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-enhanced supercritical water
oxidation of wastewater released from 3-
hydroxypyridine production

Junru Bu, Huan Liu and Chunmian Lin *

A study on Fenton's reagent-enhanced supercritical water oxidation (SCFO) of wastewater released from 3-

hydroxypyridine production was carried out in this paper. The effects of temperature, oxidant multiple,

residence time, Fe2+ concentration, and pH on the degradation efficiency of wastewater were

investigated. The Plackett–Burman test was designed to evaluate various factors, namely, temperature,

oxidant multiple, and pH, which were found to significantly affect degradation efficiency. Response

surface analysis was performed to optimize the parameter levels of the main influencing factors. The

results indicated that the optimal conditions required for the oxidative degradation of wastewater in the

SCFO systems were pH of 3, temperature of 473 �C, oxidant multiple of 7, Fe2+ concentration of

0.5 mg L�1, and residence time of 262.6 s (flow rate: 1.5 mL min�1). Under these conditions, the total

organic carbon removal rate of the wastewater could reach 98.1%. The activation energy of the

wastewater under SCFO conditions was 55.3 kJ mol�1, and the pre-exponential factor A was 52.8 s�1.
1 Introduction

3-Hydroxypyridine is a toxic and volatile nitrogen-containing
heterocyclic organic compound, which is miscible in water in
any proportion and facilitates the dissolution of most organic
compounds in water. Moreover, because of its special properties
and structure, it is widely used in coking and in chemical,
pharmaceutical, pesticide, and other industries.1–3 With the
economic development, wastewater release from 3-hydroxypyr-
idine production is continuously increasing because of the
growing demand for 3-hydroxypyridine. In addition, the prop-
erties of 3-hydroxypyridine are stability and toxicity. Therefore,
technologies are required for the effective treatment of 3-
hydroxypyridine wastewater.4–6

The supercritical water oxidation (SCWO) technology is an
advanced oxidation technique that uses water as a medium
and utilizes the characteristics of water in a supercritical state
to degrade organic matter.7–12 Under supercritical conditions
(T > 374 �C, P > 22.1 MPa), water can be homogeneously mixed
with organic matter and oxidants in any ratio to form
a homogeneous phase without phase-to-phase mass transfer
resistance, which increases the reaction rate.13–15 However, so
far, SCWO has not been widely applied mainly because of the
problems associated with it such as its temperature and
pressure requirements, equipment requirements, corrosion,
salt deposition, equipment clogging, and heat recovery.16–18
sity of Technology, Hangzhou 310014,

hemistry 2019
Fenton's reagent is a combination of ferrous salt and H2O2.
Fenton oxidation is an advanced oxidation method that
mainly relies on the strong oxidizing properties of the Fenton's
reagent to degrade pollutants.19–22 Catalysis by Fe2+ can make
H2O2 decompose to produce hydroxyl radicals (HOc) with
extremely strong oxidizing properties, thus effectively
oxidizing pollutants in water. Preliminary studies have shown
that the introduction of Fe2+ into SCWO with H2O2 as the
oxidant (SCFO) can enhance the effect of SCWO on the
degradation of organic pollutants, play a synergistic role in the
Fenton oxidation and SCWO, or moderate the reaction
conditions23.

So far, the research on SCFO has been limited to simulating
wastewater.23 The treatment of actual wastewater by SCFO has
not been reported, and the optimal conditions for the oxidative
degradation of pollutants in the SCFO systems have not been
systematically investigated. We rst explored the effects of
temperature, oxidant multiple, residence time, Fe2+ concentra-
tion, and pH on the degradation efficiency of actual organic
wastewater released from 3-hydroxypyridine production in
SCFO systems and then designed the Plackett–Burman (PB) test
to evaluate various factors and screen signicant factors
affecting degradation. Next, the response surface methodology
was used to optimize the reaction conditions of the system, and
a quadratic regression equation model was established. The
kinetics of the wastewater in SCFO were studied to further
clarify the SCFO system and provide basic data for the industrial
application of SCWO.
RSC Adv., 2019, 9, 29317–29326 | 29317
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Fig. 1 Schematic of the continuous reaction experiment device. (1)
Low-pressure gradient mixer; (2) high-pressure constant current
pump; (3) furnace; (4) tube reactor; (5) PID temperature controller; (6)
cooling cell; (7) back pressure valve; (8) precision pressure gauge; (9)
collection bottle.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 4

