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Abstract: This work provided an adsorption method of the removal of quinoline by using anthracite of
various particle sizes. The characteristics of the adsorbents were analyzed by Camsizer XT for particle
size analysis, FT-IR for functional groups, X-ray diffusion for mineralogical composition, Brunauer-
Emmett-Teller for specific surface area and Barrett-Joyner-Halenda for pore size distribution. The
average particle size of AC1-AC4 were 0.0342 mm, 0.1015 mm, 0.2103 mm and 0.3815 mm, respectively.
The specific surface of the AC1-AC4 were 3.5 m?g-1, 1.5 m? g-1, 0.7 m? g-1 and 0.1 m? -g-1 respectively.
The adsorption capacity present a linear increase with the specific surface area increasing. To reveal the
process of the adsorption, the adsorption kinetics and isotherms were performed. The kinetics data were
analyzed by pseudo-first-order, pseudo-second-order and intra-particle diffusion equation using
linearized correlation coefficient. Pseudo-second-order was found to best represent the kinetics data,
which indicated that the adsorption of quinoline onto anthracite belongs to chemisorption. The
equilibrium isotherms data were analyzed by Langmuir model and Freundlich model, the results
indicated that the Freundlich model fit well for all the adsorption processes, which showed that the
adsorption of quinoline onto anthracite belongs to endothermic reaction.
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1. Introduction

There is a little of quinoline in wastewater, but it is far more than the integrated wastewater discharge
standard, especially in coking wastewater. Quinoline and its derivatives are mutagenic, carcinogenic
and toxic, so they have the potential to heavily pollute soil and water (Sutton et al. 1996). Thus, it is
essential to removal such organic contaminants from wastewater. Biological treatment of wastewater is
used to reduce the environmental impact of discharge. However, previous studies have demonstrated
that the method is not able to meet the standard for discharge of water (Burmistrz et al. 2014). And the
discharge water after biological treatment still contains the residual amount of oxygen-consuming
substances (Magnus et al. 2000).

Adsorption is a widely used method for treating wastewater. Activated carbon is the most widely
and effectively used absorbent (Zhu 2001), with a porous structure provides a large surface area and a
good capacity for adsorbing organic molecules by a variety of physicochemical mechanisms and forces.
Some studies indicated that activated carbon achieves great effect on adsorbing dye, lignin, phenol,
quinoline, pyridine, indole and other organic pollutants (Andersson et al. 2011b, Basar 2006, Carvajal-
Bernal et al. 2015, Fletcher et al. 2007). However, the usage of activated carbon is limited by its high cost
and difficult regeneration (Aksu and Yener 2001, Badmus and Audu 2009).

Coal, as a natural polyporous materials possessing a relative large surface area, stepped into
researcher’s sight. Xia et al. (2000) found that sulfonated lignite had great capacity to adsorb heavy metal
ion in wastewater. Cai et al. studied that coking coal adsorbed main organic pollutants from coking
wastewater and the results indicated that the removal efficiency was high (Cai and Tang 2012, Cai et al.
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2010). The investigation from Fang et al. showed that coal adsorbs organic pollutants preferentially
(Fang et al. 2010). The weathered coal had great adsorption capacity in a wide range of pH and the
removal efficiency of copper was 60~70% (Yi 2012). Because of the hydrogen-boning, the capacity of
lignite to adsorb phenol was much larger than that generally observed with activated carbons when
normalized for the surface areas (Polat et al. 2006).

There are several advantages of coal as adsorbent to treat cooking wastewater. The coal is easily
available, abundant and cheap. The value of coal will not reduce after adsorbing organic pollutants. The
coking plant is usually built together with coal preparation plant, which can save transportation costs.

The aim of this work is to investigate the characteristics of adsorbing quinoline on anthracite with
various particle sizes and provide the basis for coal as adsorbent. The adsorbents were characterized by
Camsizer XT particle size analysis, Brunauer-Emmett-Teller surface area analysis, Barrett-Joyner-
Halenda pore size distribution, Fourier-transform infrared spectroscopy and X-ray diffraction. The
adsorption behavior was investigated by adsorption kinetics and adsorption equilibrium. The results of
this research are expected to provide a more detailed adsorption process of various particle anthracite.

