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ABSTRACT

N-phenylglycinonitrile wastewater was treated with supercritical water oxidation (SCWO), at
temperatures ranging from 375 to 550˚C, a pressure of 25MPa, residence times ranging from
5 to 60 s, and initial reactant concentrations ranging from 2,400 to 24,400mgO2/L in terms of
chemical oxygen demand (COD). Results showed that when the initial COD of the wastewa-
ter was low and the oxidant was abundant, the temperature and residence time had signifi-
cant effect on COD removal, while the initial COD concentration and oxidant dose did not
show significant effects. A global rate expression was regressed from the complete set of
data. An assumed pseudo-first-order global rate expression was determined with activation
energy of 52.9(±2.9) kJmol�1 and a preexponential factor of 3.6(±1.4)� 102 s�1.

Keywords: N-phenylglycinonitrile; Chemical oxygen demand (COD); Supercritical water
oxidation (SCWO); Pseudo-first-order global rate

1. Introduction

Supercritical water oxidation (SCWO) is a process
that uses water above the critical point (374˚C and
22.1MPa) as a reaction medium to oxidize organic com-
pounds [1,2]. Organic pollutants can be rapidly con-
verted to mainly CO2, H2O, and inorganic salts by
SCWO in a short time [3–5]. As a promising method,
SCWO can be used for decomposing harmful organic
compounds, especially wastes containing refractory
organics of high concentration [6–8] and toxic sub-
stances, such as polychlorinated biphenyls [9–11] and
methylphosphonic acid [12]. Nitrogen-containing
organic compounds, such as aniline, nitrobenzene,
pyridine, and methylamine, have also been reported to

have been successfully decomposed in SCWO [8,13–16].
Dying wastewater has imposed serious environmental
problems because of its high chemical oxygen demand
(COD) concentration and potential toxicity [17,18].
Large efforts have been made to try to find ways of
treating dying wastewater at reasonable cost and
without generation of hazardous by-products [19–22].
N-phenylglycinonitrile is the intermediate product in
the production of indigo, which is one of the most
important materials of industrial dyestuff [23]. The pro-
duction process of N-phenylglycinonitrile usually uses a
water solution of aniline and hydroxy acetonitrile as
raw materials, and polymerizes them by heating. In this
process, wastewater with hazardous organics of high
concentrations is produced, with the major products
including aniline, methanol, cyanide, hydroxy acetoni-
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trile, and N-phenylglycinonitrile [24]. Currently, the
reported treatment methods of N-phenylglycinonitrile
wastewater, including combined oxidation of bentonite
modified by cross-linking modification of iron and
H2O2 [25], solvent extraction [26], and reverse osmosis
[27], have only achieved a COD removal efficiency of
50–80%. The facultative aerobic method can remove
over 90% COD [28], but amino compounds continu-
ously accumulate and tend to cause the death of micro-
organism and failure of this process.

In this paper, the SCWO of N-phenylglycinonitrile
wastewater was studied over a wide range of different
temperatures, residence times, initial COD concentra-
tions, and initial oxygen–COD ratios. Based on the
experimental data, an assumed pseudo-first-order
global rate expression was established.

2. Materials and analytical methods

2.1. Apparatus and procedure

The experiments were performed on a continuous-
flow SCWO reactor (Fig. 1). The major parts of the
apparatus included five modules: pumps, preheaters,
reactor, cooling devices, and separator.

The feed and H2O2 solutions were first pumped by
two separate electric-driven liquid pumps into the

preheaters. The pumps were double entry liquid
ring pumps with a supply flow of 0.05–2 kg/h. The
preheaters were high-pressure tubing about 360 cm
length, 0.6 cm inner diameter, and 1.5 cm outer diame-
ter, made of Swagelok Stainless Steel (SS) 316L. The
temperatures of all stream in the outlet of the preheat-
ers were measured using PT100 resistance thermome-
ters (from �200 to 500�C). The heating devices in the
preheating section were resistance wires. The H2O2

was completely decomposed to H2O and O2 in the
preheater. A detailed explanation of H2O2 conversion
is given in Section 2.2.

After preheating, the two lines were then mixed at
the reactor inlet by a mixing tee. The reactor vessel con-
sisted of stainless steel 321, with an outer and inner
diameter of 50 and 30mm, respectively. The reaction
chamber was 200mL and 288mm long. Six silicon
carbide bars packed around the reactor (Fig. 1(b)) were
used to provide heat. It was insulated with materials
containing asbestos to minimize heat loss and allow
isothermal operation of the flow reactor. A type K mul-
tipoint thermocouple (0–1,000�C) was inserted through
the top port of the mixing tee into the reactor to mea-
sure the stream temperature in the reactor inlet section.
Another similar thermocouple was inserted in the end
of the reactor to determine the effluent temperature.