/5
/2

02
6 

1:
01

:3
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2 Experimental
2.1 Materials and devices

H2O2 (analytical reagent, 30 wt%), purchased from Shanghai
Lingfeng Chemical Reagent Limited Company, was applied as
an oxidant. FeSO4$7H2O (analytical reagent, $98%), purchased
from Sinopharm Chemical Reagent Limited Company, was
used to provide Fe2+ in SCWO. H2SO4 (analytical reagent, 95.0–
98.0%), purchased from Xiqiao Chemical Limited Company,
was used to provide H+ in SCWO. Wastewater from 3-hydrox-
ypyridine production was obtained from Zhejiang Supor Phar-
maceutical Limited Company (Shaoxing) and ltered before the
experiment to prevent the high-pressure constant current pump
from being blocked. The basic parameters are shown in Table 1.
The deionized water was homemade in the laboratory.

A schematic of the device used in this study is shown in
Fig. 1. Wastewater, H2O2, Fe

2+ solution (1.5 mg L�1), and dilute
sulfuric acid were mixed using a low-pressure gradient mixer
and continuously driven into a stainless steel tube (316 L)
reactor by a high-pressure constant current pump (outer
diameter 3.2 mm, inner diameter 1.5 mm, length 30 m). The
reactor could be maintained at a specic temperature and
pressure by the heating furnace and back pressure valve,
respectively, and the organic pollutants in the wastewater were
degraded therein. The reaction mixture was cooled through
a cooling cell with water. The tail liquid was collected and
analyzed using a Shimadzu Total Organic Carbon Analyzer
(TOC-V CPH/CPN, Japan).
2.2 Control of conditions

(1) Oxidant multiple: oxidant multiple (n) is dened as the ratio
between the amounts of H2O2 supplied to the amounts of H2O2

required based on the reaction stoichiometry; the reaction
equation is presented as follows:

2C5H5NO + 23H2O2 / 10CO2 + 28H2O + N2 (1)

(2) Reaction temperature: the temperature range of the
experiment was 380–480 �C.

(3) Residence time: under different supercritical conditions
(pressure and temperature), the density of water was different.
It is difficult to directly control the residence time of the reac-
tants; thus, the residence time is generally regulated by
changing the ow rate.

At a given temperature and pressure, the residence time can
be calculated by eqn (2):

s ¼ VR � rW

WW

(2)
Table 1 Properties of wastewater from 3-hydroxypyridine production

Parameter TOC (mg L�1) pH SS (mg L�1)

Value 16 000 9.3 61.6

29318 | RSC Adv., 2019, 9, 29317–29326
VR: reactor volume, cm3; rW: density of water in supercritical
state, g cm�3; and WW: mass ow of water, g min�1.

(4) Reaction pressure: the experimental reaction pressure
was preset at 23.0 MPa.

(5) Fenton condition control:① the Fe2+ concentration in the
wastewater can be controlled by adjusting the ratio of the Fe2+

solution using a low-pressure gradient mixer; ② pH can be
controlled by diluting with H2SO4 solution using a low-pressure
gradient mixer.
2.3 Analysis methods and experimental design

(1) Total organic carbon (TOC) of the tail liquid was measured
using a Shimadzu TOC Analyzer, and the TOC removal effi-
ciency was characterized as the degradation efficiency of the
wastewater.

(2) Single-factor experimental design: the effects of temper-
ature, oxidant multiple, residence time, Fe2+ concentration, and
pH on the TOC removal efficiency of the wastewater were
studied in the SCFO system, and the optimal parameters of each
factor were roughly determined.

(3) PB test design: the PB test design was the rst step in
optimization. It was achieved using the Design Expert 8.0 so-
ware to screen factors that markedly affect the wastewater TOC
removal efficiency. Two levels, low (�1) and high (+1), were
taken for each factor, and 12 trials were performed in all. Each
test was repeated 3 times, and the average value was taken as
the test result.