2. Materials and methods
2.1. Materials

The anthracite used in this study was obtained from a coal preparation plant in Xuzhou, Jiangsu
province, China. The coal samples belong to concentration of gravity separation with a particle size less
than 50 mm, and then they were crushed and grinded to below 0.5 mm by jaw crush and ball mill,
respectively. Finally, the grinded samples were screened using a mechanical sieve shaker with 0.25 mm,
0.125 mm, 0.074 mm pore size, respectively. All samples were dried in an oven at 105°C to a constant
weight.

2.2. Samples characterization

Particle size of the four samples were measured by Camsizer XT (Germany). About 1.0 g dry coal were
put on the feeding cell to analyse the particle size.

Infrared spectra of all adsorbents were recorded between 4000 and 400cm! in a VERTEX70V FTIR
(Germany) instrument. Pellets were prepared by compressing mixtures of 0.5% finely ground anthracite
with KBr.

X-ray diffraction of the anthracite samples were conducted between 3 and 70 deg by X-ray diffraction
(XRD, Rigaku D/max 2500 V, Target = Cu, Step width = 0.02, operating at an acceleration voltage of 40
kV.).

The specific surface area properties of the coals were determined by measuring the adsorption of
nitrogen at 77 K on a BELSORP-minill BET (Japan). The samples were dried for 24 h at 350°C in nitrogen
gas prior to analyse. The specific surface area was calculated using the Brunauer-Emmett-Teller
model(Kaya et al. 2013b), and the pore size distribution was conducted by Barrett-Joyner-Halenda
model(Barrett et al. 1951).

2.3. Bath adsorption tests

Batch experiments were performed to study the effects of initial adsorbate concentration, the adsorption
time and experiment temperature on adsorption process. For each experiment run, aqueous solution of
quinoline was prepared by dissolving the analytical reagent in deionized water. The 50 cm? quinoline
solution and 2.0000 g anthracite were taken into 100 cm3 stoppered conical flask. This mixture was
mounted on a temperature-controlled shaking water bath at a constant speed of 120 rpm. All samples
were filtered to remove the adsorbents with 0.045pm pore size. The filtrate concentration was
determined by UV adsorption and calculated using the formula:

Co=C

=" (1)
where g; (mg-g?) is the quinoline removed at time ¢ by a unit mass of adsorbent, Co (mg -dm?) is the
initial quinoline concentration, C; (mg-dm?3) is quinoline concentration at time ¢, and m (g -dm?) is the

amount of adsorbent added.
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To observe the effect of the adsorption time on anthracite removing quinoline and to collect kinetics
data, parallel experiments were performed in various time from 10 minutes to 180 minutes. The
concentration of initial quinoline was 50 mg -dm-3.

To observe the effect of the adsorbate concentration on anthracite removing quinoline and to collect
equilibrium isotherm data, parallel experiments were performed in water bath at 25°C and 50C,
respectively. The concentrations of initial quinoline were 10, 20, 30, 40, 50 mg -dm-3.

To reduce the interference of leachate from coal, the blank experiences should be performed, in
which distill water replace quinoline solution. Other processes were same and the filtrate was reference
solution.

Using UV/ VIS spectrophotometer (Mei Puda 3500 made in China), a calibration curve between UV-
absorbance and the standard quinoline concentrations was made at 278 nm (which is the primary
absorption peak position for quinoline). The concentration of quinoline was determined by comparing
the absorbance values of different coal samples with the standard calibration curve.

2.4. Kinetics analysis

In order to investigate the adsorption process of quinoline on anthracite, three kinetic models were
employed to fit the data obtained.

