time was 130 min.

Fig. 3. SEM of activated carbon with and without adsorption 2,4,6-TCP (a, raw material of
activated carbon, b, activated carbon adsorption 2,4,6-TCP in the adsorption saturated state)

Effect of Temperature on the Removal of 2,4,6-TCP

The effect of temperature on the adsorption of 2,4,6-TCP on activated carbon was
studied, and results are shown in Fig. 4. Adsorption temperatures of 15 °C, 25 °C, 35 °C,
50 °C, and 70 °C were examined. The activated carbon dosage, initial 2,4,6-TCP

concentration, and reaction time were 0.20 g x L, 7.00 mg x L?, and 130 min,
respectively.
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Fig. 4. Effect of temperature on the removal of 2,4,6-TCP
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The removal of 2,4,6-TCP decreased as temperature increased. It decreased rapidly
from 93.8% to 41.0% when temperature was increased from 15 °C to 70 °C. This was
because adsorption on activated carbon is generally exothermic in nature (You et al. 2017).
The removal of 2,4,6-TCP decreased at high temperatures, as high temperatures were not
favorable for adsorption on activated carbon. The removal of 2,4,6-TCP at 15 °C and 25
°C were 93.8% and 91.5%, respectively. This suggested that the extent of removal increase
is lower at temperatures below 25 °C. Thus, the optimal temperature was 25 °C.

Adsorption Kinetics

Analysis of the adsorption kinetics can explain the reaction mechanism and reaction
pathway and can predict the adsorption sequence based on adsorption kinetic models. The
adsorption data were fit to three adsorption kinetic models, which included a pseudo-first-
level model, a pseudo-second-level model, and the Elovich model (Kavitha and
Namasivayam 2007; Zhang et al. 2012). The adsorption mechanism of 2,4,6-TCP on
activated carbon was investigated, and the results are shown in Fig. 5. The pseudo-first-
order model, the pseudo-second-order model, and the Elovich model were expressed using
Egs. 3, 4, and 5, respectively,

Lg(Qe - Q1) = IgQe - kit / 2.303 (3)
t/Qi=1/(koQe?) +t/ Qe (4)
Qt=1/pIn(ap) + 1/ pint (5)

where Qe and Q: (mg x g) are the amounts adsorbed at equilibrium and after time t,
respectively, on the activated carbon. ki and k2 are the pseudo-first-order and quasi-second-
order constants of the kinetic models, respectively. a (mg x g x min) is the initial
adsorption rate. 5 (g x mg?) is an analytical constant.

Table 1. Kinetic Parameters for the Adsorption of 2,4,6-TCP on Activated Carbon

Model Fitted Equation R? Qe (Mg x g) K a B
& y =-0.0074x +
Pseudo-first 11010 0.9915 12.00 31.87 / /
Pseudo-second | y =0.0311x + 0.2563 | 0.9987 31.87 0.0048 / /
Elovich y =3.377x + 13.50 0.9875 / / 183.90 | 0.2961
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Fig. 5. (a) Curve fitting to the pseudo-first-order kinetic model, (b) the pseudo-second-order
kinetic model, and (c) the Elovich model for the adsorption on activated carbon

As can be seen from Fig. 5 and Table 1, the pseudo-second-order kinetic model
achieved the highest fitting correlation coefficient (R? = 0.9987). Further, the relative error
between the fitted Qe (31.9 mg x g) and the experimentally measured Qe (33.5 mg x g?)
was small. The adsorption principle of trichlorophenol by activated carbon is mainly
physical adsorption. Nut shell activated carbon has high specific surface area and unique
pore structure; this is the most important reason for its adsorption of 2,4,6-TCP. The tiny
pores in activated carbon have a strong adsorption capacity and can absorb substances with
a diameter smaller than its pore size. The effect of adsorption time on removal rate of 2,4,6-
TCP was studied. It can be found that 2,4,6-TCP adsorption can be divided into three stages:
the diffusion of the outer liquid film, the adsorption rate increases rapidly; the adsorption
rate decreased obviously in the particle diffusion stage; the adsorption equilibrium phase
(Chang and Juang 2004). Thus, it reflected the adsorption mechanism of 2,4,6-TCP on
activated carbon more comprehensively and accurately.

Adsorption Isotherms

The adsorption of 2,4,6-TCP on activated carbon was analyzed using Langmuir,
Freundlich, and Temkin isotherms (Muhamad et al. 2010; Moussa et al. 2018). The fitting
equations and linear correlation coefficients are listed in Table 2. The equations of the
Langmuir isotherm (Eq. 6), the Freundlich isotherm (Eqg. 7), and the Temkin isotherm (Eq.
8) are as follows,

Ce/Qe=1/(QmxkiL)+Ce/QmRL=1/(1+kLx Co) (6)
INQe = Inkr + (1 / n)INCe @)
Qe = Blnkr + BInCe B=RT/Z ®)
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where k. (L x mg?) is the reciprocal of the equilibrium concentration at half-saturated
adsorption capacity. Qm (mg x g) is the saturation adsorption capacity. Ce (mg x L) is
the adsorption equilibrium concentration. Qe (mg x g) is the equilibrium concentration of
the solid phase. RL is used to estimate the pros and cons of adsorption. Co (mg x L) is the
initial concentration of adsorbate. kr and n are the Freundlich constants. B and kr are the
Temkin adsorption constants. R is the gas constant (R = 8.314 J x mol™* x K1), T (K) is the
absolute temperature. Z (J.mol?) is the heat of adsorption.

