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a b s t r a c t
Chlorinated organic pollutants have been recognized as one of the major problems in the field of 
environmental engineering. In this work, 1,2-dichloroethane (DCE) waste liquid was used as feed-
stock to produce carbon adsorbent through the hydrothermal carbonization process. And the effects 
of nonylphenol ethoxylate (NP-10)/DCE mixing ratio, sulfuric acid initial concentration, and reaction 
time on the adsorption capacity of hydrochars at 180°C were investigated. Properties of the NP-10/
DCE blended hydrochars were assessed by scanning electron microscopy, Brunauer–Emmett–Teller, 
and Fourier-transform infrared spectroscopy analysis. Experimental results show that the hydro-
char obtained by using 50% DCE and 50% NP-10 with 71 wt.% sulfuric acid at 5 h demonstrated 
the best surface area (567.61 m2·g–1) and abundant functional groups. The methylene blue adsorption 
experiments indicated that the maximum adsorption capacity of the hydrochar was 440.49 mg·g–1, 
which was higher than that of commercial activated carbon (261.74 mg·g–1). This study provides a 
novel approach for the disposal of chlorinated organic waste liquids.
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1. Introduction

Numerous chlorinated organic contaminants are tox-
icity and bioaccumulation and have been included in the 
list of the highly harmful chemicals targeted in most coun-
tries [1,2]. Several methods have been developed to treat 
chlorinated organic compounds, including adsorption 
[3–5], oxidation–reduction [6–9], biodegradation [10–12], 
and incineration [13–15]. Direct incineration has been one 
of the most effective means for disposing of high concen-
tration chlorinated organic waste liquids and solid wastes 
for many years. However, this process could release toxic 
byproducts, such as dioxins and hydrochloric acid (HCl) 
[16]. Furthermore, from the aspect of energetic recovery 
efficiency, the heating value of many chlorinated organic 

compounds was low [17]. Therefore, it is vital to seek a 
safe and effective method for the resource utilization of 
chlorinated organic wastes.

In recent years, hydrothermal carbonization (HTC) tech-
nology has been widely applied as a new method for the 
disposal of chlorinated organic solid wastes. It has been 
demonstrated that solid fuel and functional carbon mate-
rials could be produced via the HTC of polyvinyl chlo-
ride (PVC) [18,19]. Moreover, the dechlorination effect and 
adsorption performance of hydrochars could be improved 
through co-hydrothermal carbonization of PVC with bio-
mass waste such as bamboo, pomelo peel, and corncob 
[20–22]. However, the disposal of chlorinated organic waste 
liquids via the HTC process has not been reported.
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1,2-Dichloroethane (DCE) is one of the most popu-
lar organic solvents used in the chemical industry and the 
global production of DCE exceeds 15.8 million tons per year 
[23,24]. Thus, large amounts of DCE waste liquid (about 
28% of global production) could be generated and need to 
be treated. In this work, HTC technology was adopted to 
dispose of DCE waste liquid. However, due to its low car-
bon content, DCE waste liquid must be disposed of other 
organic compounds through co-hydrothermal carboniza-
tion to improve the yield of hydrochar.

Nonylphenol ethoxylate is a typical non-ionic surfac-
tant widely used in agricultural and industrial applications 
[25]. It has been demonstrated in our previous studies that 
carbon adsorbent could be produced from nonylphenol 
ethoxylate (NP-10) waste liquid via hydrothermal car-
bonization under acidic conditions [26]. And NP-10 can 
also effectively assist the hydrochar formation from phe-
nolic waste liquid [27]. This study aims to prepare carbon 
adsorbent through the hydrothermal carbonization of DCE 
waste liquid with the assistance of NP-10.

2. Materials and methods

2.1. Materials

1,2-Dichloroethane (AR) and methylene blue 
(C16H18ClN3S·3H2O) were purchased from Sinopharm 
Chemical Reagent Co., Ltd. The NP-10 waste liquid was 
supplied by a chemical enterprise in Zhejiang Province, 
China. The total solid (TS) of the waste liquid was mea-
sured to be 60 wt.% by the gravimetric method. Sulfuric acid 
(AR, 98%) and activated carbon (AR, 200 mesh) were pur-
chased from Shanghai Titan Scientific Co., Ltd. Deionized 
water was produced by ultrapure water systems (Heal Force, 
Shanghai, China).