2.4.1. Pseudo-first-order model

The pseudo-first-order model indicates that the adsorption process is controlled by internal mass
transfer. Gerente et al.(Gerente et al. 2007a) stated that this model was generally restricted to only the
initial 20~40% of the adsorption needed further modifications for longer sorption times and higher
fraction surface coverage. The pseudo-fist-order equation model can be represented in the following
form(Badmus and Audu 2009):

d
o = Ki(de — a0 )
where g, is the amount of adsorbate adsorbed at time t (mg ‘g?), q. the adsorption capacity at equilibrium
(mg -g1), Ki the pseudo-fist-order rate constant (min?) and ¢ is the constant time (min). The integration
of Eqn. (2) with the initial condition, g;=0 at t =0 leads to (Gerente et al. 2007b):
K
log(qe — q¢) = logqe — 57 -t 3)

1
2.303
The values of adsorption rate constant (K;) for quinoline were determined from the plot of log (q.—
qi) versus t.

2.4.2. Pseudo-second-order model

According to Ho and McKay(Ho and Mckay 1999), chemisorption is involved in the rate-limited step in
sorption systems following the pseudo-second-order model. The pseudo-second-order is given
as(Badmus and Audu 2009):

d

== Kp(qe — q0)? )
where K3 is the pseudo-second-order rate constant (g mg?! min?). Integrating Eq. (4) and noting that g;
=0 at ¢ =0, the following equation is obtained:

t 1 1

« o T ®)
The initial sorption rate h (mg ¢! 'min?), at + —0 is defined as:
h = Kz qu (6)

2.4.3. Intra-particle diffusion study

The intra-particle diffusion equation can verify presence or absence of intra-particle diffusion and
determine whether intra-particle diffusion is the rate-limiting step for adsorption (Mohan and
Karthikeyan 1997, Srivastava et al. 2005). The Intra-particle diffusion model is given as (Badmus and
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Audu 2009):

q: = K3t0'5 +1 (7)
where Kj is the intra-particle diffusion rate constant (mg-g?! min?%% and I is the intercept (mg g7).
According to Eq. (7), a plot of g; versus 05 should be a straight line with a slope K3 and intercept I when
adsorption mechanism follows the intra-particle diffusion process.

2.5. Adsorption equilibrium study

To optimize the design of an adsorption system for the adsorption of adsorbates, it is important to
establish the most appropriate correlation for the equilibrium curves. Various isotherm equations have
been used to describe the equilibrium characteristics of adsorption.

2.5.1. Langmuir isotherm

The Langmuir theory the basic assumption is that the sorption takes place at specific homogeneous sites
within the adsorbent(Ho et al. 2002). The Langmuir model is given below:
g = LdmCe . Lo Ce j 1 (8)
1+KLCe de dm KLdm
where Ky the Langmuir adsorption constant (dm?mg?) relates to the energy of adsorption and qm
signifies adsorption capacity (mgg?).

2.5.2. Freundlich isotherm

The Freundlich isotherm is derived by assuming a heterogeneous surface with a non-uniform
distribution of heat of adsorption over the surface (Chatzopoulos et al. 1993). The Freundlich model is
given below:

Qe = KFCel/n or logq, = logKy + %logCe (9

where Kr is the Freundlich constant (dm? mg), 1/n the heterogeneity factor.

3. Results and discussion
3.1. Characterization of adsorbents

The particle size of AC1-AC4 were showed in the Fig. 1. Regarding AC1, the particle size is less than
0.090 mm and distributing around 0.038 mm intensively. For the AC2, the particle size from 0.045 mm
to 0.212 mm accounts for 95.40 %. The particle size of AC3 ranges from 0.090 mm to 0.355 mm and
distribute around 0.212 mm. With regard to AC4, the particle size varies from 0.18 mm to 0.5 mm and
distribute in 0.355mm intensively. The average particle size of AC1-AC4 are 0.0342mm, 0.1015 mm,
0.2103 mm and 0.3815 mm, respectively.

