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Abstract: Adsorption is widely used in wastewater treatment. In this work, the removal of quinoline, 

pyridine and phenol from coking wastewater by using modified coking coal, which was treated by four 

different modification methods i.e. acidification sodium hydroxide (5 mol/dm3), hydrochloric acid (5 

mol/dm3) and acetic acid (5 mol/dm3) and low-temperature (105℃) oxidation, was investigated. The 

modified coal was characterized by the surface area analysis, SEM, total acidity and basicity and FT-IR. 

The results showed that the surface area from high to low follows the order: modification with acetic 

acid, modification with hydrochloric acid, raw coal, modification with sodium hydroxide and 

modification with low-temperature. Experimental data were fitted to pseudo-first-order, pseudo-

second-order and intra-particle diffusion. The adsorption of all followed pseudo-second-order kinetics. 

The result showed that the removal efficiency of coal modified by hydrochloric acid and acetic acid are 

higher than raw coal, while modified by sodium hydroxide and low-temperature are lower than raw 

coal., The coal modified by hydroxide acid had the best adsorption capacity. 
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1. Introduction 

Coking wastewater is mostly generated in the cooling step of coal coking at high temperature 

(900~1100 °C) and in the liquid-stripping step of the produced coke oven gas (COG) (Zhao et al., 2009). 

Moreover, massive quantities of condensed water are generated during the transportation of COG 

through pipelines to neighboring plants as a heat source (Kim et al., 2007). Coking wastewater contains 

complex inorganic and organic pollutants (Gao et al., 2016). These compounds are carcinogenic, 

mutagenic and toxic contaminants and may have long-term environmental and ecological impact. 

Therefore, the treatment of coking wastewater has been a significant research topic in wastewater 

treatment field.  

Adsorption is widely used in wastewater treatment. However, the most widely and effectively used 

adsorbent is active carbon (Aksu and Yener 2001, Fan et al., 2016). Some studies indicate that active 

carbon achieves great effect on adsorbing dye, lignin, phenol, quinoline, pyridine, indole and other 

organic pollutants (Andersson et al., 2011, Ca, 2006, Carvajal-Bernal et al., 2015, Fletcher et al., 2007) . 

However, the usage of active carbon is limited by its difficult regeneration. Coal, as a natural polyporous 

materials possessing relative large surface area, stepped into researcher’s sight. The result showed that 

the raw coal had great capacity and removal efficiency to adsorb heavy metal ions (Xia, 2000), organic 

pollutants (Cai and Tang, 2012, Cai et al., 2010), and copper in wastewater. 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). Some researchers also researched the effect of modified coal on 
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its physicochemical properties. The results showed that the modified lignite (Wang et al., 2000), coal 

modified by organic solvent (CS2), organic acid (CH3COOH), inorganic acid (HCl) and strong oxidant 

(ClO2) (Zhang et al., 2017), the modified brown coal (Wang et al., 2012)have well effect on wastewater 

treatment with structure change. So far, no studies have been reported on the treatment of coking 

wastewater by using modified coking coal., The advantage of coal adsorption method is that the 

adsorbent is cheap, disposable and widely available. The contaminated coal after adsorption will be 

returned to the coking plant, power plant or coal-water slurry plant without reducing the use value. 

This research investigates the feasible modified methods of coking coal for removing organic 

pollutants such as quinoline, pyridine and phenol which are not easily biodegradable in coking 

wastewater and provides new modification method of coal utilization as adsorbent, which can improve 

the utilization value of coal., The adsorbents were characterized and the functional groups were 

measured. The adsorption behavior was investigated by adsorption kinetics.  

2. Materials and methods  

2.1 Materials 

The coking coal used in this study was obtained from a coal preparation plant in Xuzhou, Jiangsu 

province, China. The coal samples belong to concentrate of gravity separation with particle size less 

than 25 mm, and then they were crushed and grounded to below 74 μm which were used as the 

absorbents. Surface modifications were carried out using solutions of 5 mol/dm3 sodium hydroxide 

(NC), hydrochloric acid (HC), acetic acid (CC) as modifying agents; the ratio of coking coal to modifying 

agent was 1:4 w/w. The immersion was carried out at 25 °C and the samples were shaken up for 72 h 

with shaking speed of 120 rpm. After that, the samples were rinsed completely by deionized water. 