2.2. Hydrothermal carbonization experiment

The HTC experiments were performed in a 100 mL 
Teflon-lined miniature magnetic autoclave with a 

stainless-steel pressure gauge (Binhai, Jiangsu, China). The 
temperature of 180°C was selected because of the previous 
study of NP-10 HTC, and at this temperature condition, the 
pressure of the reactor was 1.7 MPa for the 40 wt.% DCE. 
To obtain hydrochar with excellent adsorption performance 
under more economical conditions, the experimental con-
ditions of NP-10/DCE mixing ratio, sulfuric acid concen-
tration, and reaction time were optimized. The reaction 
conditions and experimental results are shown in Table 1. 
The reactor was heated up to 180°C at a heating rate of 5°C/
min. As the reaction time reached, the autoclave was cooled 
down to room temperature naturally. The hydrochar was 
washed with 200 mL of distilled water. Solid–liquid separa-
tion was achieved by filtering through a quantitative filter 
paper (medium speed). Then the hydrochar was dried in 
the oven at 80°C for 6 h, and stored in an air-tight plastic 
tube for subsequent characterization.

The yield of hydrochar was measured using an ana-
lytical balance and calculated according to Eq. (1).
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where Whc and Wfz represent the final weight of dry hydro-
char and the weight of feedstocks (DCE and NP-10), 
respectively.

The consumption of acid (Hc) was calculated accord-
ing to Eq. (2).

H H Hc d r� �  (2)

where Hc, Hd, and Hr represent the consumption of acid, ini-
tial dosage of acid, and acid residue in the washing water, 
respectively.

The acid residue and the chemical oxygen demand (COD) 
of the washing water were conducted by acid–base titration 
and potassium dichromate method, respectively, accord-
ing to standard methods issued by the State Environmental 
Protection Administration of China (2002) [28].

Table 1
Sample names, conditions, chemical oxygen demand of washing water, acid consumption, yield, and adsorption quantity

Sample Volume ratio of 
NP-10/DCE

Initial concentrations of 
sulfuric acid (wt.%)

Reaction 
time (h)

COD 
(mg·L–1)

Acid consumption 
(mmol)

Yield 
(%)

Qe 
(mg·g–1)

S0D1 0:1 0 3 5,800 – – –
N0D1 0:1 78 3 344 27.16 0.84 –
N0.2D1 0.2:1 78 3 120 18.30 8.43 158
N0.5D1 0.5:1 78 3 192 25.94 11.72 194
N1D1 1:1 78 3 304 35.32 16.29 266
N2D1 2:1 78 3 320 75.48 21.60 240
S62T3 1:1 62 3 628 9.86 14.24 35
S67T3 1:1 67 3 514 14.13 16.28 90
S71T3 1:1 71 3 312 20.83 16.28 257
S87T3 1:1 87 3 228 48.43 16.38 287
S71T1 1:1 71 1 432 13.58 13.53 109
S71T5 1:1 71 5 176 28.25 16.49 301
S71T7 1:1 71 7 248 25.66 16.38 273
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2.3. Characterization of hydrochars

The surface morphology and hydrochar structure were 
characterized by scanning electron microscopy (SEM) 
(Germany ZEISS Sigma 300) with an accelerating voltage 
of 5 kV, and before observation, the hydrochars were gold 
coated. Functional groups of hydrochar were investigated 
by Fourier-transform infrared spectroscopy (FTIR; Thermo 
Scientific Nicolet iS5, USA), and samples were scanned 
from 4,000 to 400 cm–1 with a resolution of 4 cm–1. Nitrogen 
adsorption/desorption measurement was analyzed by using 
a gas sorption analyzer (Micromeritics ASAP 2460, USA), 
and the specific surface area was calculated by using the 
Brunauer–Emmett–Teller (BET) model.

2.4. Batch adsorption assays

The obtained carbon adsorbents were ground and 
screened by 200 mesh sieves. Kinetic adsorption experiments 
were performed at 25°C. A mass of 15 mg of the adsorbent 
was added to 500 mL of the methylene blue (MB) solution 
with 10 mg·L–1 initial concentration and kept in a shaker of 
150 rpm. Samples were taken at a certain interval time, fil-
tered through a 0.22 µm membrane, and analyzed using the 
UV-Vis spectrophotometer at its maximum wavelength of 
664 nm (UV-5100, Shanghai Metash Instruments Co., Ltd.). 
The adsorption capacity at time t and at equilibrium, Qt 
(mg·g–1) and Qe (mg·g–1) were calculated by Eqs. (3) and (4), 
respectively [29].
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where C0 is the initial MB solutions concentration (mg·L–1), 
Ct and Ce are the concentration of dye at time t and equilib-
rium, respectively. m indicates the quality of the adsorbent 
(g) and V represents the volume of MB solutions (L).

