Water Air Soil Pollut (2024) 235:569
https://doi.org/10.1007/s11270-024-07367-z

®

Check for
updates

Preparation Conditions and Property Characterizations
of Semi-coking Wastewater based Phenolic Resin

Shuaige Shi - Yonglin Yang - Yufei Wang -
E. Zheng - Jian Li - Long Yan

Received: 5 October 2022 / Accepted: 18 July 2024 / Published online: 1 August 2024
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2024

Abstract The phenols and ammonia—nitrogen com-
pounds in semi-coking wastewater are used to react
with formaldehyde to generate phenolic resin and
curing agent urotropine, so as to achieve the resource-
ful preparation of thermosetting phenolic resin. The
effects of pH value of wastewater, reaction time, reac-
tion temperature, formaldehyde addition amount and
other conditions on the quality of phenolic resin were
investigated. Response surface methodology was used
to optimize the preparation conditions of phenolic
resin, and the effect of ammonia on the preparation of
phenolic resin was explored. Moreover, solid content,
carbon yield, gel time and viscosity of the prepared
phenolic resin were determined. The experimen-
tal results showed that the quality of phenolic resin
prepared when the pH value of wastewater was 9.5,
the reaction time was 2.5 h, the reaction temperature
was 140 °C, and the additive amount of formaldehyde
was 1.4 mL, phenolic resin with best quality could be
obtained. The solid content of phenolic resin prepared
is 94.25%, the carbon yield is 40.02%, the gel time is
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92 s, and the viscosity is 1.50x 10* mPa-s. This study
has solved the problems such as high chemical oxy-
gen demand (COD), high ammonia—nitrogen, as well
as difficult degradation and treatment.
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1 Introduction

Currently, environmental pollution and energy crisis
are great challenges facing human being, which will
also pose a serious threat to world security (Ribeiro
and Nunes, 2021; Shi et al., 2021; Yu et al., 2017).
Therefore, environmental governance in the process
of energy development has become a major issue
that must be considered to promote the high-quality
development of energy revolution in China. In recent
years, with the construction and development of
energy and chemical industry bases, the mining and
processing of coal as the primary energy industry
has caused increasingly serious environmental pollu-
tion problems, which has brought great pressure and
challenges to the local environmental protection work
(Shi et al., 2020; Hao et al., 2018). In particular, the
use of medium—low temperature pyrolysis technology
to produce semi-coke, coal tar and gas is a coal utili-
zation mode that is more suitable for the situation of
China at present (Ding et al., 2021; Xu et al., 2020;
Zhou et al., 2021). However, the semi-coke burned
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in the carbonization furnace needs to be cooled with
water, and the raw gas must also be washed with
water to ensure gas purification and more tar output,
which results in the semi-coking wastewater with
complex composition, high pollutant concentration,
high chroma, high toxicity, stable properties and
extremely poor biodegradability, which is a typical
industrial wastewater with high pollution and toxicity
(Chen et al., 2020; Li et al., 2019, 2020; Liu et al.,
2017, Liu et al., 2020a, b; Ma et al., 2016; Zhang
et al., 2020). There is currently no effective treatment
process for such wastewater. Therefore, in view of the
particularity of the semi-coking wastewater, such as
the direct resource comprehensive utilization of many
phenolic substances in the semi-coking wastewater
and the transformation of wastewater "treatment"
into "transformation" to prepare phenolic resin, it
can not only protect the environment but also create
economic benefits. Meanwhile, it has very important
theoretical and practical significance for the current
gradually warming coal quality utilization mode.