Table 2 shows that the R? values of the fittings to the Langmuir and Freundlich
adsorption isotherms at each temperature were greater than 0.98. These results indicated
that the adsorption of 2,4,6-TCP on activated carbon was more consistent with the
Langmuir and Freundlich adsorption isotherm models. This was likely because the Temkin
model is suitable for adsorption with a medium coverage but not with a large coverage.
The Freundlich model considers that the adsorbent surface is uneven, and the adsorption
heat decreases exponentially with increasing coverage. Indeed, the surface of the adsorbent
(activated carbon) was not uniform, and there existed a certain force between the 2,4,6-
TCP molecules. Therefore, the Freundlich model gave a better fit of the data. Moreover,
the value of 1/n in the Freundlich model was less than 0.5 at all temperatures, which
suggested that the activated carbon was a good adsorbent for 2,4,6-TCP. The value of RL
in the Langmuir adsorption model was between 0 and 1, which indicated that the adsorption
of 2,4,6-TCP on activated carbon was relatively easy. However, the Langmuir adsorption
model assumes that the adsorbent surface is uniform, and the adsorption energy is equal
for the entire surface. Moreover, interaction between the adsorbent molecules is ignored
(Yazdanbakhsh et al. 2018). Thus, the curve fitting to the Langmuir model was poorer than
the curve fitting to the Freundlich model. In conclusion, the adsorption of 2,4,6-TCP on
activated carbon showed better fits to the Langmuir and Freundlich models. The higher
correlation coefficients for various temperatures obtained with the Freundlich model
suggested that this model simulated the isothermal adsorption more accurately.

Table 2. Isotherm Parameters for 2,4,6-TCP Adsorption on Activated Carbon at
Different temperatures

Model Parameter 25°C 35°C 50 °C
Ce _ Ce
i Qe 5698 Ce_ Ce , 1 Ce_ Ce , 1
Equaglon i 1 Qe 55.13 96.37 Qe 53.65 100.80
R 20 0.9866 0.9802
Langmuir Q 0.9799
(mg x"“g 1 56.98 55.13 53.65
kL 1.425 1.748 1.879
RL 0.066 0.054 0.051
. INQe = 0.4564InCe INQe = 0.4464InCe + INQe = 0.4435InCe
Eq“;‘ﬁ'on +3.135 3.155 +3.163
Freundlich 0.9966 0.9832 0.9879
kr 22.98 23.45 23.64
1/n 0.4564 0.4464 0.4435
Equation Qe=7.680ICe* | o _ 7432InCe+ 33,29 Qo= 7:369INCe+
R2 33.05 0.9417 32.91
Temkin 0.9275 ) 0.9509
kT 73.81 88.18 87.07
B 7.680 7.432 7.369
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Adsorption Thermodynamics

The thermodynamics of adsorption of 2,4,6-TCP on activated carbon were studied.
The thermodynamic parameters were calculated using the Gibbs equation (Tran et al.
2016). The following other equations (Eq. 9, Eq. 10, Eq. 11, and Eq. 12) were used,

AG® = -RTInK4 (9)

Ki=Q/C (10)
InKa = AS®/ R - AH®/ RT (11)
AG®= AHC- TAS? (12)

where R (8.314 J x mol™ x K1) is the gas constant. Kq is the thermodynamic equilibrium
constant (adsorption coefficient). T (K) is the absolute temperature.

Table 3. Thermodynamic Parameters for 2,4,6-TCP Adsorption on Activated
Carbon

AHC (kJ x mol?) | AS® (J x mol?x K1) AGP° (kJ x mol?)
298 K 308 K 323K
-26.27 -48.18 -11.91 -11.43 -10.71

The experimental results predicted a linear relationship between InKq and 1/T (InKq
=3.16/ T - 5.80). The values of AH® and AS® were calculated to be -26.3 kJ x mol™* and -
48.2 J x mol? x K71, respectively. The value of AG® was calculated at different
temperatures. The details are given in Table 3. The adsorption enthalpy (AH®) was
negative, which indicated that the adsorption of 2,4,6-TCP on activated carbon was an
exothermic process. In addition, the adsorption was mainly divided into two processes,
which were the desorption of solvent water molecules on the surface of activated carbon
and the adsorption of 2,4,6-TCP. The former process increases the randomness of the
reaction system, which results in a positive entropy. The latter is the reverse process, which
decreases randomness and results in negative entropy. The value of AS® was negative for
the present system, which suggested that the adsorption was mainly governed by the
adsorption of 2,4,6-TCP. The adsorption of 2,4,6-TCP on activated carbon reduced the
randomness of the whole reaction system (Prajapati et al. 2016). In addition, AG°® was
negative at different temperatures, which indicated that the adsorption of 2,4,6-TCP was
spontaneous. An increase in the temperature led to a continuous decrease in the absolute
value of AG®, which showed that adsorption was not favorable at high temperatures. Thus,
the adsorption of 2,4,6-TCP on activated carbon was a spontaneous exothermic process.

CONCLUSIONS

1. The effects of activated carbon dosage, adsorption time, and temperature on the
adsorption of 2,4,6-TCP were studied, and the optimum adsorption conditions were
obtained. The removal of 2,4,6-TCP was 91.5% under the optimal conditions.

2. The adsorption mechanism involved many different processes. A higher correlation
coefficient was obtained at various temperatures with the Freundlich model, which
suggested that this model simulated the adsorption more accurately. The adsorption of
2,4,6-TCP is a spontaneous exothermic process. This study provided a theoretical basis
for AOX removal in natural environments.
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