Finally, the samples were dried in an oven at 30 °C for 12 h. For the scenario of low-temperature 

oxidation surface modification, the samples were placed into the oven at 110 °C for 72 h.  

Quinoline, pyridine and phenol with purity greater than 99.5% were purchased from Shanghai 

Chemical Company and used as a single component (adsorbate) in this study. 

2.2 Characteristic analysis  

The functional group analysis of adsorbents was measured by FT-IR instrument (VERTEX70v, Bruker 

Cor. Germany). The special surface area of adsorbents was measured by surface area analyzer 

(BELSORP-minill BET, MicrotracBEL Inc., Japan). Surface morphology of adsorbents were analyzed by 

the Scanning electron microscopy (SEM) (JSM-6700F, Japan). 

Oxygen functional groups on the surface were characterized using the modified Boehm method (H.P 

et al., 1964). The method is adding 25 cm3 of 0.05 mol/dm3 NaOH to determine the acidic groups, and 

25 cm3 of 0.5 mol/dm3 HCl solution to determine the basic groups in different flasks containing around 

1.0000 g of each the modified coking coal., All samples were stirred at 25 °C for 24 h and then rinsed 

with deionized water until the rinse water kept a constant pH. Finally, the filtrate was titrated with 0.05 

M NaOH or HCl.  

2.3 Batch adsorption tests 

The quinoline, pyridine and phenol solutions were prepared by dissolving the analytical reagent in 

deionized water. 2.0000 g adsorbent and 50 cm3 adsorbate solution were added to the solutions in 100 

cm3 flasks mounted on a constant temperature (25 °C) water bath shaker at 120 rpm to keep the 

adsorbent suspended. All samples were filtered using needle tip filter with 0.045 µm pore size. The 

quinoline, pyridine, phenol concentrations of aqueous samples were measured by the UV/VIS 

spectrophotometer (Mei Puda 3500 UV/VIS, China). The removal of quinoline, pyridine and phenol 

from the aqueous samples was determined by UV adsorption and calculated using the formula: 

𝑞𝑡 =
(C0−𝐶𝑡)V

M
                                       (1) 

where qt (mg·g-1) is the organic pollutants removed at time t by a unit mass of adsorbent, C0 (mg/dm3) 

is the initial organic pollutants concentration, Ct (mg/dm3) is the organic pollutants concentration at 

time t, M (g/dm3) is the amount of adsorbent added and V (dm-3) is the adsorbate solutions volume. 
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To observe the effect of the adsorption time for absorbance and to collect kinetics data, parallel 

experiments were performed in various time from 10 to 180 min. The concentration of initial organic 

pollutants was 50 mg/dm3, corresponding to the concentration in wastewater from the coal gas 

company. The residual concentration was measured by UV/VIS spectrophotometer. 

2.4 Kinetics analysis  

To investigate the process of quinoline, pyridine and phenol adsorption on coal, four kinetic models 

were employed to fit the data obtained. 

2.4.1 Pseudo-first-order model 

The pseudo-fist-order equation is given as: 

d𝑞𝑡

d𝑡
= 𝐾1(𝑞𝑒𝑞 − 𝑞𝑡)                                    (2) 

where qt is the amount of adsorbate adsorbed at time t (mg·g-1), qe the adsorption capacity at equilibrium 

(mg·g-1), K1 the pseudo-fist-order rate constant (min-1) and t is the constant time (min). The integration 

of Eq. (2) with the initial condition, qt=0 at t=0 leads to (Gerente et al., 2007): 

   log(𝑞𝑒 − 𝑞𝑡) = log𝑞𝑒 −
K1

2.303
𝑡 .                             (3) 

The values of adsorption rate constant (K1) for quinoline, pyridine, phenol were determined from 

the plot of log (qe - qt) versus t. 

