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a b s t r a c t

Wastewater from high-concentration nonylphenol polyethoxylates (NPEOs) is often treated by dis-
tillation, and approximately 3% vol distillation residue waste liquid is produced from NPEOs; this 
waste liquid is not easily disposable. A simple route was developed, and the waste liquid was used to 
fabricate porous carbon via hydrothermal carbonization (HTC). The results showed that the porous 
carbon could be obtained at low or high temperatures (160–220°C). As the temperature decreased, 
the reaction time increased. The porous carbon samples had a rough surface and micro-mesoporous 
structure. The largest Brunauer-Emmett-Teller (BET) surface area (SBET) of the porous carbon could 
reach 439 m2 g–1 at a temperature of 220°C at 0.5 h. Functional groups containing C–H, C=O and S=O 
existed on the surface of the porous carbon.

Keywords: NPEOs waste liquid; Porous carbon; Hydrothermal carbonization; Resource recovery

1. Introduction

Nonylphenol polyethoxylates (NPEOs) are nonionic 
surfactants largely used in many agricultural and industrial 
applications, and approximately 60% of NPEOs produced 
were estimated to enter the aquatic environment finally via 
various pathways [1]. NPEOs can be degraded into nonyl-
phenol (NP) and short chain NPEOs in a water body, which 
are more oleophilic, more persistent and more toxic for 
fishes and other aquatic organisms [2–4]. 

Currently, many conventional processes are used to 
treat low-concentration NPEOs in water, such as activated 
carbon adsorption [5,6], electrochemical [7], advanced oxi-
dation process (AOP) [8] and biological methods [9]. The 
above mentioned processes are invalid for treating the 
waste liquid from NPEOs due to its high concentration and 
strong foaming property.

Hydrothermal carbonization (HTC) is a process that 
converts wet biomass into a highly carbonaceous product 
under moderate temperatures (130~250°C) and autoge-
nous pressures [10–12]. Feedstock used includes manure 
[13,14], herbaceous waste [15,16], municipal waste [17–19], 
algae [20–22], wet grains [23–25] and others. In recent 
years, the carbonization of organic pollutants by this pro-
cess has attracted attention. Some researchers had used 
the HTC for olive mill wastewater (OMW) treatment and 
obtained hydrochar at 220°C for 14 h successfully [26]. It 
was also reported that poly(vinyl chloride) (PVC) could be 
completely dechlorinated in the HTC process at operating 
temperature above 235°C [27]. The degree of degradation 
of 12 organic compounds from various classes, consisting 
of pharmaceuticals, pesticides, and industrial chemicals, 
was analyzed after hydrothermal treatment at 200°C for 4 
or 16 h, or 255°C for 16 h; the results showed that the HTC 
process had a significant potential to degrade organic pol-
lutants [28]. In our previous work, hydrochar was prepared 
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via HTC using waste liquid from NPEOs, but the specific 
surface area of the hydrochar was small and could only be 
used as alternative fuel [29]. Then, hydrochar with a higher 
specific surface area was prepared by increasing the ratio of 
sulfuric acid (10 mL H2SO4 per 5 mL of NPEO waste liquid). 
This study attempts to fabricate porous carbon with high 
specific surface area by HTC in the optimization of experi-
mental conditions.

2. Experimental

2.1. NPEO waste liquid

The NPEO waste liquid was supplied by a chemical 
enterprise in China. The total solid (TS) of the waste liq-
uid was measured to be 60 wt% by the gravimetric method, 
according to standard methods. The chemical oxygen 
demand (COD) of the waste liquid was 1000 g L–1. More 
than 60% of organic components of the waste liquid was 
NPEO, and the remaining components included some com-
plex intermediates produced in the production of polytetra-
fluoroethylene (PTFE), including nano-PTFE particles. The 
concentration of metal ions is listed in Table 1.

2.2. Preparation of porous carbon

HTC experiments were performed in a 100 mL poly-
phenylene (PPL)-lined stainless-steel autoclave reactor 
(Yanzheng, Shanghai, China). In each experiment, 5 mL of 
NPEO waste liquid was pipetted into the reactor, 10 mL of 
98% sulfuric acid was then added to the reactor. The reac-
tion vessel was sealed and heated to the desired tempera-
ture (160–220°C) under autogenous pressure (0.3–0.6 MPa). 
The heating rate was set at approximately 8°C/min. After 
the heating stage, the autoclave was kept at the final preset 
temperature for the desired reaction time. The reaction tem-
peratures and reaction times are presented in Table 2.