So far, although there have been a lot of literatures
about the preparation of phenolic resin, most of the
raw materials for preparing phenolic resin at home and
abroad are single phenol and aldehyde (Foyer et al.,
2016; Chaussoy et al., 2022; Lin et al., 2016; Bieder-
mann and Grob, 2006). Xu et al. used phenol and for-
maldehyde as raw materials to synthesize resol resin
by microwave heating under alkaline conditions, and
obtained the best reaction conditions (Xu et al., 2020).
Ding et al. used m-cresol, formaldehyde and boric acid
as reaction raw materials to synthesize methyl phenolic
resin and boron modified methyl phenolic resin by in-
situ polymerization respectively (Ding et al., 2013). The
structure of the resin was characterized, its mechanical
properties, heat resistance and carbon yield were tested,
and the influence of resin structure on its properties
was studied. Zhao et al. explored the solid content, vis-
cosity and curing time of phenolic resin, and analyzed
the infrared spectrum of multi-catalytic phenolic resin
(Zhao et al., 2016). Wang et al. used phenol and formal-
dehyde to prepare phenolic resin adhesive by twice add-
ing alkali and once refluxing instead of once and twice
alkali (Wang et al., 2017a, b). Wang et al. synthesized
a novel aryl-boron-containing phenolic resin from phe-
nol and formaldehyde in the presence of phenylboronic
acid (Wang et al., 2014). The effects of catalyst dosage,
phenolic-aldehyde ratio, boric acid addition and other
factors on the properties of boron modified phenolic
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resin were investigated. The structure and thermal prop-
erties of boron modified phenolic resin were character-
ized by infrared spectroscopy and thermogravimetric
analyzer. However, there are few reports on the prepa-
ration of phenolic resin by direct resource utilization of
phenol, ammonia and other components in semi-coking
wastewater.

In this paper, based on the resource utilization of
semi-coking wastewater, the "treatment" of semi-cok-
ing wastewater is changed into "transformation", and
the phenolic compounds and ammonia—nitrogen com-
pounds in semi-coking wastewater are fully utilized to
react with formaldehyde to generate phenolic resin and
curing agent urotropine. Recycling to prepare thermo-
setting phenolic resin, response surface methodology
is used to optimize the preparation conditions of phe-
nolic resin. The phenolic resin was characterized and
analyzed, so as to truly realize the purpose of near zero
discharge of semi-coking wastewater, and solve its dif-
ficult degradation and difficult treatment.

2 Experimental Process
2.1 Water Sample Collection

The semi-coking wastewater in this paper was col-
lected from a semi-coke plant with an annual output of
1 million tons in Shaanxi Province, China. The waste-
water has no treatment, and the COD value is about
30,000 ~40,000 mg-L_l, the ammonia—nitrogen value
is about 5000~ 15,000 mg-L_l. The concentration and
composition of pollutants in semi-coking wastewa-
ter vary with different coal types and production pro-
cesses, so it is necessary to filter the wastewater before
use to remove the filter residue in the wastewater.

2.2 Sample Preparation

With the help of favorable conditions such as high
ammonia—nitrogen catalysis, emulsification mold-
ing and waste heat at about 65 °C, the "treatment" of
semi-coking wastewater is changed into "transforma-
tion". Phenolic resin and curing agent urotropine are
generated by reacting phenolic and ammonia—nitro-
gen compounds in semi-coking wastewater with for-
maldehyde, and thermosetting phenolic resin is pre-
pared by recycling. The preparation process is shown
in Fig. 1.
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Fig. 1 Preparation process of semi-coke wastewater based phenolic resin

2.3 Characterization and Analysis of Semi-Coking
Wastewater Based Phenolic Resin

2.3.1 Determination of Solid Content

Three clean surface dishes were taken and put into
muffle furnace. They were baked at 100 °C for about
20 min. After they were cooled to room temperature,
they were weighed and recorded as m,, and then about
2.0 g of phenolic resin was weighed and recorded
as m,. The weighed phenolic resin was put into the
surface dish, baked at 120 °C for 2 h in muffle oven,
and then cooled to room temperature, weighed and
recorded as ms;. The average value was determined
three times. The calculation formula of solid content
is as follows (EI-Shahawi et al., 2017).

Solidcontent = (m3 — m,) +m, x 100% (D)

2.3.2 Determination of Residual Carbon Rate

The dried crucible was weighed as w,, about 2.0 g
phenolic resin was weighed as w,, the phenolic resin
was placed in the crucible and placed in a muffle fur-
nace, calcined at 800 °C for 7 min, and the total mass
was weighed as wj after cooling to room tempera-
ture. By measuring three times, the average value was
recorded as the carbon yield of phenolic resin. The
formula is as follows (EI-Shahawi et al., 2017).