(4) Response surface test design: according to the experi-
mental results of the PB test, three signicant factors were
selected for the Box–Behnken response surface test, and the
optimal conditions for wastewater degradation in the SCFO
system were determined using the Design Expert 8.0 soware.
The three factors were studied at three levels, and seventeen sets
of experiments were carried out.
Color Salt (mg L�1) Odor

Light yellow 100 Irritating smell

This journal is © The Royal Society of Chemistry 2019
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3 Single-factor experiment
3.1 Effect of temperature on degradation efficiency

The pressure was 23.0 MPa, the oxidant multiple was 4, the
ow rate was 2.0 mL min�1 (residence time was 217.3 s), the
Fe2+ concentration was 0.30 mg L�1, and the pH was 3.0. The
temperature was changed from 380 �C to 480 �C. Fig. 2
shows the effect of temperature on the TOC removal effi-
ciency of the wastewater. It can be seen from Fig. 2 that the
TOC removal efficiency increases with the increase in
temperature. This indicates that temperature is an impor-
tant factor affecting the degradation efficiency of waste-
water. As S. V. Prasad Mylapilli et al. reported,24 at a near-
critical condition (380 �C), water undergoes ionization
with a potential to generate hydronium and hydroxide ions,
which act as catalysts and exhibit maximum; the organic
compounds in the wastewater were degraded into stable
intermediates that required a higher temperature to convert
them into permanent gases. Moreover, with the increase in
temperature, the following reactions occurred:

H2O2 / 2HOc (3)

H2O2 þHO
�
/HO

�

2 þH2O (4)

HO
�

2 þHO
�

2/H2O2 þO2 (5)

H2O2 þHO
�

2/HO
�

2 þH2OþO2 (6)

HO
�

2 þHO
�
/H2OþO2 (7)

R + HOc / Intermediates + HOc / CO2 + H2O (8)

The generated free active radicals act upon organic
molecules to degrade them into simple gases. As the
temperature continuously increases, the effect of
Fig. 2 Effect of temperature on TOC removal efficiency of the
wastewater (23.0 MPa, oxidant multiple 4, flow rate 2.0 mLmin�1, Fe2+

0.30 mg L�1, pH 3.0).

This journal is © The Royal Society of Chemistry 2019
temperature on the TOC removal efficiency of contami-
nants gradually decreases. This is because at higher
temperatures, the TOC removal efficiency has already
reached a higher level and the remaining pollutants are at
a lower concentration under a certain residence time
condition, which leads to a lower reaction rate. Consid-
ering both the pollutant degradation efficiency and the
equipment operating cost, 460 �C was considered as the
most suitable temperature for degradation.

3.2 Effect of oxidant multiple on the degradation efficiency

Fig. 3 illustrates the change in the TOC removal efficiency
of wastewater with oxidant multiple under 420 �C,
23.0 MPa, 2.0 mL min�1 (ow rate), 0.30 mg L�1 (Fe2+

concentration), and 3.0 (pH). It can be seen from the gure
that in the SCFO system, when the oxidant multiple
changes from 1 to 6, the TOC removal efficiency of the
wastewater increases rapidly from 65.8% to 96.2%,
respectively. When the oxidant multiple changed from 6 to
10, the increase in the TOC removal efficiency was reduced.
This implies that oxidant multiple affects the degradation
efficiency but when it reaches a certain point, the inuence
of the oxidant multiple is no longer obvious. This is
because the addition of H2O2 provides more radicals at
420 �C, which act upon the molecules of organic matter.
However, excess oxidant results in equilibrium of radicals
with H2O2, generating less reactive radicals such as HO2c

and O2, as mentioned in eqn (4)–(7). Consistent conclu-
sions have also been reported in other research studies.24

Therefore, the following PB test was performed with an
oxidant multiple of 6.