As the reaction time reached, the reactor was cooled 
down to room temperature. The hydrochar was washed ten 
times with 20 mL distilled water, totaling 200 mL. Then, the 
hydrochar was dried in an oven at 120°C for 2 h. The yield 
of hydrochar (Yhydrochar) and the consumption of sulfuric acid 
(SAc) were calculated based on the following equations, 
respectively.

( ) hydrochar
hydrochar

TS

W
Y  %  =  × 100

W
 (1)

c d rSA  = SA  – SA  (2)

where Yhydrochar – hydrochar yield; Whydrochar – dried hydrochar 
weight; WTS – the weight of TS in waste liquid; SAc – con-
sumption of sulfuric acid; SAd – dosage of sulfuric acid; and 
SAr – sulfuric acid residue in the washing water.

The bulk density of hydrochar was measured according 
to standard methods.

The sulfuric acid residue in the washing water and the 
COD of the washing water were measured by acid-base 
titration and potassium dichromate method, respectively, 
according to standard methods issued by the State Environ-
mental Protection Administration of China (2002).

The concentration of metal ions in the waste liquid was 
analyzed using inductively coupled plasma analysis (ICP) 
(Varian 725–ES, Australia).

2.3. Properties characterization

The morphology and structure of the hydrochar were 
characterized using Scanning electron microscope (SEM) 
(HITACHI S-3400, Japan). N2 adsorption-desorption iso-
therms were collected on Micromeritics ASAP 2460 at the 
temperature of 77 K, from which, the surface area (SBET), 
pore volume (VP) and pore diameter (DP) were determined 
by applying the Brunauer-Emmett-Teller (BET) and Bar-
rett-Joyner-Halenda (BJH) models from the desorption 
branches. The functional groups on the surface of the 
hydrochar were investigated with a Fourier-transform 
infrared spectrometer (FTIR) (Nicolet AVATAR 370, USA) 
in the infrared range between 4000 and 400 cm–1.

3. Results and discussion

3.1. HTC results in different conditions

The results showed that NPEO waste liquid could be 
completely converted to hydrochar without any waste liq-
uid remaining under the designed experimental conditions. 
The yield, the bulk density of hydrochar, the consumption 
of sulfuric acid and the COD of the washing water of the 
different hydrochar samples are listed in Table 3.

The main functions of sulfuric acid in the reaction were 
dehydration and oxidation. The addition of sulfuric acid 
was greatly beneficial to the carbonation of NPEO waste 

Table 1
Metal ion concentration in the NPEO waste liquid

Metal ions Concentration (mg L–1)

Al 204.81
Ba 329.06
Cd 225.64
Co 179.97
Cr 208.23
Pb 322.82
Fe 430.79
Na 15977.5

Table 2
Experimental conditions of the HTC process

Sample Temperature (°C) Reaction time (h)

H-220 220 0.5
H-200 200 0.5
H-180 180 0.5
H-160 160 0.5
H-160-4 160 4
H-160-6 160 6
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liquid. The waste liquid was not carbonized at 200°C for 
24 h without sulfuric acid as an additive. Furthermore, the 
consumption of sulfuric acid had a great influence on the 
yield, the bulk density of hydrochar, the COD of washing 
water, and even the structure of hydrochar. From Table 3, 
with the decrease of temperature in the range of 220–180°C 
under the same reaction time (0.5 h), it could be seen that 
the consumption of sulfuric acid decreased, corresponding 
to the yield, the bulk density of hydrochar and the COD 
of the washing water increased. The yield and the bulk 
density of hydrochar increased, indicating that hydrochar 
became denser with the decrease of the temperature. The 
reduction in consumption of sulfuric acid was detrimental 
to the formation of porous carbon. The increase of COD of 
the washing water indicated that the organic components 
involved in the formation of hydrochar decreased with the 
decrease of the temperature.

To investigate the effect of the different reaction time 
on the reaction process under the same temperature, the 
experiments were conducted at 160°C for 0.5 h, 4 h and 6 
h, respectively. The results showed that the yield of H-160 
decreased sharply to 22 wt%, but the bulk density increased 
compared to H-180, indicating that the ratio of carboniza-
tion was low. Meanwhile, the consumption of sulfuric acid 
decreased, and the COD of the washing water had a steep 
rise. With the increase of the reaction time under this tem-
perature (H-160-4 and H-160-6), the consumption of sulfuric 
acid increased; and the yield, the bulk density of hydrochar 
and the COD of the washing water decreased gradually. 
It was assumed that at a certain temperature range, good 
carbonization results could be obtained by prolonging the 
reaction time or increasing the reaction temperature.