Carbonyield = (Wl +w,y —ws) = w, X 100% ()

2.3.3 Determination of Gel Time

About 1.0 g phenolic resin was placed on a heated
iron plate at 150 °C, timing was started when the
phenolic resin is placed on the iron plate, and the
phenolic resin was continuously stirred with a glass
rod until the first droplet of phenolic resin appeared,
and the time at this time was the gel time of phenolic
resin.

2.3.4 Determination of Viscosity

50.0g phenolic resin was dissolved in 50 mL ethanol
to prepare 50% phenolic resin ethanol solution, and
its viscosity was measured by NDJ-8S viscometer.

3 Results and Discussion

3.1 Effect of Preparation Conditions on the Quality
of Phenolic Resin

3.1.1 Effect of pH Value of Wastewater
on the Quality of Phenolic Resin

In order to explore the effect of pH value of wastewa-
ter on the quality of phenolic resin prepared, 70 mL
semi-coking wastewater was taken as the treatment
object, ammonia water was used to adjust the pH
value of wastewater to 9.18, 9.50, 10.00, 10.50 and
11.00 respectively, 1.40 mL formaldehyde was added
to react at 120 °C for 3 h, then filtered and dried to
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prepare a series of phenolic resins, the output of
which is shown in Fig. 2(a).

Figure 2(a) is a graph showing the effect of differ-
ent pH value of wastewater on the quality of phenolic
resin. It can be seen from the figure that the quality
of phenolic resin firstly increases and then decreases
with the increase of pH value. The reason may be
that with the increase of pH value of wastewater, the
hydrogen on the ortho-position of phenol is more
active and easier to react with formaldehyde to gener-
ate phenolic resin. When the pH value of wastewater
is further increased, ammonia water ionizes ammo-
nium ions excessively and reacts with formaldehyde
to generate urotropine (hexamethylenetetramine). The
generated urotropine is used as curing agent of phe-
nolic resin, thus causing the quality of phenolic resin
to decrease (Hu et al., 2019). Therefore, the amount
of phenolic resin produced at pH 9.5 is the largest.
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3.1.2 Effect of Reaction Time on the Quality
of Phenolic Resin

Taking 70 mL semi-coking wastewater as the treat-
ment object, a series of phenolic resins were pre-
pared under the conditions of wastewater pH for
9.50, reaction temperature for 120 °C and addition
of formaldehyde for 1.40 mL. The effect of reaction
time on the quality of synthesized phenolic resin was
investigated. The experimental results are shown in
Fig. 2(b).

Figure 2(b) is a graph showing the effect of differ-
ent reaction time on the quality of phenolic resin. It
can be seen from the figure that the quality of phe-
nolic resin shows an increasing trend with the exten-
sion of reaction time. The reasons may be that the
initial reaction time is short, the reaction between
formaldehyde and phenol is insufficient, addition
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Fig. 2 Effect of preparation conditions on the quality of phenolic resin. (a) pH value of wastewater, (b) reaction time, (c) reaction

temperature, (d) formaldehyde addition amount
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reaction mainly occurs, polycondensation reaction
rarely occurs, and the quality of phenolic resin pre-
pared is less. With the extension of reaction time, phe-
nol and formaldehyde can fully react under the action
of ammonia, and hydroxymethyl groups also undergo
polycondensation with each other, thus increasing the
quality of phenolic resin. With the further increase of
reaction time, the reaction of phenol gradually tends
to be complete, and the quality of phenolic resin pre-
pared tends to be stable and then increases slowly.
When the reaction time is greater than 2.5 h, the qual-
ity of phenolic resin is still increasing, but the change
is not obvious. Considering comprehensively, the
optimal reaction time is 2.5 h.

3.1.3 Effect of Reaction Temperature on the Quality
of Phenolic Resin

Reaction temperature is also one of the important fac-
tors affecting the quality of phenolic resin. In this exper-
iment, 70 mL semi-coking wastewater was selected, the
pH value was adjusted to 9.50, 1.40 mL formaldehyde
was added to carry out reaction at different temperature
for 2.5 h, a series of phenolic resins were obtained by
filtration and drying, and the effect of reaction tempera-
ture on the quality of phenolic resin was studied. The
change relationship is shown in Fig. 2(c).