FTIR spectroscopy of various adsorbents shown in Fig. 2, there is no significant change observed for
the species of functional group for all the adsorbents. However, the peak area of the four adsorbents
have slight differences. A broad band between 3100 and 3700 cm, peak at about 3400 cm, indicates a
slight decrease from AC1 to AC4 in relative intensity of the hydroxyl content, which may hinder the
adsorption of quinoline. Because the quinoline solution is weak alkaline. There is a band between 2800-
3000 cm™? ,with dominate peak at 2922cm!, which corresponds to aliphatic carbon groups (Guo and
Bustin 1998), and the peak area shows no obvious change in all adsorbents. The peak at 1600 cm!
corresponds to aldehydes and ketone groups (Ledesma et al. 1998). The FTIR spectra of the samples
show transmittance in the 1032 cm™ region due to the ash, such as kaolin (Zhu 2001) and the AC1 is
larger than other adsorbents in relative intensity of the ash content. The peak at 550 cm may be
attributed to S-S in aromatics(Sarkar et al. 2007).

Fig.3 shows the XRD profiles of the four adsorption. The peak and peak area of the four adsorbents
are similar. There are kaolin, montmorillonite, quartz, calcium oxide, illites, iron silicide and aluminum
bentonite in the adsorbents.
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Fig. 1. The particle size of various adsorbents
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Fig. 3. X-ray diffraction patterns of all the adsorbents

The ash content of the four adsorbents were presented in Table 1. With the particle size increasing,
the ash content decreases. Because the clay minerals are easily argillized.

The specific surface areas were calculated using the BET model (Kaya et al. 2013a), and the specific
surface areas were 3.5 m?-g?, 1.5 m2-g?, 0.7 m?-g, 0.1 m?g! respectively, which decrease with the
particle size increasing. The specific surface area can provide adsorption sites for quinoline. As can be
seen in Fig. 4, the pore size distribution was calculated in the standard manner by using BJH
method(Barrett et al. 1951). There is a significant decrease in mesoporous from AC1 to AC4, which will
affect the adsorption capacity. However, the AC2 has more megalopore than AC1, which may control
the diffuse rate.
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Table 1. The ash content of all adsorbents

Samples AC1 AC2 AC3 AC4
Ash content/ % 9.88 9.54 9.16 9.04
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Fig. 4. The distribution curves of mesoporous and megalopore for all adsorbents

3.2 Adsorption experiments
3.2.1 Effect of contact time on the adsorption capacity

The effect of contact time (t) on the adsorption capacity of quinoline by different adsorbents is shown
in Fig. 5. The contact time curve of AC1 shows that the removal efficiency increases quickly before 60
min. The curves of AC3 and AC4 present rise slowly with time going before 60 min and the increase
trend of AC1 is faster, for bigger specific surface providing more adsorption site. They reached quasi-
equilibrium after 120 min, beyond which there was no significant increase in removal. The adsorption
capacity of AC1-AC4 are 1.22 mg g1, 0.73 mg g, 0.40 mg g, 0.28 mg ‘g respectively and the removal
efficiency are 97.62%, 58.11%, 32.00%, 22.54% respectively.
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Fig. 5. Effect of contact time on the adsorption capacity of quinoline by various adsorbents

3.2.2 Relation between specific surface area and adsorption capacity

The adsorption capacity verses specific surface area curve presented in Fig. 6. There is a fitting straight
line, and the correlation coefficient is 0.98366, which indicates that adsorption capacity presents a linear
increase with the increase of specific surface area. The activated carbon adsorb organic contaminants
from aqueous solution also presented the similar change trend investigated by Li et al. (2002).

3.3. Adsorption kinetics study

The data of adsorption experiments were analyzed by the function of origin 8.0 linear fitting using the
pseudo-first-order model, pseudo-second-order model, Intra-particle diffusion showed in the Fig. 7, the
kinetics parameters and the correlation coefficient calculated by the intercept and slope are shown in
Table 1.
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Fig. 7. Three kinds of kinetic plots for quinoline by various adsorbents

3.3.1. Pseudo-first-order model

According to Table 1, the removal rate from high to low follows the order: AC1, AC2, AC3, AC4, which
is similar with the specific surface area order. The e, meas Values are far bigger than the qe, cal, and the
correlation coefficient are not the biggest comparing with pseudo-second-order model. So that the
pseudo-first-order model provided a poor fit to the experimental data.