3.3 Effect of residence time on the degradation efficiency

The inuence of residence time on the TOC removal effi-
ciency of the wastewater is shown in Fig. 4 (temperature
Fig. 3 Effect of oxidant multiple on the TOC removal efficiency of the
wastewater (420 �C, 23.0 MPa, flow rate 2.0 mL min�1, Fe2+

0.30 mg L�1, pH 3.0).

RSC Adv., 2019, 9, 29317–29326 | 29319
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Fig. 4 Effect of residence time on the TOC removal efficiency of the
wastewater (420 �C, 23.0 MPa, oxidant multiple 4, Fe2+ 0.30 mg L�1,
pH 3.0).
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420 �C, pressure 23.0 MPa, oxidant multiple 4, Fe2+

concentration 0.30 mg L�1, pH 3.0, and residence time
98.5–394.0 s). As illustrated in Fig. 4, when the residence
time increased, the TOC removal efficiency increased fast
and linearly in the early period. Aerwards, the increase in
the TOC removal efficiency gradually became gentle. When
the residence time increased from 98.5 s to 262.6 s, the
TOC removal efficiency rose from 66.1% to 95.0%, respec-
tively, whereas when the residence time changed from
262.6 s to 394.0 s, the TOC removal efficiency did not
change much. Because under the conditions the pollutants
are almost completely degraded with a residence time of
262.6 s, the low pollutant concentration reduces the reac-
tion rate. This indicates that the residence time is also one
of the main factors affecting the complete oxidative
degradation of organic matter, but the residence time does
Fig. 5 Effect of Fe2+ concentration on the TOC removal efficiency of
wastewater (420 �C, 23.0 MPa, oxidant multiple 4, residence time
197.0 s, pH 3.0).

29320 | RSC Adv., 2019, 9, 29317–29326
not need to increase aer the degradation efficiency
attains a high level. Therefore, the PB test was performed
with a residence time of 262.6 s.

3.4 Effect of Fe2+ concentration on degradation efficiency

Fig. 5 shows the changes in TOC removal efficiency under
a temperature of 420 �C, pressure of 23.0 MPa, oxidant
multiple of 4, residence time of 197.0 s, and pH of 3.0 on
changing the Fe2+ concentration. When the Fe2+ concen-
tration was in the lower range, the TOC removal efficiency of
the wastewater increased rapidly with the Fe2+ concentra-
tion; then, the increase in the TOC removal efficiency
became slow. For instance, when the Fe2+ concentration
changed from 0.1 mg L�1 to 0.4 mg L�1, the TOC removal
efficiency went up rapidly from 69.0% to 91.4%, respectively.
However, when the Fe2+ concentration further reached
0.8 mg L�1, the TOC removal efficiency rose slowly to
94.32%. This is because Fe2+ and H2O2 constitute Fenton's
reagent, promoting H2O2 to decompose more into HOc,
which has strong oxidation ability, and the following reac-
tion occurs: Fe2+ + H2O2 / Fe3+ + HOc + HO�.25 Since the
solubility of Fe2+ in SCW is innite and it catalyzes within
a certain concentration range,26 excess Fe2+ plays a negli-
gible role in TOC removal. Therefore, a further increase in
the Fe2+ concentration is unnecessary aer the TOC removal
efficiency attains a high level. The PB test was performed
with an Fe2+ concentration of 0.5 mg L�1.

3.5 Effect of pH on the degradation efficiency

The temperature was set at 420 �C, the pressure was
23.0 MPa, the oxidant multiple was 4, the residence time was
197.0 s (2.0 mL min�1), and the Fe2+ concentration was
0.30 mg L�1. As is clear from Fig. 6, when the pH was raised
from 1.5 to 3.0, the TOC removal efficiency of the wastewater
went up from 75.6% to 93.7%, respectively. However, when
the pH increased from 3 to 4.5, the TOC removal efficiency
Fig. 6 Effect of pH on the TOC removal efficiency of the wastewater
(420 �C, 23.0 MPa, oxidant multiple 4, residence time 197.0 s, Fe2+

0.30 mg L�1).