Then, the effluent was cooled to ambient tempera-
ture by passing through a water-cooled, counter-flow
heat exchanger. The cooled products then passed into
the separator where gaseous and liquid effluents were
removed for collection and/or analysis.

The pressures of all stream were adjusted using
pressure reducing valves (TESCOM, 44–1100 Series),
and were then measured by pressure gauges and
pressure transducers (0–40MPa). The flow rates of
all streams were adjusted by plunger stroke
(SLPMMV26V), and were measured by Coriolis-type
mass flow meters.

To study the effect of residence time, initial COD
concentrations, and O2 concentrations on COD
removal efficiency, a set of SCWO experiments were
conducted in an isothermal, isobaric tubular reactor.
The reaction was conducted over a temperature range
of 375–550�C, with the residence time from 5 to 60 s,
at a fixed pressure of 25MPa. The initial COD concen-
trations in the reactor ranged from 655.1 to
81.9mmolO2L

�1. The initial O2/COD ratio ranged
between 0.5 and 2.5. The experimental parameters and
results are listed in Table 2.

2.2. Materials

A H2O2 solution (H2O2, 30wt.%) was used to
supply O2 as an oxidant in the experiments. It was

(a) 

(b) 

Fig. 1. Schematic flow diagram of SCWO continuous-flow
reactor system. (a) SCWO system and (b) reactor.
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very important to determine the complete conversion
of H2O2 to O2 for the reliability of the experimental
results. We also conducted an analysis of the liquid in
the preheater. After the preheating process began,
about 2 s later, no H2O2 was detected. The conversion
of H2O2 was estimated according to the study of Tak-
agi and Ishigure [29]. The estimation process was as
follows. When temperatures were up to 280�C, the
decomposition of H2O2 in liquid density water had an
Arrhenius behavior with a first-order rate constant of
0.24 s�1 at 280�C. Based on this behavior, when the
temperature was 380�C, the rate constant was 2.64 s�1.
Then, it was estimated that the shortest preheating

time in our experiments was 10 s, which was far
longer than the time that is needed for complete con-
version of H2O2.

N-phenylglycinonitrile wastewater was obtained
from an N-phenylglycinonitrile manufacturing plant in
China. The production process of N-phenylglycinonit-
rile in this plant adopted polymerization of aniline and
hydroxy acetonitrile by heating. The process flow dia-
gram of N-phenylglycinonitrile production is shown in
Fig. 2, which suggests that the effluent contains lots of
organic compounds, such as aniline, cyanide, hydroxy
acetonitrile, N-phenylglycinonitrile, methanal, anilino
acid, and methanol. The properties of N-phenylglycin-
onitrile wastewater are shown in Table 1.

2.3. Analytical methods

The COD concentrations of wastewater and liquid
phase reactor effluents were analyzed by a COD ana-
lyzer (5B-3C, Lianhua Company, China) and Standard
Method 5220D [30]. The biochemical oxygen demand
(BOD) of the wastewater was analyzed with EPA
Method 405.1 [31]. Total nitrogen of the wastewater
was analyzed according to the standard methods
issued by the Ministry of Environmental Protection,
China [32].

The gas products were analyzed by Thermo ISQ
Single Quadrupole GC–MS and Perkin Elmer Clarus

Table 1
Properties of N-phenylglycinonitrile wastewater

Terms N-phenylglycinonitrile
wastewater

Glycolonitrile (wt.%) 1.5

Aniline and N-
phenylglycinonitrile (wt.%)

1.5

BOD5 (mgL�1) 4,500

CODCr (mgO2 L
�1) 24,400

TOC (mgL�1) 7,450

Total N (mgL�1) 1,500

pH 4.9

Wastewater 

Formaldehyde Glycolonitrile tank 

Emission after 

combustion of exhaust 

Aniline tank 

Glycolonitrile 
measuring tank 

Aniline  
measuring tank 

Clear 
liquor 

Mother 
liquor 

Product 

Formaldehyde 

Settling tank for 
mother liquor Product packing 

Filler adsorption 
tower HCN 

Mother 
liquor 

Crystallization 
Condensation 

reactor Centrifugation 

Secondary exhaust 
adsorption tower 

Fig. 2. Process flow diagram of N-phenylglycinonitrile production.
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Table 2
Summary of wastewater oxidation experiments conducted in the flow reactor