2.4.2 Pseudo-second-order model  

The pseudo-second-order model can be represented in the following form (Badmus and Audu 2009): 

d𝑞𝑡

d𝑡
= K2(𝑞𝑒 − 𝑞𝑡)

2                                   (4) 

where K2 is the pseudo-second-order rate constant (g·mg-1·min-1). Integrating Eq. (4) and noting that qt 

=0 at t=0, the following equation is obtained: 
𝑡

𝑞𝑡
=

1

K2𝑞𝑒
2 +

𝑡

𝑞𝑒
                                      (5) 

The initial sorption rate h (mg·g-1·min-1), at t→0 is defined as: 

ℎ = K2 × 𝑞𝑒
2 .                                     (6) 

2.4.3 Intra-particle diffusion study  

The possibility of intra-particle diffusion was explored by using the intra-particle diffusion model 

(Srivastava et al., 2005): 

𝑞𝑡 = K3𝑡
0.5 + I                                     (7) 

where K3 is the intra-particle diffusion rate constant (mg·g-1·min-0.5) and I is the intercept (mg·g-1). 

According to Eq. (7), a plot of qt versus t0.5 should be a straight line with a slope K3 and intercept I when 

adsorption mechanism follows the intra-particle diffusion process. 

3. Result and discussion 

3.1 Characterization of adsorbents 

The FTIR spectroscopy of several adsorbents are shown in Fig. 1. There is no significant change on the 

species of functional groups for all the adsorbents. A broad band between 3200 and 3600 cm-1 for all the 

adsorbents indicates the present of phenolic hydroxyl groups on the adsorbent surface (Sarkar et al., 

2007). The IR spectra of all the adsorbents shows weak and broad peaks in the region of 2800-3000 cm-1 

corresponding to CH2 and CH3 groups stretching from aliphatic or cycloalkane (Guo and Bustin 1998). 

The peak at 1600 cm-1 and weak peak in 2840 cm-1 corresponds to aldehydes and ketone groups 

(Ledesma et al., 1998). The FTIR spectra of the sample showed transmittance in the 1032 cm-1 region due 

to the ash, such as kaolin (Zhu 2001). The band 1386-1534 cm-1 may be attributed to the aromatic groups. 
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The peak at 550 cm-1 may be attributed to S-S in aromatics (Sarkar et al., 2007). 
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Fig. 1. FTIR spectroscopy of various adsorbents 

SEM of the adsorbents is shown in Fig. 2. Compared with the original coking coal, the surfaces of 

coal modified by hydrochloric acid and acetic acid have more mounds, cracks, scraps and fragments, 

while the surface of samples modified by sodium hydroxide and low-temperature oxidation are 

relatively smooth. 

 

Fig. 2. Scanning electron micrograph of (a), (b), (c), (d), (e) 
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Table 1. Chemical parameters of different adsorbents 

Sample HC CC RC NC OC 

Total acidity/μmol·g-1 219.81  240.99  195.15  188.38  215.23  

Total basicity/μmol·g-1 186.35  192.00  208.25  220.35  218.58  

Total groups/μmol·g-1 406.16  432.99  403.40  408.73  433.81  

The surface areas were calculated using the BET model (Kaya et al., 2013), and the surface areas were 

10.336 m2·g-1, 10.722 m2·g-1, 11.625 m2·g-1, 13.629 m2·g-1 and 14.592 m2·g-1 for OC, NC, RC, HC and CC, 

respectively. The results correspond to the surface morphology of scanning electron micrograph. 

Compared with RC, the surface areas of CC and HC increased by 2.967 m2·g-1, 2.004 m2·g-1, respectively, 

while NC and OC decreased by 0.903 m2·g-1, 1.289 m2·g-1, respectively. 

The total acidity and basicity of these five different absorbents are shown in Table 1.  The values of 

acidity from high to low follow the order: CC, HC, OC, RC, NC. Compared with raw coal, the acidity 

value of HC, CC and OC have an increase, and the acidity of HC and OC are similar in values, while 

the sample of NC have a decrease. For the basicity, taken the RC for comparison the samples of NC and 

OC increase by 12.10 μmol·g-1 and 10.33 μmol·g-1, respectively, while the samples of CC and HC 

decrease by 16.25 μmol·g-1 and 21.90 μmol·g-1, respectively. 