This journal is © The Royal Society of Chemistry 2019
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decreased from 93.7% to 68.5%, respectively. This indicates
that there is a suitable pH in the SCFO environment for the
oxidative degradation of wastewater. On the one hand, when
the pH of the solution is too high, H2O2 cannot be catalyzed
by Fe2+ to produce HOc. Furthermore, Fe3+ forms an Fe(OH)3
precipitate with OH�; thus, Fe2+ cannot be regenerated by
the reduction reaction of Fe3+, leading to decrease in HOc
production. On the other hand, low pH inhibits the reaction
of H2O2 and Fe2+ to form FeOOH+, which plays a key role in
Fe2+ regeneration. Thus, unsuitable pH is unfavorable for
the generation of HOFeOOH+, reducing the removal rate of
organic matter in wastewater.27,28 The PB test was performed
under a pH of 3.0.
4 Plackett–Burman test analysis

According to the results of single-factor experiments, low and
high levels of the ve inuencing factors, namely, tempera-
ture (460 �C), oxidant multiple (6), residence time (262.6 s),
Fe2+ concentration (0.5 mg L�1), and pH (3.0) were consid-
ered to design the experiments. The experimental conditions
and the detected TOC removal efficiency are shown in Table
2. The effect value and signicance of the ve factors were
analyzed using the Design Expert soware 8.0 and are shown
in Table 3.

In PB analysis, a p-value less than 0.05 indicates signicance,
while a value greater than 0.1 generally indicates insigni-
cance.29,30 In addition, a smaller p-value and larger F-value
indicate a more signicant coefficient term.31,32 The data in
Table 3 show that the p-value of the model is P < 0.05 and thus,
the model is signicant. The ve factors were ranked as per
signicance as follows: temperature > oxidant multiple > pH >
Fe2+ concentration > residence time; thus, oxidant multiple,
temperature, and pH were chosen for the next response surface
analysis. Other conditions were set by the optimal conditions of
single-factor testing: residence time 262.6 s (1.5 mL min�1) and
Fe2+ concentration 0.5 mg L�1.
Table 2 PB experimental design and results

Test number
Temperature
(�C) Oxidant multiple Residence time (s)

1 440 4 197.0
2 480 8 197.0
3 440 8 394.0
4 480 4 394.0
5 480 8 197.0
6 440 4 197.0
7 440 8 197.0
8 440 4 394.0
9 480 4 197.0
10 480 4 394.0
11 480 8 394.0
12 440 8 394.0

This journal is © The Royal Society of Chemistry 2019
5 Response surface analysis
5.1 Establishment of response surface model and result
analysis

According to the design principle of the response surface
center, a three-factor and three-level Box–Behnken response
surface test was designed, in which the experimental central
point was set to 460 �C, oxidant multiple to 6, and pH to 3. The 3
independent variables and levels are presented in Table 4.

Table 5 represents all 17 experiments of the Box–
Behnken response surface test. Among them, groups 1–12
were the factorial experiments, and groups 13–17 were the
center point repeat experiments. The experimental condi-
tions and the detected TOC removal efficiency are shown in
Table 5.

Table 6 shows the results of the analysis of variance
(ANOVA) of the TOC removal efficiency. In general, a p-value
less than 0.05 indicates that the model terms are signicant,
whereas values greater than 0.1 are usually considered as
insignicant, which is similar to the PB experimental anal-
ysis. In addition, the t of the model can be veried by the
calculated coefficient of determination (R2) and adjusted
coefficient of determination (Adj R2); R2 should not be less
than 0.8 for a reasonable model.33,34 The higher the value of
R2, the more the calculated model agrees with the experi-
mental data within the range of experiments.35,36 Moreover,
adequate precision (AP) is a measure of the range in a pre-
dicted response relative to its associated error. Its desired
value is 4 or more.37,38 The value of CV shows the accuracy of
the model. The lower the value, the higher the reliability of
the model.39,40

As presented in Table 6, the model has an F value of 21.85
and a p-value of less than 0.05 (0.0003), implying that the
model for the TOC removal efficiency is signicant. Model
adequacy is tested through lack-of-t F-tests.41 The lack-of-
t F-statistic is not considered statistically signicant
when the p-value is greater than 0.05. The effects of A, B, A2,
B2, and C2 on the TOC removal efficiency are extremely
signicant (P < 0.01), while those of C, AB, AC, and BC are not
Fe2+ concentration (mg L�1) pH TOC removal efficiency (%)