Figure 2(c) shows the effect of different reaction
temperature on the quality of phenolic resin. It can be
seen from the figure that the quality of phenolic resin
firstly increases and then decreases with the increase
of reaction temperature. The reason may be that the
reaction is slow and incomplete at low temperature.
Ammonium ions react with phenol first to generate
phenoxy anions, and phenoxy anions react with for-
maldehyde to generate methylol phenol. The quality
of phenolic resin generated is relatively small. With
the increase of temperature, addition reaction and
polycondensation reaction proceed at the same time,
and then polycondensation reaction occurs between
methylol phenol and phenol (Bing et al., 2016; Gao
et al., 2021; Liu et al., 2020a, b; Wang et al., 2017a,
b), thus forming phenolic resin, and its content
increases significantly. When the reaction temperature

NHF
nCgHs — OH + nHCHO —' [-CgH,(OH) — CH,~| — +nH,0

increases further, the temperature has no significant
effect on the quality of phenolic resin, and because
formaldehyde is volatile and cannot react with phe-
nol, it is not conducive to the formation of phenolic
resin, so the quality of phenolic resin decreases.
Therefore, the best reaction temperature is 140 °C.

3.1.4 Effect of Formaldehyde Addition Amount
on the Quality of Phenolic Resin

70 mL semi-coking wastewater was selected to adjust
pH to 9.50 with ammonia water, and the amount of
formaldehyde added was 0.80 mL, 1.00 mL, 1.20 mL,
1.40 mL, 1.60 mL, 1.80 mL, 2.00 mL and 2.20 mL,
respectively. After reacting at 140 °C for 2.5 h, filtering
and drying, a series of phenolic resins were prepared,
and the effects of different formaldehyde additions on
the quality of phenolic resins were explored.

Figure 2(d) is a graph showing the effect of different
formaldehyde addition amount on the quality of phenolic
resin. It can be seen from the figure that the quality of
phenolic resin firstly increases, then stabilizes and then
decreases with the increase of formaldehyde addition.
The possible reason is that when the amount of formal-
dehyde is low, the ortho on phenol is inactive, and less
methylol phenol is produced, and the quality of phenolic
resin is less. With the increase of formaldehyde addition,
formaldehyde and phenol can fully react, and the quality
of phenolic resin produced gradually increases (Hu et al.,
2019; Mougel et al., 2019). With increasing amount of
formaldehyde furtherly, the phenol in the wastewater is
continuously reduced because of the constant amount
of semi-coking wastewater, which is not enough to react
with formaldehyde, and the quality of phenolic resin is
basically unchanged. Considering comprehensively, the
optimal amount of formaldehyde added is 1.4 mL.

3.2 Preparation Mechanism of Phenolic Resin

Because there are many phenolic substances in semi-
coking wastewater, after they react with the added
formaldehyde, a variety of corresponding phenolic

resins will produce. The total reaction equation for
preparing phenolic resin is Eq. 3.

(©)
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Meanwhile,the effect of ammonia in semi-coking
wastewater on the preparation of phenolic resin is
complex, ammonia is a weak base, which participates
in the whole reaction as a catalyst in the reaction pro-
cess; The ionized hydroxide ion and phenol generate
phenoxy anion, the phenoxy anion and formaldehyde
are added to generate methylol phenol, and the con-
densation of methylol phenol will generate phenolic
resin; In addition, the ionized ammonium ion will
also react with formaldehyde to generate hexameth-
ylenetetramine (urotropine) (EI-Shahawi et al., 2017;
Hu et al., 2019), which is a very important curing
agent, resulting in the obtained phenolic resin being
thermosetting phenolic resin. Ammonia in wastewa-
ter reacts with formaldehyde as follows.