3.2 Effect of contact time on coal adsorption 

The effect of contact time (t) on the removal of quinoline, pyridine, and phenol by different adsorbents 

are shown in Fig. 3. The contact time curves show that the adsorption capacity increased gradually 

before 60 min and reached quasi-equilibrium after 120 min, beyond which there was no significant 

increase in adsorption capacity. Fig. 3 (a) shows that the adsorption capacity of quinoline are increased 

by 0.19 mg·g-1, 0.03 mg·g-1 respectively for CC and HC comparing with raw coking coal because of the 

maximum surface areas and functional groups; while the adsorption capacity of NC and OC are 

decreased by 0.09 mg·g-1, 0.22 mg·g-1, respectively. The most adsorption capacity and removal efficiency 

of quinoline are 1.05 mg·g-1 and 84.06% for CC. According to Fig. 3 (b), the adsorption capacity trend 

for all adsorbents are similar with quinoline, but the adsorption capacity increases for all absents. The 

maximum and minimum adsorption capacity of pyridine are 1.13 mg·g-1 and 0.77 mg·g-1 for CC and 

OC, respectively. The result of Fig. 3 (c) shows that the adsorption capacity of phenol from high to low 

follows the order: CC, HC, RC, NC, OC. Compared with Fig. 3 (a) and (b), the adsorption capacity 

decreases owing to phenol possessing weak acidic. 

 

Fig. 3. Effect of contact time on the removal of quinoline, pyridine, phenol by various adsorbents 
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3.3 Adsorption kinetic models 

3.3.1 Pseudo-first-order model 

The data of adsorption experiments were analyzed by the function of origin 8.0 linear fitting, the results 

are shown in the Table 2. According to Table 2, the removal rate of quinoline indicated that he values 

for CC, RC, HC are similar and they are faster than NC, OC. The results owing to the adsorption rate is 

positively correlated with the specific surface area. The removal rate of pyridine from high to low 

follows the order: CC, HC, OC, RC, NC. The adsorption rate not only correlated with the specific surface 

area, but also correlated with the functional groups. The OC’s removal rate of pyridine is faster than RC, 

because the OC possesses more functional groups. The value for the removal rate of phenol is bigger on 

CC followed by that on RC, NC, HC, OC in the order. The HC removal rate of phenol is slower than RC 

because the phenol is faintly acid and the acid functional groups are not conducive to the adsorption of 

phenol. For all the adsorbents to adsorb quinoline, pyridine and phenol, the adsorption process do not 

follow the pseudo-first-order model because the correlation coefficient is small and the qe, meas values are 

far bigger than the qe, calc. 

Table 2. Kinetics parameters of pseudo-first-order model for different absorptions 

Adsorbate Adsorbent  
Pseudo-first-order model  

qe ,meas/mg·g-1 qe,calc/mg·g-1 K1/min-1 R2 

Quinoline 

RC 0.96 0.59 0.0439 0.9362 

NC 0.87 0.13 0.0393 0.8630 

HC 0.99 0.42 0.0426 0.9148 

CC 1.05 0.13 0.0458 0.9135 

OC 0.74 0.50 0.0385 0.9376 

Pyridine 

RC 1.00 0.67 0.0381 0.9150 

NC 0.97 0.58 0.0371 0.9269 

HC 1.07 0.62 0.0426 0.9655 

CC 1.13 0.67 0.0481 0.9561 

OC 0.77 0.51 0.0419 0.9348 

Phenol 

RC 0.60 0.38 0.0364 0.9285 

NC 0.44 0.34 0.0362 0.9327 

HC 0.61 0.46 0.0352 0.9979 

CC 0.69 0.28 0.0488 0.9881 

OC 0.37 0.25 0.0304 0.9897 

3.3.2 Pseudo-second-order model  

Fig. 4 shows the plot of t/qt versus t. The equilibrium adsorption capacity, qe,calc is obtained from the 

slope of the plot and the initial sorption rate h is obtained from the intercept. Since qe, calc is known from 

the slope, the pseudo-second-order constant K2 can be determined from the value of the initial sorption 

rate. The qe, meas and the qe, calc values along with calculated non-linear correlation coefficients for pseudo-

second-order models are shown in Table 3. The qe, meas (in Table 2) and the qe, calc values from the pseudo-

second-order kinetic model are very close to each other. The correlation coefficients are also closer to 

unity for pseudo-second-order kinetics from 0.9855 to 0.9999. Therefore, the sorption can be 

approximated more appropriately by the pseudo-second-order kinetic model than the first-order kinetic 

model for all the adsorbents. The K2 and h values as calculated from the Fig. 4 are listed in Table 3. The 