0.6 2 92.3
0.6 4 96.9
0.4 4 91.9
0.6 4 93.0
0.4 2 97.8
0.4 2 90.1
0.6 4 93.3
0.4 4 92.0
0.4 4 95.2
0.6 2 93.4
0.4 2 98.7
0.6 2 95.5

RSC Adv., 2019, 9, 29317–29326 | 29321
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Table 3 Effect value of each factor and its significance analysis

Source Sum of squares df Mean square F value
p-Value,
prob > F

Model 62.46 5 12.49 5.60 0.0292
A-temperature 32.74 1 32.74 14.67 0.0087
B-oxidant multiple 27.00 1 27.00 12.10 0.0132
C-residence time 0.087 1 0.087 0.039 0.8503
D-Fe2+ concentration 0.11 1 0.11 0.050 0.8301
E-pH 2.52 1 2.52 1.13 0.3288
Residual 13.39 6 2.23
Cor total 75.85 11

Table 4 Independent variables and levels

Level A (temperature)/�C B (oxidant multiple) C (pH)

�1 440 4 2
0 460 6 3
+1 480 8 4

RSC Advances Paper
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signicant (P > 0.05). Insignicant terms are excluded to
improve the model. When all insignicant terms are
removed, the modied regression model for TOC removal
efficiency can be represented by the following equation:

Y ¼ 97.66 + 1.31A + 1.21B � 0.22C + 0.032AB � 0.53AC

+ (7.500 � 10�3)BC � 1.07A2 � 1.88B2 � 1.94C2 (9)

In addition, the R2 and Adj R2 values were 96.56% and
92.14%, respectively. These values indicated that the model
adequately represented the experimental data, and 92.14% of
the variations could be covered by the tted model. The value of
AP is 12.191, showing that the model has a strong response
Table 5 Response surface test design and result

Number A: temperature B: oxidant mu

1 440 8
2 480 8
3 460 4
4 440 6
5 460 8
6 440 6
7 460 4
8 480 6
9 480 6
10 480 4
11 440 4
12 460 8
13 460 6
14 460 6
15 460 6
16 460 6
17 460 6

29322 | RSC Adv., 2019, 9, 29317–29326
signal and high precision, which can reect the experimental
results well. A CV value of 0.61%, which is less than 10%,
further illustrated that the model was stable and reproducible.
According to the above-mentioned analysis, the model can
predict the TOC removal efficiency of the wastewater under
different conditions.

The diagnostic details provided by the Design Expert 8.0
soware can be used to ensure the adequacy of the model.
Fig. 7(a) and (b) show the normal probability plot of resid-
uals and plot of residuals versus predicted response,
respectively. All the points in Fig. 7(a) are distributed along
a straight line, which shows that the residuals are normally
distributed.42 It can be seen from the graph in Fig. 7(b) that
all the points are scattered randomly around 0, and the
changes are within a constant range of the entire residual,
meaning that the data have normally distributed residuals
for each value of an independent variable and constant
standard deviation.42

Fig. 8 is a graph showing a comparison of the predicted TOC
removal efficiency with the experimental results. It can be seen
from Fig. 8 that the relative error between the measured value
ltiple
C:
pH TOC removal efficiency (%)

3 94.9
3 97.8
2 92.6
2 92.9
4 95.1
4 94.0
4 93.5
2 96.4
4 95.3
3 94.5
3 91.7
2 94.2
3 97.7
3 98.0
3 97.9
3 97.5
3 97.2

This journal is © The Royal Society of Chemistry 2019
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Table 6 ANOVA results for TOC removal efficiencya