The pseudo-first-order and pseudo-second-order 
kinetic models were adopted to analyze adsorption kinet-
ics data [29]. The models were expressed as Eqs. (5) 
and (6), respectively.
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where k1 (min–1) and k2 (g·mg–1·min–1), respectively indi-
cate the rate constants of pseudo-first-order and pseudo- 
second-order kinetic models, and t is the contact time (min).

The adsorption isotherm was conducted by adding 
15 mg adsorbent to 500 mL solution with initial MB concen-
trations of 10, 15, 20, 25, 30, 35, 40, and 45 mg·L–1, respec-
tively. The aqueous samples were taken and filtered to 
determine the Ce when the adsorption equilibrium was 
reached. The adsorption isotherm data was calculated by 
Langmuir and Freundlich models [29]. The models were 
expressed as Eqs. (7) and (8), respectively.
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where Qm (mg·g–1) is the maximum adsorption capacity, and 
KL (L·mg–1) is the constant. KF (L·g–1) and n are Freundlich 
constants that give a measure of adsorption capacity and 
adsorption intensity, respectively.

3. Results and discussion

3.1. Optimization of HTC conditions

As shown in Table 1, in the absence of sulfuric acid for 
S0D1, the carbonization of DCE was incomplete under the 
conditions of 180°C at 3 h. The COD of the washing water 
was up to 5,800 mg·L–1, and from the GC-MS analysis 
(QP-2010, Ultra, USA), the main organic compounds in the 
washing water were DCE (65.86%), 2-chloroethanol (14.48%) 
and 1,4-dioxane (11.43%). However, the COD of the washing 
water for N0D1 was 344 mg·L–1 and no DCE was detected 
in GC-MS analysis, which evidenced that the addition of 
sulfuric acid could effectively promote the hydrothermal 
carbonization of DCE. Even so, due to the significantly 
low yield of 0.84%, the addition of NP-10 was necessary.

According to Table 1, it can be seen that under the con-
dition of 78 wt.% sulfuric acid at 3 h, the yields of hydro-
char, the COD of washing water, and acid consumption 
exhibited an increasing trend with the dosage of NP-10 
increased from 0.2 to 2 mL. However, compared to N0D1 
and N0.2D1, the addition of 0.2 mL of NP-10 results in a 
decrease in the COD of washing water, suggesting that NP-10 
could enhance the carbonization degree of DCE. Moreover, 
compared the adsorption performance of the hydrochars 
(N0.2D1, N0.5D1, N1D1, N2D1) for MB, it was observed that 
the hydrochar obtained at an NP-10/DCE volume ratio of 
1:1 exhibited the highest adsorption quantity.

Based on the optimum mixing ratio, the initial sulfuric 
acid concentration was further optimized. It is worth not-
ing that when the sulfuric acid concentration was lower 
than 71 wt.%, the COD of washing water sharply increased 
and the adsorption performance significantly decreased. 
Specifically, the COD of washing water increased from 
312 mg·L–1 of S71T3 to 514 mg·L–1 of S67T3, while the adsorp-
tion quantity of hydrochar decreased from 257 to 90 mg·g–

1. This could be related to the difference in carbonization 
degree. With the initial sulfuric acid concentration exceed-
ing 71 wt.%, the COD of washing water, yields of hydrochar, 
and the adsorption performance changed slightly, while 
the acid consumption raised significantly. To obtain hydro-
char with excellent adsorption performance under more 
economical conditions, the concentration of sulfuric acid 
was optimized to 71 wt.%.

Furthermore, optimization of the reaction times was 
conducted. With the increase of reaction time in the range 
of 1–5 h, the MB uptake amount increased gradually from 
109 to 301 mg·g–1, and the COD of the washing water 
decreased, corresponding to the acid consumption increased. 
When the reaction time was further prolonged to 7 h, com-
pared to S71T5 and S71T7, the MB uptake amount and the 
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yield of hydrochar decreased slightly, inferring the hydro-
char structure underwent some degree of alteration in the 
later stage of HTC. To further investigate the properties of 
hydrothermal carbon obtained under different reaction 
times, a series of subsequent analyses were conducted.