K2 and h values for adsorption on CC is the highest due to the CC has the biggest surface areas and the 

relatively high functional groups. 
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Table 3. Kinetics parameters of pseudo-second-order model for different absorptions 

Adsorbate Adsorbent  
Pseudo-second-order model  

qe,calc/mg·g-1 K2/g·mg-1·min-1 h/mg·g-1·min-1 R2 

Quinoline 

RC 1.00 0.1697 0.1693 0.9993 

NC 0.88 0.3323 0.4145 0.9996 

HC 1.01 0.2429 0.2501 0.9995 

CC 1.06 0.4679 0.5266 0.9999 

OC 0.79 0.1316 0.0817 0.9993 

Pyridine 

RC 1.06 0.1018 0.1150 0.9998 

NC 1.01 0.1294 0.1332 0.9994 

HC 1.11 0.1565 0.1935 0.9999 

CC 1.16 0.1795 0.2417 0.9999 

OC 0.85 0.0739 0.0532 0.9969 

Phenol 

RC 0.75 0.0338 0.0191 0.9855 

NC 0.48 0.1827 0.0416 0.9994 

HC 0.65 0.1284 0.0544 0.9994 

CC 0.71 0.4467 0.2214 0.9999 

OC 0.40 0.1975 0.0388 0.9985 

 

 

Fig. 4. Pseudo-second-order kinetic plots for the removal of quinoline, pyridine, phenol by various adsorbents 

3.3.3 Intra-particle diffusion model  

According to Eq. (7), a plot of qt versus t0.5 should be a straight line with a slope K3 and intercept I when 

adsorption mechanism follows the intra-particle diffusion process. Fig. 5 presents a plot of qt versus t0.5 

for all the adsorbents. The value of I gives an idea about the thickness of the boundary layer, i.e. the 

larger the 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. It also indicates that the pore diffusion is not the rate-

controlling step (Wu and Yu 2006). The initial curved portion is attributed to the bulk diffusion and the 

linear portion to intra-particle diffusion (Andersson et al., 2011). 
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Table 4. Kinetics parameters of inter-particle diffusion model for different absorptions 

Adsorbate Adsorbent  
Intra-particle diffusion 

K3/g·mg-1·min-0.5 I R2 

Quinoline 

RC 0.0332 0.6017 0.7167 

NC 0.0179 0.6849 0.4436 

HC 0.0172 0.7899 0.9220 

CC 0.0131 0.9029 0.7310 

OC 0.0336 0.3712 0.7467 

Pyridine 

RC 0.0425 0.5308 0.7772 

NC 0.0316 0.6045 0.8734 

HC 0.0320 0.7169 0.7994 

CC 0.0303 0.7914 0.7575 

OC 0.0400 0.3093 0.9054 

Phenol 

RC 0.0454 0.0691 0.8914 

NC 0.0208 0.2104 0.8252 

HC 0.0291 0.2780 0.8285 

CC 0.0172 0.1756 0.8805 

OC 0.0143 0.5357 0.7293 

 

 

Fig. 5. Intra-particle diffusion plots for the removal of quinoline, pyridine, phenol by various adsorbents  

4. Conclusions 

The modification method with acetic acid has the highest adsorption capacity for the three organic 

pollutions. The adsorption capacity for CC of quinoline, pyridine, phenol is 1.05 mg·g-1, 1.13 mg·g-1, 0.69 

mg·g-1, respectively. The surface area of CC and HC increased by 2.967 m2·g-1 and 2.004 m2·g-1 

respectively compared with RC, which provides a new method to modify coal and coking coal modified 

with acid have bigger surface area. It is the significant aspect for adsorbents to adsorb quinoline, 

pyridine and phenol. Fitting of experimental data to various kinetics models showed that the processes 

fit well pseudo-second-order rate kinetics. To assess how the modifications effect adsorption process, 
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further investigations using column operations are recommended. This paper provides a new way to 

achieve the zero emissions of coking wastewater, which is very significance for wastewater purification. 
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