T (�C) P (MPa) Initial COD
(mol L�1 10�3)

Initial O2/COD
ratio

Residence
time (s)

Effluent COD
(mol L�110�3)

COD removal(%)

375 25 655.1 1 30 392.4 40.1

375 25 655.1 1.2 30 378.0 42.3

376 25 655.1 1.5 30 363.6 44.5

400 25 655.1 1 30 286.9 56.2

400 25 327.6 1.2 30 136.6 58.3

400 25 655.1 1.5 30 297.4 54.6

401 25 655.1 1.2 5 435.0 33.6

400 25 655.1 1.2 10 408.1 37.7

400 25 655.1 1.2 15 337.4 48.5

401 25 655.1 1.2 60 233.9 64.3

451 25 655.1 0.5 60 280.4 57.2

450 25 655.1 0.75 60 136.9 79.1

450 25 655.1 1 60 38.7 94.1

452 25 655.1 1.2 60 24.9 96.2

452 25 655.1 1.5 60 21.0 96.8

451 25 655.1 2 60 15.7 97.6

450 25 655.1 2.5 60 17.0 97.4

450 25 655.1 1 30 133.6 79.6

450 25 655.1 1.2 30 122.5 81.3

450 25 327.6 1.2 30 64.9 80.2

450 25 163.8 1.2 30 33.1 79.8

450 25 81.9 1.2 30 17.0 79.2

450 25 327.6 1.5 30 65.2 80.1

450 25 163.8 1.5 30 34.2 79.1

450 25 81.9 1.5 30 16.8 79.5

452 25 655.1 1.5 30 127.7 80.5

452 25 655.1 1.2 10 303.3 53.7

450 25 655.1 1.2 5 372.1 43.2

451 25 655.1 1.2 15 227.3 65.3

550 25 655.1 1 30 14.4 97.8

550 25 655.1 1.2 30 15.1 97.7

550 25 655.1 1.5 30 13.8 97.9

500 25 655.1 1 30 44.5 93.2

501 25 655.1 1.2 30 41.9 93.6

501 25 655.1 1.5 30 43.2 93.4

502 25 327.6 1.2 30 19.0 94.2

500 25 163.8 1.2 30 8.8 94.6

500 25 81.9 1.2 30 4.3 94.8

501 25 655.1 1.2 5 176.2 73.1

502 25 655.1 1.2 10 112.7 82.8

500 25 655.1 1.2 15 93.7 85.7

500 25 655.1 1.2 60 21.0 96.8

501 25 327.6 1.5 30 18.0 94.5

502 25 163.8 1.5 30 9.7 94.1

500 25 81.9 1.5 30 4.0 95.1
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580 GC. In the liquid product, the total organic carbon
(TOC) and inorganic carbon (IC) contents were
measured with a TOC analyzer (Shimadzu TOC-
5000A TOC analyzer), and the ammonia nitrogen
(NH3–N) and nitrate ion NO�

3 were analyzed with a
Shimadzu UV-2450 UV–VIS spectrophotometer.

The major components of N-phenylglycinonitrile
wastewater was analyzed by gas chromatography/
mass spectroscopy (GC–MS). The organic compounds
were identified by using a Thermo DSQ II gas
chromatograph with TRACE GC Ultra with mass spec-
trometer (Thermo Company, USA). The analysis proce-
dure was according to the following conditions:
column, a DB-5 fused silica capillary (30m long,
0.25mm ID), held at 50�C for 3min, and then increased
to 170�C at a rate of 10�C /min and held for 1min. The
injector, transfer line, and ion source were kept at 250,
250, and 200˚C, respectively, while helium, with a flow
rate of 1mL/min, was used as the carrier gas. When
chromatographic separation was finished, the samples
were identified by mass spectrometry.

2.4. Calculations

2.4.1. Residence time

Because the density of supercritical water varies
with different temperatures and pressures, the resi-
dence time of reactants was calculated according to
the density of supercritical water, reactor volume, and
feed flow. The experimental data of certain residence
times can be gained by adjusting the flow rate of feed.
The system can be regarded as a pure water system
for wastewater with a low organic concentration
(�5%). So, the residence time was calculated by:

t ¼ Vr�qw

F�q0

ð1Þ

where t is the residence time (s) of reactants, Vr is the
reactor volume (m3), qwis the water density under
reaction conditions (kgm�3), F is the wastewater flow
(m3 s�1), and q0 is the water density at normal
temperature and pressure (kgm�3). The density of
supercritical water was obtained from the study of
Akiya and Savage [33].