4NH} + 6HCHO — |(CH,)N,|H* + 3H* + 6H,0
)

3.3 Preparation Conditions Optimization of Phenolic
Resin by Response Surface Methodology

3.3.1 Response Surface Design

Response surface methodology is a method that
uses modeling analysis to determine various factors
and their interactions, so as to achieve the purpose
of optimizing experiments (Pereira et al., 2021).
Through the above single factor experimental analy-
sis results, using Design Expert 7.0 software and
response surface methodology Box-Behnken Design
(BBD) design, the influence of pH, reaction tem-
perature, reaction time and other three factors and
their levels on the quality of phenolic resin in the
preparation process of phenolic resin was further
studied. In terms of design level range, the pH value
was 9.18 ~ 10, the reaction time was 1~4 h, and the
amount of formaldehyde added was 1.2~1.8 mL.
The experimental factors and independent variable
levels are shown in Table 1.

3.3.2 Response Surface Model and Significance Test
of Regression Equation

The temperature of the optimization experiment is fixed
at 140 °C. The response surface methodology design
experiment adopts the three-factor and three-level experi-
ment designed in Table 1. The experimental design

@ Springer

Table 1 Experimental level and experimental independent
variable factors

experimental factors Level

1 0 1
A: pH 9.18 9.59 10.00
B: Time, h 1 2.5 4

C: Formaldehyde content, mL 1.20 1.50 1.80

scheme and analysis results are shown in Table 2. The
predicted value in Table 2 is the result of regression
analysis of the real data obtained from the experiment by
software. The relative error is the ratio of absolute error
to real value, while the absolute error is the difference
between the real data obtained from the experiment and
the predicted data. It can be found from the table that the
error between the experimental prediction value and the
experimental value is less than 6%. In addition, the real
experimental data are compared with the predicted data.
As shown in Fig. 3, the distribution of experimental data
is basically consistent with the distribution of predicted
data, indicating that the established model can be applied
to the prediction of optimization conditions in the prepa-
ration process of phenolic resin.

ANOVA in Design Expert 7.0 software is used
to perform quadratic multinomial regression fit-
ting on the data in Table 2. The coefficients of the
regression equation and the variance analysis of
the response surface model are shown in Table 3.
The F value in the table is the ratio of the regres-
sion mean square deviation to the error mean square
deviation, and the P value is the probability value
corresponding to the F value. When the P value of
model term or regression equation coefficient is less
than 0.05, it has a significant impact on the model.
From the table, it can be seen that the P value of the
regression model is less than 0.05, indicating that
the model has significant influence. The mismatch
term is a reflection of the inconsistency between the
experimental data and the model. The model can be
used for experimental simulation when the value is
greater than 0.1, while the P value in the phenolic
resin preparation regression model is 0.0568, indi-
cating that the model mismatch is not significant.
In addition, A, B, C, AC, A%, B, C? have significant
effects on the regression equation of phenolic resin
preparation. The binary multi-term regression equa-
tion of phenolic resin quality is as follows.
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Table 2 Response surface

. Number  Factor Phenolic resin quality Relative error
design and results
pH Time/h (B) Formaldehyde True value  Predict alues
(A) amount/ mL (C) /g /g
1 -1 -1 0 0.24 0.25 -4.20
2 1 -1 0 0.18 0.18 0.00
3 -1 1 0 0.30 0.30 0.00
4 1 1 0 0.24 0.23 4.20
5 -1 0 -1 0.31 0.30 3.20
6 1 0 -1 0.19 0.18 5.20
7 -1 0 1 0.28 0.29 -3.60
8 1 0 1 0.25 0.26 -4.00
9 0 -1 -1 0.21 0.21 0.00
10 0 1 1 0.29 0.30 -3.40
11 0 -1 -1 0.29 0.28 3.40
12 0 1 1 0.31 0.30 3.20
13 0 0 0 0.37 0.36 2.70
14 0 0 0 0.37 0.36 2.70
15 0 0 0 0.36 0.36 0.00
16 0 0 0 0.37 0.36 2.70
17 0 0 0 0.35 0.36 2.86

0.4+

Resin quality

0.35

Predicted
=)
W

1

o

[

W
|

0.154

I I I I I I

0.25 0.3 0.35 0.4
Actual

Fig. 3 Relationship between predicted value and true value
during phenolic resin preparation

Y = 0.36 — 0.0354 + 0.027B + 0.017C
+0.023AC — 0.015BC — 0.069A> )
—0.055B% — 0.038C*>

3.3.3 Response Surface Analysis

In order to determine the best preparation conditions
of phenolic resin, according to the influence of two
factors (solution pH values-reaction time; solution pH
values-formaldehyde addition; reaction time-formal-
dehyde addition) in the model equation on the qual-
ity of phenolic resin, a three-dimensional response
surface diagram and its contour diagram (Figs. 4, 5
and 6) are drawn respectively. The influence results
of each factor and their interaction on the quality of
phenolic resin can be directly reflected through the
diagram.