3.2. SEM analysis

Fig. 1 shows the SEM images of the hydrochars obtained 
at different reaction times. Two types of morphologies, the 
dense carbon spheres and the agglomerated particles can be 
observed in each sample (Fig. 1a–d). As shown, the diame-
ter of dense carbon spheres was about 2–5 µm, which pos-
sessed a marginal impact on the pore volume and specific 
surface area of the hydrochar [30]. Generally, these tex-
tural properties of hydrochar were primarily influenced 
by the agglomerated particles. According to Fig. 1a, the 
small particles are tightly bonded to each other and formed 
densely packed granular protrusions (about 100 nm), which 
had a negative effect on well-developed pore structure.

When the reaction time was increased, especially at 5 h, 
the diameter of particles on the surface of the agglomer-
ate decreased to about 20 nm, and a rich nano-scale pore 
structure formed (Fig. 1b–d). It can be inferred that the 
continuous dissolution and growth of the small particles 
led to the condensation polymerization and adjustment 
of the agglomerated particles in this process, which was 
in accordance with the Ostwald ripening theory [31,32]. 
Moreover, with the increasing reaction time, due to the 
escapes of HCl and carbon dioxide from the dichlorina-
tion and decarboxylation, plenty of pore structure in the 
hydrochar could also be formed [33,34]. However, when 
the reaction time was extended to 7 h, the pore structure 
exhibited minimal variation.

The SEM-energy-dispersive X-ray spectroscopy tech-
nique in Fig. 2 reveals the element proportions of hydro-
chars obtained at different reaction times. The chlorine 
content in the hydrochars gradually increased with the 
prolongation of the reaction time. The sulfur content in 
the hydrochars obtained at reaction times of 3–7 h showed 
a positive correlation with the consumption of sulfuric 
acid. However, the hydrochar obtained at 1 h exhibited 
the highest sulfur content, which may be attributed to its 
higher sulfuric acid concentration in the initial stage. As 
shown in Fig. 2b, with the reaction time increased from 1 to 
3 h, both carbon and oxygen content increased. Upon fur-
ther prolonging the reaction time, the variation of oxygen 
content exhibited a similar trend to that of sulfur con-
tent, which can be attributed to the variations in the sul-
fur-oxygen-containing functional groups of the hydrochar.

3.3. Surface area and pores analysis

Fig. 3a presents the nitrogen adsorption–desorption iso-
therms of hydrochars prepared in different reaction times. 
The isotherm of S71T1 fits the type-II sorption behavior 
according to the classification of gas adsorption isotherms, 
indicating the low level of adsorption capacities [35]. The 
S71T3, S71T5, and S71T7 exhibited a typical type-IV sorp-
tion isotherms with an obvious type-H4 hysteresis loop, 
which was usually attributed to adsorption occurring 
within micropores or mesopores [36]. This was supported 
by the range of the average pore size of 3–5 nm (Fig. 3b).

The specific surface area, pore volume, and pore size 
of hydrochar were estimated by the BET equation and the 
Barrett–Joyner–Halenda model (Table 2). At 1 h, the spe-
cific surface area of the hydrochar was merely 4.2 m2·g–1. 
As the reaction time extended to 3 h, the BET surface area 

  

Fig. 1. Scanning electron micrographs of (a) S71T1, (b) S71T3, (c) S71T5, and (d) S71T7.
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correspondingly increased to 493 m2·g–1. With prolonging 
the reaction time to 5 h, the BET surface area continued 
to rise and peaked at 568 m2·g–1. However, when the reac-
tion time extended to 7 h, the BET surface area showed a 
slight decline, supposing that part of the holes collapsed 
or covered after a longer time under this condition.

3.4. FTIR analysis

As shown in Fig. 4, the hydrochars obtained in this study 
exhibited a broad variety of functional groups compared to 
the commercial activated carbon (AC). The peak observed 
around 3,700–3,200 cm–1 corresponded to the stretching 

vibrations of –OH and –COOH, indicating that –OH and 
–COOH groups were present on the surface of hydrochars 
[37]. The peak at 2,800–3,000 cm–1 indicated the stretch-
ing vibrations of C–H in alkanes or carbonyls [38]. And 
the bands at 1,700 and 1,620 cm–1 were typically attributed 
to the C=O stretching in aldehydes and C=C stretching in 
aromatic ring carbon, respectively [39]. Compared with the 
FTIR spectra of S71T1 and S71T3, the absorption peak of 
S71T1 at 1,700 cm–1 was weakened, indicating a decrease 
of the C=O group in S71T1. The peak at 1,210 cm–1 can be 
attributed to the stretching vibration of C–O [30]. The peak 
at 1,037 cm–1 corresponded to the sulfonic acid group (S=O) 
[40], while the adsorption band of the alkyl halide groups 

Fig. 2. Energy-dispersive X-ray spectroscopy mappings of hydrochars at various reaction times.