2.4.2. Initial concentration of reactants

The initial concentration of reactants was calcu-
lated as follows:

½COD�0 ¼
½COD�r�Fr

Fr

ð2Þ

½O2�0 ¼
½H2O2�r�Fr

Fr

ð3Þ

where [COD]r is the COD concentration of the reac-
tant feed (mmolO2L

�1), Fr is the reactant feed flow
rate (kg h�1), FT is the total feed flow rate, and [O2]0 is
the initial concentration of O2 (mmol L�1).

2.4.3. COD removal efficiency

The COD removal efficiency was used to evaluate
the extent of oxidative decomposition of N-phenylgly-
cinonitrile wastewater, X, as defined in the following
equation:

X ¼ ½COD�0 � ½COD�f
½COD�0

ð4Þ

where [COD]f is the residual COD concentration of
the liquid product effluent when the reaction is
completed.

3. Results and discussion

3.1. SCWO of N-phenylglycinonitrile

3.1.1. Effect of oxidant dosage

The major reaction product containing nitrogen was
reported to be N2 [6,34,35], and thus the oxidation
reaction of the major compounds in the N-phenylgly-
cinonitrile wastewater can be expressed as:

C8H8N2 þ 10O2!8CO2 þ 4H2OþN2 ð5Þ

C6H7Nþ 7:75O2!6CO2 þ 3:5H2Oþ 0:5N2 ð6Þ

C2H3NOþ 3O2!2CO2 þ 1:5H2Oþ 0:5N2 ð7Þ

Experiments studying the effect of oxidant dose were
conducted as shown in Fig. 3. The COD removal
showed a linear increase with increasing O2/COD
ratio under certain conditions. When the O2/COD
ratio was 1.2, COD removal reached a value of 96.2%.
When the O2 dose continued to increase, the increase
rate of COD removal efficiency slowed down. This
indicated that the oxidant was abundant when the
O2/COD ratio was above 1.2.

3.1.2. Effect of reaction temperature

Three sets of experiments were conducted to
examine the effect of temperature on COD removal, at
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O2/COD ratios of 1.0, 1.2, and 1.5. The reaction pres-
sure was 25MPa, and residence time was 30 s. The
results are shown in Fig. 4. As temperature increased,
COD removal showed a rising tendency. The decompo-
sition rate of N-Phenylglycinonitrile wastewater in a
low temperature range temperature was markedly
lower than in a high temperature range, but the decom-
position rate increased more rapidly than that in the
high temperature range. When the temperature
increased from 375 to 450�C, COD removal rose from
40.1 to 81.3%, but when reaction temperature increased
from 500 to 550�C, COD removal only rose from 94.2 to
97.9%. The temperature behavior can be analyzed from
two aspects. First, the oxidation of organic pollutants is
an irreversible process, and therefore, with increasing
temperature, an increased reaction rate resulted in
increasing the decomposition rate. Second, under fixed
pressure, with increasing temperature, the density of
supercritical water decreased while reactant concentra-
tion and reaction rate decreased.

3.1.3. Effect of residence time

The effect of residence time on COD removal was
studied at an initial COD/O2 ratio of 1.2, and tempera-
tures of 400, 450, and 500˚C. The results indicated that
residence time has a significant effect on decomposi-
tion rate of organic pollutants (Fig. 5). Under certain
conditions, the decomposition rate of N-Phenylglycino-
nitrile wastewater increased with increasing residence
time, and the rate of increase was first fast and became
slower in the later stage. In the beginning period of res-
idence time from 5 to 15 s, the decomposition rate rap-
idly increased. At a residence time over 30 s, the
decomposition rate of organics relatively modestly
increased. At this time, the effect of residence time on
decomposition efficiency was not significant.