Figure 4 shows the interactive effect of the pH
value of wastewater and reaction time on the qual-
ity of phenolic resin. It can be seen from the figure
that both the pH value of wastewater and the reac-
tion time have important influence on the quality of
phenolic resin, showing a trend of increasing first and
then decreasing. When the reaction time is 3.4~4 h
and the pH value is 9.59~10.00, its mass shows an
obvious downward trend. Through contour analysis, it
can be concluded that the reaction time and the pH
value of wastewater have an interactive effect on phe-
nolic resin, and the optimal region of the pH value

@ Springer
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Table 3 Test of coefficient and significance of regression equation

source Coefficient ~ Standard Error ~ Sum of Squares =~ Mean Square ~ F-value P-value Significance
Estimate
Model 0.0649 0.0072 265.15 <0.0001 significance
Lack of Fit 0.0002 8.446x107° 0.2049 0.8882 not significance
Intercept 0.3643 0.0023
A -0.0310 0.0018 0.0077 0.0077 0.0077 <0.0001 significance
B 0.0320 0.0018 0.0082 0.0082 0.0082 <0.0001 significance
C 0.0162 0.0018 0.0021 0.0021 0.0021 <0.0001 significance
AB 0.0013 0.0026 6.760x 10 6.760x 107 6.760x 107 0.6333  not significance
AC 0.0315 0.0026 0.0040 0.0040 0.0040 <0.0001 significance
BC -0.0055 0.0026 0.0001 0.0001 0.0001 0.0738 not significance
A? -0.0606 0.0025 0.0155 0.0155 0.0155 <0.0001 significance
B? -0.0633 0.0025 0.0169 0.0169 0.0169 <0.0001 significance
c? -0.0382 0.0025 0.0061 0.0061 0.0061 <0.0001 significance
R 0.9971
@ Resin quality, g ®
4.00

Time, h

9.79

9.38

10.00

Resin quality, g

Fig. 4 Interaction effects of pH value of wastewater and reaction time on the quality of phenolic resin

is between 9.38 and 9.69, and the reaction time is
between 2.2 and 3.4 h.

Figure 5 shows an interactive effect of the pH
value of wastewater and formaldehyde addition on
phenolic resin quality. From the response surface
diagram, it can be known that the quality of phe-
nolic resin increases first and then decreases with
the increase of pH value and formaldehyde addi-
tion in wastewater. The obvious downward trend

@ Springer

appeared when the amount of formaldehyde added
was 1.65~1.80 mL, and the pH value of wastewater
appeared in 9.59~10.00. Through contour analysis,
it can be concluded that the pH value of wastewater
and the amount of formaldehyde added have obvious
interactive effects on the quality of phenolic resin.
The optimal range of the pH value is between 9.28
and 9.79, and the amount of formaldehyde added is
between 1.40 and 1.70 mL.
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Fig. 6 Interaction effects of reaction time and formaldehyde addition amount on the quality of phenolic resin

Figure 6 shows that interaction of reaction time
and formaldehyde addition on the quality of phenolic
resin. From the response surface diagram, it can be
observed that the reaction time and the amount of
formaldehyde have a greater impact on the quality
of phenolic resin. With the extension of the reaction
time and the increase of the amount of formalde-
hyde, the quality of phenolic resin presents a trend
of first increasing and then decreasing. The obvious
decreasing trend appears in the reaction time about
3.4~4 h, and the amount of formaldehyde added

appears between 1.65~1.80 mL. There is an opti-
mal region of the reaction time is 2.5~ 3.4 h, and the
amount of formaldehyde added is 1.40~1.70 mL. In
this area, the quality of phenolic resin prepared is
the highest.