Source Sum of squares df Mean square F value
p-Value,
prob > F

Model 66.16 9 7.35 21.85 0.0003
A-temperature 13.68 1 13.68 40.65 0.0004
B-oxidant multiple 11.62 1 11.62 34.52 0.0006
C-pH 0.39 1 0.39 1.15 0.3190
AB 4.225 � 10�3 1 4.225 � 10�3 0.013 0.9139
AC 1.13 1 1.13 3.37 0.1090
BC 2.250 � 10�4 1 2.250 � 10�4 6.687 � 10�4 0.9801
A2 4.79 1 4.79 14.24 0.0069
B2 14.83 1 14.83 44.08 0.0003
C2 15.88 1 15.88 47.18 0.0002
Residual 2.36 7 0.34
Lack of t 1.92 3 0.64 5.96 0.0587
Pure error 0.43 4 0.11
Cor total 68.51 16

a R2 ¼ 0.9656, Adj R2 ¼ 0.9214, AP ¼ 12.191, CV ¼ 0.61%.
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and the predicted value of the TOC removal efficiency is less
than 1%, which indicates that the proposed model is reliable to
predict the TOC removal efficiency.
Fig. 7 Model diagnosis plots: normal probability plot of residuals (a);
plot of residuals vs. predicted response (b).

This journal is © The Royal Society of Chemistry 2019
5.2 3D and contour plots for TOC removal efficiency

The 3D response surface and contour plots of the quadratic
model were obtained using the Design Expert 8.0 soware to
evaluate the effect of the interaction of A and B, A and C, and B
and C on the TOC removal efficiency (Fig. 9, 10 and 11,
respectively).

The steeper the slope of a factor in the 3D plot, the
greater the inuence of this factor on the independent
variable (TOC removal efficiency). On the contrary, if the
slopes are gentle, the factor has no signicant effect.43 If
the shape of the contour plot is similar to an ellipse, the
interaction between the two factors has a signicant effect
on the TOC removal efficiency. In contrast, if the shape is
similar to a circle, the effect is not signicant.43 As is clear
from Fig. 9–11, the inuence of the three factors on the
TOC removal efficiency of the wastewater is in the
following order: temperature > oxidant multiple > pH. This
is consistent with the result of the PB test analysis.
Fig. 8 Predicted value versus experimental result of TOC removal
efficiency.
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Moreover, the interaction between temperature and pH
had the most signicant effect on the removal rate of TOC,
whereas the interaction between oxidant multiple and pH
was slightly larger than the interaction between tempera-
ture and oxidant multiple.
5.3 Optimization of process conditions

The experimental results conveyed that except pH, the
higher the values of temperature, oxidant multiple, Fe2+

concentration and residence time, the greater the degra-
dation efficiency. However, in practical industrial applica-
tions, a very high temperature and oxidant multiple
increase equipment requirements and operating cost;44

excess Fe2+ will be deposited, causing the blockage of the
reactor, affecting the heat transfer and degradation of
pollutants,45 and an additional residence time results in
lower processing capacity of the equipment. Therefore,
considering the feasibility of the actual operation, results of
the PB test and response surface analysis, the optimum
conditions were pH of 3, temperature of 473 �C, oxidant
multiple of 7, Fe2+ concentration of 0.5 mg L�1, and resi-
dence time of 262.6 s (1.5 mL min�1), under which the TOC
Fig. 9 3D (a) and contour plots (b) for TOC removal efficiency as
a function of temperature and oxidant multiple interaction (residence
time 262.6 s and Fe2+ 0.5 mg L�1).

29324 | RSC Adv., 2019, 9, 29317–29326
removal efficiency obtained using the Design Expert 8.0
soware was 98.3%.

Three parallel tests were performed under the above-
mentioned optimized conditions to verify the predicted
result. The obtained TOC removal efficiency is presented in
Table 7. The data in Table 7 demonstrate that the relative
deviation between the predicted value and the experimental
data is less than 0.5%, which implies that the model is
accurate and effective.

6 Kinetics analysis

The power exponential equation (eqn (10)) was used to describe
the continuous reaction kinetics of the wastewater in the SCFO
system:

dX

ds
¼ kð1� XÞa�ðO2Þb � ðH2OÞg (10)

Here, k is the reaction rate constant, s�1; X is the organic
removal efficiency, %; s is the residence time, s; and a, b, and g

are the reaction orders of the reactant, oxidant, and water,
respectively.