3.3.2. Pseudo-second-order model

From the Table 2, the pseudo-second-order rate expression yielded correlation coefficients between
0.9982 and 0.9998 and provided a good fit for all adsorbents. The pseudo-second-order rate equation
also yielded qe,calc Values close to the obtained qemeas results (Table 2). Therefore, sorption of quinoline
onto the anthracite is most appropriately approximated by the pseudo-second-order model, which
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indicates that the adsorption process belongs to chemical adsorption. The result is similar with some
results studied by many authors. Ugurlu et al.(Ugurlu et al. 2005) described the removal of phenolics
by using fly ash and concluded that the pseudo-second-order rate expression best descried the kinetic
data, which determined that the adsorption mechanism was chemical adsorption. Srivastava et
al.(Srivastava et al. 2005) concluded that the pseudo-second-order rate model best described the
sorption of chemical oxygen demand (COD) from pulp and paper mill wastewater onto bagasse fly ash;
the predominant sorption process was chemisorption. Kerstin I. Andersson et al. (Andersson et al. 2011b)
studied the adsorption of lignin onto activated charcoal and fly ash followed pseudo-second-order rate
kinetics.

Table 2. Kinetics parameters for the removal of quinoline by different adsorbents

Pseudo-first-order model

Adsorbents .
qe,meas/ mg 'g'l qe,calc/ mg 'g'l Kl/ min-! R2
AC1 1.22 0.33 0.0486 0.9513
AC2 0.73 0.49 0.0415 0.9806
AC3 0.40 0.26 0.0306 0.9597
AC4 0.28 0.20 0.0292 0.9615
Pseudo-second-order model
Adsorbents
Je,cale/ Mg g1 K2/ g mg! min-! h/mg g1 min- R2
AC1 1.24 0.3525 0.5419 0.9998
AC2 0.76 0.3082 0.1796 0.9994
AC3 0.42 0.2699 0.0486 0.9982
AC4 0.30 0.2497 0.0228 0.9988
Intra-particle diffusion
Adsorbents
K3/ mg -g-1 ‘min-05 I/mg g1 R2

ACl1 0.0335 0.9134 0.6253
AC2 0.0274 0.4226 0.7981
AC3 0.0157 0.2150 0.9223
AC4 0.0129 0.1302 0.8985

3.3.3. Intra-particle diffusion model

According to Eq. (7), a plot of g; versus t%> should be a straight line with a slope K3 and intercept I when
adsorption mechanism follows the intra-particle diffusion process. Fig. 8 presents a plot of g: versus 05
for all the adsorbents. It indicates that adsorption process of quinoline onto different particle sizes of
anthracite can divide into two linear equations, i.e. it includes initial rapid diffusion and subsequent
slow internal diffusion (Allen et al. 1989, Fierro et al. 2008). As can be seen from Fig. 8, the smaller
particle size has the faster and shorter rapid diffusion, and the curve of AC4 is almost a straight line.
The similar conclusion was conducted by Qiang Zhou, who studied that removal of mercury by using
activated carbon (Qiang et al. 2013). The value of I gives an idea about the thickness of the boundary
layer, i.e. the larger intercept the greater is the boundary layer effect (Mohan and Karthikeyan 1997).
The deviation of the straight lines from the origin may be due to the difference in the rate of mass
transfer during the initial and final stages of adsorption(Fierro et al. 2008). It also indicates that the pore
diffusion is not the rate-controlling step(Wu and Yu 2006).

3.4. Adsorption equilibrium research

The data of adsorption equilibrium was analyzed using Origin 8.0 linear fitting using Freundlich
isotherm and Langmuir isotherm. The isotherm parameters and the correlation coefficient calculated by
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the intercept and slope are shown in the Table 3.