3.3.4 Verification Experiment
The optimal conditions for the preparation of phe-

nolic resin were obtained that the pH value was
9.5, the reaction time was 2.8 h, and the amount of

@ Springer
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Table 4 True and predict values of phenolic resin prepare
under optimum conditions

Table 6 Carbon yield of semi-coking wastewater based phe-
nolic resin

Verifica-  Phenolic resin quality / g Relative error %
tion test -
predict value True value
1 0.3716 0.3271 13.16
0.3260 13.71
0.3285 13.50

formaldehyde added was 1.5 mL from the optimize
model of Design Expert 7.0. This value can also be
obtained by finding the first partial derivative of the
regression equation (Eq. 5).

Under the conditions that the pH value was 9.48,
the reaction time was 2.8 h, and the amount of for-
maldehyde added was 1.5 mL, the experiment was
repeated three times. If the relative error is not more
than 15%, it shows that the model has a good predic-
tion result for the preparation conditions of phenolic
resin. The experimental results are shown in Table 4.

As can be seen from Table 4, the above relative
errors are not more than 15%, indicating that the
model has a good prediction effect on the preparation
conditions of phenolic resin.

3.4 Characterization Analysis of Semi-Coking
Wastewater Based Phenolic Resin

3.4.1 Determination and Analysis of Solid Content

Three phenolic resin samples with mass of 1.9988 g,
2.0071 g and 2.0003 g were weighed respectively,
and placed in muffle furnace at 120 °C for 2 h to
determine the solid content of phenolic resin.

Table 5 is the solid content measurement table
of phenolic resin. From the above table, the solid
content of phenolic resin is 94.25%, which is larger
than that of conventional phenolic resin. This may be
because some ions in semi-coking wastewater play

Table 5 Solid content of semi-coking wastewater based phe-
nolic resin

w, /g wy,/g wslg Carbon yield Average value
! % ! %
579172 2.4156 58.8832 39.99 40.02

59.7776  2.4327 60.7507 40.00
59.0594 2.4927 60.0580 40.06

a role in strengthening the solid content of phenolic
resin. Phenolic resin with large solid content has the
advantages of fast drying and low transportation cost.

3.4.2 Determination and Analysis of Carbon Yield

Three phenolic resin samples with mass of 2.4156 g,
2.4327 g and 2.4927 g were taken and calcined in
muffle furnace at 800 °C for 7 min, and then the car-
bon yield of phenolic resin was determined.

Table 6 shows the measurement data of carbon
yield of phenolic resin. It can be seen that the carbon
yield of semi-coking wastewater based phenolic resin
at 800 °C is 40.02%, and the carbon yield of semi-
coking wastewater based phenolic resin is relatively
high, which well explains that the preparation of phe-
nolic resin is thermosetting phenolic resin and is the
best choice for refractory materials.

3.4.3 Determination and Analysis of Gel Time

Three phenolic resin samples with mass of 1.0002 g,
1.0008 g and 1.0006 g were taken respectively, and
the gel time of phenolic resin was measured on a
heated iron plate at 150 °C.

Table 7 is the measurement data of the gel time
of the semi-coking wastewater based phenolic resin,
From the table, the gel time of the semi-coking
wastewater based phenolic resin is 92 s, The gel
time of pure phenolic resin is 121 s, and the gel time

Table 7 Gel time of semi-coking wastewater based phenolic
resin

Phenolic resin quality ~ Gelation time /s~ Average value /s

m /g m,/g ms/g Solid content % Average value /g

38.3408 1.9988 40.2120 93.62 94.25% 1.0002 85 92
335412 2.0071 35.4445 94.81 1.0008 97

34.5089 2.0003 36.3954 94.31 1.0006 94
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of semi-coking wastewater based phenolic resin
is shorter than that of pure phenolic resin, which
may result from the fact that the activation energy
required for synthesizing phenolic resin from semi-
coking wastewater is lower than that required for
synthesizing pure phenolic resin, so the gel time
of semi-coking wastewater based phenolic resin is
shorter.