 
Fig. 3. (a) Nitrogen adsorption–desorption isotherms of hydrochars and (b) pore-size distribution calculated by Barrett–Joyner–
Halenda of hydrochars.

Table 2
Specific surface area, total pore volume, and Barrett–Joyner–Halenda pore diameter of hydrochars prepared under difference re-
action times

Sample Specific surface area (m2·g–1) Total pore volume (cm3·g–1) Barrett–Joyner–Halenda pore diameter (nm)

S71T1 4.25 0.011 13.67
S71T3 492.90 0.018 3.72
S71T5 567.61 0.032 4.23
S71T7 532.80 0.019 3.64
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of C–Cl, observed in the range of 600 to 700 cm–1, was  
relatively weakened [41].

3.5. MB adsorption experiment

3.5.1. Adsorption kinetics

Fig. 5 shows the adsorption kinetics of S71T5 and AC. 
The results revealed a rapid adsorption occurred within the 
first 10 min, which could be attributed to the abundance 
of active sites on the surface of S71T5 during the initial 
stage. Adsorption reached equilibrium within approxi-
mately 120 min. The fitting parameters of the two models 
are shown in Table 3, indicating the pseudo-first-order rate 
model was more suitable for AC adsorption (R2 = 0.9989), 
while the pseudo-second-order rate model was more suit-
able for S71T5 adsorption (R2 = 0.9998) [42].

3.5.2. Adsorption isotherms

As revealed in Fig. 6, the equilibrium adsorption data 
were analyzed by the Langmuir and Freundlich adsorption 

 
Fig. 5. Kinetic models of methylene blue adsorption on the 
S71T5 and activated carbon at 25°C (pH: 6.5; initial methy-
lene blue concentration: 10 mg·L–1; S71T5 and activated carbon 
dosage: 15 mg; volume of methylene blue solution: 500 mL).

Fig. 6. Adsorption isotherms of methylene blue on the S71T5 
and activated carbon.

 
Fig. 4. Fourier-transform infrared spectra of S71T1, S71T3, 
S71T5, S71T7 and activated carbon.

Table 3
Kinetic constant parameters for methylene blue adsorption on the S71T5 and activated carbon

Adsorbent Pseudo-first-order kinetic model Pseudo-second-order kinetic model

k1 (min–1) Qe (mg·g–1) R2 k2 (g·mg–1·min–1) Qe (mg·g–1) R2

S71T5 0.0982 303.47 0.9932 0.0657 319.19 0.9998
Activated carbon 0.0268 226.60 0.9989 2.2790 217.62 0.9469

Table 4
Fitting parameters for different isotherm models

Adsorbent Langmuir isotherm model Freundlich isotherm model

Qmax (mg·g–1) KL (L·mg–1) R2 KF (L·g–1) n R2

S71T5 440.49 78.426 0.9998 388.58 21.290 0.8558
Activated carbon 261.74 1.8671 0.9985 248.02 7.3964 0.9847
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isotherm models. The isotherm coefficients are displayed in 
Table 4. The Langmuir isotherm was found to more accu-
rately depict the adsorption process of MB onto S71T5 and 
AC, as determined by the comparison of correlation coef-
ficient (R2) values. This indicates that the adsorption type 
can be classified as monolayer surface adsorption [43]. For 
the Langmuir isotherm, a higher adsorption equilibrium 
constant KL corresponds to a stronger adsorption capac-
ity [44]. Thus, sample S71T5 exhibited superior adsorp-
tion performance compared to AC, which was consistent 
with the data presented in Table 4.

4. Conclusion

The chlorinated organic waste liquids were successfully 
disposed of in a one-step procedure using hydrothermal 
carbonization assisted by NP-10. The process parameters for 
co-hydrothermal carbonization were determined by opti-
mizing the NP-10/DCE mixing ratio, initial concentration of 
sulfuric acid, and reaction time. Under the optimized condi-
tions, the yield of sample S71T5 increased by up to 16.49%, 
and the specific surface area reached up to 567.61 m2·g–1. 
The MB adsorption experiments revealed excellent adsorp-
tion performance of the sample S71T5, with a maximum 
adsorption capacity of 440.49 mg·g–1, surpassing that of 
commercial activated carbon (261.74 mg·g–1). This study 
provides a new and efficient technology for the treatment 
and management of chlorinated organic waste liquids.
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