In the SCFO system, both H2O and O2 are in excess; thus, the
concentration of water and oxidant can be considered to be
constant, which means that the corresponding reaction order is
Fig. 10 3D (a) and contour plots (b) for TOC removal efficiency as
a function of temperature and pH interaction (residence time 262.6 s
and Fe2+ 0.5 mg L�1).

This journal is © The Royal Society of Chemistry 2019
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Table 8 Relationship between reaction temperature and k

Temperature/�C k/S�1 ln k

400 0.00274 �5.8998
420 0.00404 �5.5115
440 0.00427 �5.4561
460 0.00570 �5.1673
480 0.00914 �4.6951

Fig. 12 Relationship between ln(1 � X) and residence time.

Fig. 11 3D (a) and contour plots (b) for TOC removal efficiency as
a function of oxidant multiple and pH interaction (residence time
262.6 s and Fe2+ 0.5 mg L�1).
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0. According to previous studies,26,46 for most organic
compounds, the reaction order is 1 and thus, it is assumed that
a is 1. Then, eqn (10) was integrated to get the following
equation when X is neither 0 nor 1:

ln(1 � X) ¼ �ks (11)

According to the experimental data of the wastewater in the
SCFO system, ln(1 � X) at different temperatures (400–480 �C)
was linearly regressed on changing s. The results are shown in
Fig. 12. It can be seen from Fig. 12 that ln(1 � X) and s have
a linear relationship at different reaction temperatures, and the
assumption of the rst-order reaction is reasonable. The reac-
tion rate constants at different reaction temperatures can be
derived from the gure, as shown in Table 8.

According to the logarithmic form of the Arrhenius formula
(eqn (12)), a straight line was obtained by linear tting. The
activation energy (Ea) in the range of 400–480 �C was about
Table 7 Results of verification experiments

Data (%) Experiment 1 Experiment 2 Experiment 3

Predicted values 98.3 98.3 98.3
Experimental values 97.9 98.1 98.3
Relative error 0.40 0.20 0.00

This journal is © The Royal Society of Chemistry 2019
55.3 kJ mol�1, the pre-exponential factor (A) was 52.8 s�1, and R2

was 0.99.

ln k ¼ ln k0 � Ea/RT (12)
7 Conclusion

We analyzed the SCFO system for the treatment of the waste-
water released from 3-hydroxypyridine production. A single-
factor experiment was designed to study the effects of temper-
ature, oxidant multiple, residence time, Fe2+ concentration, and
pH on the TOC removal efficiency. According to the experi-
mental results, the optimal parameters of each factor were
roughly determined: temperature of 460 �C, oxidant multiple of
6, residence time of 262.6 s, Fe2+ concentration of 0.5 mg L�1,
and pH of 3. A PB test was performed at high and low levels.
Then, three signicant factors, namely, oxidant multiple,
temperature, and pH were screened for response surface anal-
ysis, and a quadratic regression equation for the model was
established. The results showed that the p-value of the model
was less than 0.05, the p-value of lack-of-t was 0.0587 (>0.05),
R2 was 0.9656, Adj R2 was 0.9214, CV was 0.61% (<10%), and AP
was 12.191 (>4); all these results demonstrate that the model is
stable, adequate, and effective, and it performs well to predict
the TOC removal efficiency of the wastewater under different
conditions.
RSC Adv., 2019, 9, 29317–29326 | 29325
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Response surface analysis showed that the inuence of the
three factors on the model was ranked as follows: temperature >
oxidation multiple > pH. The optimal conditions for the oxidative
degradation of the wastewater in the SCFO system are pH of 3,
temperature of 473 �C, oxidant multiple of 7, Fe2+ concentration of
0.5 mg L�1, and residence time of 262.6 s (1.5 mL min�1). Under
these conditions, the TOC removal efficiency could reach 98.1%on
average. The relative errors between the verication experimental
data and the predicted values by the model were all within 1%.

The degradation kinetics of the wastewater in the SCFO
system was studied by the power exponential equation method.
The oxidative degradation conformed to the rst order, the
activation energy was 55.3 kJ mol�1, and the pre-exponential
factor (A) was 52.8 s�1.
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