3.4.4 Determination and Analysis of Viscosity

50 g semi-coking wastewater based phenolic resin was
taken, 50 mL ethanol solution was added, stirred and
shaken well, and its viscosity was measured by NDJ-8S
viscometer.

Table 8 shows the measurement data of the vis-
cosity of the semi-coking wastewater based phe-
nolic resin. According to the table, the viscosity of
the semi-coking wastewater based phenolic resin is
1.50x 10* mPa-s, the viscosity of pure phenolic resin
is 1.00x 10* mPa-s, and the viscosity of semi-coking
wastewater based phenolic resin is higher than that of
pure phenolic resin, which may be due to the modifi-
cation of some ions in semi-coking wastewater in the
process of generating phenolic resin. The effect makes
the viscosity of semi-coking wastewater based phe-
nolic resin higher than that of pure phenolic resin.

3.4.5 SEM and FT-IR Analysis of Semi-Coking
Wastewater Based Phenolic Resin

The SEM image of the prepared phenolic resin is
represented in Figure S1, which is enlarged by 5000
times. Most phenolic resins are spherical shaped,
which is consistent with previous literatures (Liao
et al., 2021; Jeong et al., 2021). However, compared
with phenolic resin prepared by pure single compo-
nent, the phenolic resins prepared from semi-coking
wastewater possess different sizes and aggregates into
large clumps, attributing to the difference reaction

Table 8 Viscosity of semi-coking wastewater based phenolic
resin

Number Viscosity / mPa-s Average value / mPa-s
14,900 15,016
15,200

3 14,950

speed between formaldehyde and the different phe-
nolic substances contained in the wastewater, and
resulting in the spherical structure of different sizes.
FT-IR spectra of semi-coking wastewater based phe-
nolic resin is represented in Figure S1. The charac-
teristic peak at 1456 cm™! assigns to CH,. The char-
acteristic peak at 1620 cm™' corresponds to benzene
ring and the characteristic peak in 3396 cm™! attrib-
utes to the phenolic hydroxyl group. Especially, the
presence of methylene bridge functional group at
around 1464 cm™! confirms the formation of phenolic
resins (Yaakob et al., 2022), indicating that phenolic
resins was successfully prepared from semi-coking
wastewater.

In addition, water quality characteristics before and
after preparation of phenolic resin from semi-coking
wastewater is shown in Table S1. Figure S3 shows the
color comparison of semi-coking wastewater before
and after preparation. After the preparation of phe-
nolic resin, the color of the wastewater changes from
dark black to light red. Chemical oxygen demand
(COD), ammonianitrogen and total phenol are greatly
decreased. The removal rate of phenols is as high as
99.2%. The toxicity of the wastewater is dramatically
reduced, which is conducive to subsequent biochemi-
cal treatment.

4 Conclusion

70 mL semi-coking wastewater was used as the
research object, and a certain amount of formalde-
hyde was added to prepare phenolic resin at a certain
reaction temperature and time. Through this experi-
ment, the following conclusions can be drawn:

(1) The effects of the pH value of wastewater,
reaction time, reaction temperature, formaldehyde
addition amount and other conditions on the qual-
ity of phenolic resin are investigated, and it is found
that more phenolic resin could be prepared when the
pH value of wastewater is 9.5, reaction time is 2.5 h,
reaction temperature is 140 °C, and formaldehyde
addition is 1.4 mL.

(2) The Box-Behnken Design (BBD) of response
surface method was used to further study the inter-
action of the pH value of wastewater, reaction time
and formaldehyde addition of wastewater on the
quality of phenolic resin, so as to obtain the optimal
conditions for the preparation of phenolic resin. The
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experimental results showed that the resin quality is
the best when the pH value of wastewater is 9.5, the
reaction time is 2.8 h and the addition amount of for-
maldehyde is 1.5 mL.

(3) The solid content of phenolic resin prepared
from semi-coking wastewater is 94.25%, the carbon
yield is 40.02%, the gel time is 92 s, and the viscos-
ity is 1.50x 10* mPa-s. A series of data show that the
semi-coking wastewater based phenolic resin has bet-
ter physical and chemical properties.
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