3.2. SEM

The surface morphologies of the hydrochar are shown 
in Fig. 1. For H-220, H-200 and H-160-6, the particles were 
uniformly dispersed with the particle size of 1–2 μm. Sam-
ples H-180, H-160 and H-160-4 were agglomerate with 
inhomogeneous particle size. Under different tempera-
ture conditions, the broken degree of the particle surface 
was different. It seemed that a severe alteration occurred 
under the high- temperature condition. When the tempera-
ture was lower (H-160), the surface of particles was clean 
and smooth; as the reaction time increased, the alteration 
of some particles occurred, but there were still some coarse 
aggregates (H-160-4). Then, the particles were broken and 
dispersed uniformly, and the surface alteration was more 

substantial (H-160-6). It was speculated that the alteration 
also occurred in the interior of the particles, thus affecting 
the morphology and structure of the hydrochar.

3.3. Porosity

The N2 adsorption–desorption isotherms in Fig. 2 
illustrate that all the hydrochar showed the typical type-I 
sorption isotherms with an obvious H3 hysteresis loop 
located at the relative pressure (P/P0) ranging from 0.2 
to 1.0, which was usually considered to be indicative of 
adsorption in micro pores or meso pores with pore sizes 
close to the micro pore range, according to the IUPAC 
classifications [30]. Their corresponding pore size distri-
bution curves revealed that the average pore diameter of 
the hydrochar was concentrated in the mesoporous range 
close to micro pore. Based on the N2 adsorption–desorption 
isotherms, the SBET, VP and DP (see Table 4) was calculated 
by applying the BET and BJH models, respectively. It was 
observed that the SBET of H-220, H-200 and H-160-6 were 439 
m2 g–1, 329 m2 g–1 and 388 m2 g–1, respectively, which were 
larger than H-180, H-160 and H-160-4. The reason was that 
the H-220, H-200 and H-160-6 had smaller DP and larger VP. 
The biggest surface area of the porous carbon (439 m2 g–1) 
was larger than the hydrochar prepared by HTC of many 
biomasses and organic matters with higher temperature 
and longer reaction time [14,16,27].

3.4. FTIR

The surface functional groups were characterized by 
FTIR spectra in Fig. 3.

For all the hydrochar samples, the band at 3400 cm–1 
corresponding to the O–H (hydroxyl or carboxyl) stretching 
vibration indicated that large numbers of –OH groups were 
on the hydrochar surface [31]. The band at 1700 cm–1 implied 
the stretching vibration of C=O in ketone and amide groups 
[32]. The C=C stretching vibration in the spectrum was 
found to be 1615 cm–1 [33]. The S=O stretching vibration at 
1200–1040 cm–1 related to sulfonic acid group [34], which 
suggested the introduction of sulfonic acid group in the 
HTC process. The band at 880 cm–1, which was attributed 
to aromatic C–H out-of-plane bending vibrations, indicated 
that aromatization (including aldol condensation and dehy-
dration) occurred [35].

Moreover, for samples with high temperature or long 
reaction time (H-220, H-160-4 and H-160-6), the band at 

Table 3
The yield, the bulk density of hydrochar, the consumption of sulfuric acid and the COD of washing water

Sample Yield of hydrochar 
(wt%)

Bulk density of 
hydrochar (mg cm–3)

Consumption of 
sulfuric acid (mol)

COD of washing water 
(mg L–1)

H-220 67 114 0.11 (59.78%) 504
H-200 86 187 0.06 (32.61%) 517
H-180 94 228 0.05 (27.17%) 937
H-160 22 244 0.04 (21.74%) 3430
H-160-4 68 172 0.05 (27.17%) 909
H-160-6 85 149 0.09 (48.91%) 522
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Fig. 1. SEM images of the hydrochar samples.

Fig. 2. N2 adsorption-desorption isotherms and pore size distribution curves of the hydrochar samples.
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2930 cm–1 represent C–H stretching vibration, which was 
indicative of aliphatic and aromatics [36]. The bands at 
1379 cm–1 and 610 cm–1 corresponding to the C–H bending 
vibration and C–S stretching vibration were also found. The 
number of functional groups on the hydrochar obtained by 
this experiment was larger than that of the activated carbon 
[35] and hydrochar prepared by HTC of some organic mat-
ters [15,37].

4. Conclusions

The NPEO waste liquid was effectively converted to 
porous carbon via HTC under the conditions of 0.5 h at 
220°C, 0.5 h at 200°C and 6 h at 160°C; the largest BET sur-
face area could reach 439 m2 g–1 at 220°C at 0.5 h. The SEM 
images showed that the porous carbon had uniform parti-
cles and rough surface. The average pore diameter of the 
hydrochar was concentrated in the mesoporous range close 
to micropore. Lots of functional groups mainly containing 
C–H, C=O and S=O existed on the surface of the porous 
carbon.
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