3.4.1. Langmuir isotherms

Fig. 9 (a) shows the plot of C/g. against C, for testing of the Langmuir isotherm at 25°C. According to
the Table 3, the value of gm in 25 C is larger than the experimental value, which indicated that
Freundlich model dose not provided a good fit for all adsorbents. The values of Ri2 used to describe the
process favorability and adsorption capacity (Andersson et al. 2011a). The Ri2 values were all between
0 and 1 indicating a favorable sorption process.
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Fig. 8. Weber and Morris intra- particle diffusion plots for the removal of quinoline by various adsorbents

(a) Langmuir isothermal model at 25°C (b) Freundlich isothermal model at 25°C
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Fig. 9. Linear fitting of adsorption equilibrium of quinoline on adsorbents

3.4.2. Freundlich isotherm

Fig. 9 (b) shows the plot of Ing. against Inc, for testing of the Freundlich isotherm at 25 ‘C. According to
the Table 3, the correlation coefficients of Freundlich model are also closer to unity from 0.9486 to 0.9980
and provided a good fit for all adsorbents. That indicates nonuniformity of anthracite surface and
adsorption of quinoline by using the four adsorbents belongs to chemical adsorption, which
corresponds with kinetic conclusion. The 1/n is used to evaluate of adsorption superiority (Dabrowski
et al. 1983). The values of 1/n are between 0.4 and 0.9, which indicated that they adsorb easily. This was
supported by the Ri2 less than 1 obtained from the Langmuir isotherm. The values of Kg; in the 507C is
larger than that in the 25 °C, which indicated the adsorption process belongs to endothermic reaction.
Kerstion I et al. showed that adsorption of lignin from wastewater by using activated carbon is
endothermic(Andersson et al. 2011a), which was supported by Mall et al. (Mall et al. 2005)

4. Conclusions

In this work, removal of quinoline using anthracite of various particle sizes was studied. The adsorption
capacity presents a linear increase with the increase of specific surface area, which is similar with Lei
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Li’s study (Li et al. 2002). The AC1 possessing biggest adsorption capacity and removal efficiency are
1.22 mg -g-' and 97.62% respectively. The adsorption of quinoline onto various particle size of anthracite
occurs by chemical adsorption, and the rate of adsorption could be controlled by several processes
simultaneously. The result has been confirmed by several scholars (Andersson et al. 2011b, Srivastava
et al. 2005, Ugurlu et al. 2005, Wu and Yu 2006). The adsorption process are endothermic, which
corresponds with removal of malachite green dye and lignin using activated carbon (Andersson et al.
2011a, Mall et al. 2005). The Ri2 values and the 1/n indicate that the adsorption is a favorable sorption
process (Dabrowski et al. 1983). Adsorption process of quinoline onto different sizes of anthracite
includes initial rapid diffusion and subsequent slow internal diffusion. The smaller particle size had the
faster and shorter rapid diffusion, which was confirmed by Qiang Zhou who had obtained the same
conclusion (Qiang et al. 2013).

Table 3. Isotherm parameters for removal of quinoline by various adsorbents

Langmuir model
Absorbents
T/°C Ki/dm?®mg?! qm/ mgg? Rpa R2

25 4.6181 3.66 0.004 0.8998
AC1

50 6.2807 2.16 0.003 0.9264

25 0.1097 1.08 0.154 0.9889
AC2

50 0.5649 1.22 0.034 0.9976

25 0.0198 0.48 0.503 0.9663
AC3

50 0.0384 0.65 0.342 0.9979

25 0.0067 0.32 0.748 0.9569
AC4

50 0.0132 0.41 0.603 0.9874

Freundlich model
Absorbents
T/°C Kfr/ dm3 mg™? 1/n R2
25 0.9292 0.8314 0.9951
AC1

50 1.3228 0.6779 0.9931

25 0.1230 0.6036 0.9698
AC2

50 0.3330 0.5037 0.9486

25 0.0785 0.4349 0.9980
AC3

50 0.0899 0.5060 0.9830

25 0.0434 0.4629 0.9879
AC4

50 0.0601 0.4601 0.9909
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