3.1.4. Effect of initial COD concentration

To study the effect of initial COD concentration
on COD removal, four sets of experiments were
performed. Different initial COD concentrations were
obtained by dilution of the N-phenylglycinonitrile
wastewater with deionized water. The results
are shown in Fig. 6. It was observed that with increas-
ing concentration of organic pollutants, a rapidly
increasing rate of decomposition was gained, but the
oxidation rate (or COD removal) did not significantly
change. Maybe, it was because of the relatively lower
COD. For the organic pollutants decomposed by
SCWO in our experiments, the COD removal obtained
at a low concentration was not found to be higher
than that obtained at a high reactant concentration.
Therefore, for high COD removal under different reac-
tant concentrations, it is suggested that SCWO is
suitable for decomposition of high concentration
organic wastes. Thus, the effect of temperature on
COD removal was concluded to be great. This can be
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interpreted in that SCWO is a fast reaction, and in the
residence time of 30 s, the reaction reached equilib-
rium, and the initial reactant concentration had little
effect on the equilibrium. Additionally, COD decom-
position is a pseudo-first-order reaction, and the
reaction rate constant is not concerned with the initial
reactant concentration [36].

3.2. Carbon balances and nitrogen balances analysis

Carbon balances (mole%) were defined by the total
carbon content in the gas and liquid products with
respect to the feed carbon content introduced within
N-phenylglycinonitrile wastewater. In the same way,
nitrogen balances were defined as the total nitrogen
output related to the total nitrogen input.

To conduct the carbon and nitrogen balance analy-
sis, the gaseous products and the major component of
liquid products were analyzed. The original wastewater
had a TOC of 7,450mg L�1, and TN of 1,500mg L�1. It
was determined that the carbon and nitrogen-contain-
ing gas products were CO2, CO, N2, and N2O. For the
liquid products, the IC, TOC, dissolved organic nitro-
gen (DON) NO�

3 , and NH3–N were analyzed. The car-
bon and nitrogen distributions with temperature were
analyzed, and the results are listed in Figs. 7 and 8.
The errors in the carbon and nitrogen recovery rates
were 0.3–4.2% and the typical error was 0.8%. And, it
was calculated that the carbon balances were 97–
102.4%, and the nitrogen balances were 98.5–104.2%.

As a whole, with increasing temperature, the
TOC percentage rapidly decreased, whereas the pro-
duction of CO2 and IC quickly increased. It can be
seen that the most abundant species of all products
was CO2, with a yield of about 86.4% at 550�C. The
proportion of CO decreased as temperature rose.
This was because of the increasing oxidation degree

caused by increasing temperature. When temperature
rose, the oxidation tended to be more and more com-
plete, so as the incomplete oxidation product, CO
yields decreased.

Fig. 8 illustrates the nitrogen distribution depen-
dence on temperature. The reaction was greatly
promoted by temperature, as can be seen by the phe-
nomenon of the rapid decrease of DON. N2 was the
major nitrogen product of N-phenylglycinonitrile
wastewater oxidation in supercritical water. When
temperature increased, the content of N2 rapidly
increased with the proceeding of the SCWO reaction,
and accounted for 59.3% at a temperature of 550˚C.

The increasing temperature also favored the pro-
duction of N2O, with the production of N2O at 550˚C
being double that at 400˚C. Nitrite ions only showed a
slightly difference when temperature changed, which
inferred that their production was independent of the
temperature.

3.3. Global kinetics for oxidation of N-phenylglycinonitrile
wastewater

Because the products of organic pollutants decom-
posed by SCWO are complex, it is difficult to get
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the elementary reaction model. Here, we used the
exponential function to describe the kinetics. The reac-
tion of organics decomposition in SCWO was related
to temperature, reactant concentration, and oxygen
concentration. In the decomposition experiments of
complex wastewater, COD was used to describe the
reactant concentration. We used the data obtained
from the experiment at 823K, which represent the
worst case for employing the plug-flow idealization in
this work, to calculate the values of characteristic
times and nondimensional numbers pertinent to the
tubular flow reactors. Our results show that on the
whole, the values of the nondimensional groups in
our study can meet the theoretical criteria of plug
flow condition [37]. This indicates that the experimen-
tal data obtained from the performance of our reactor
can be safely analyzed in the plug-flow idealization.
So, the global reaction rate can be described as Eq. (8),
and the data in the equation was gained by the above
experiments (the data was not included in the
equation when O2/COD ratio was lower than 1):

� d½COD�
dt

¼ A exp
�Ea

RT

� �
½COD�a½O2�b ð8Þ

where t is reaction time (s), A is the Arrhenius
constant specific for the reaction, Ea represents the
activation energy (Jmol�1), R is gas constant
(8.314 JK�1mol�1), T is the reaction temperature (K),
[COD] is the reactant concentration (mol L�1), [O2] is
oxygen concentration (mol L�1), and a and b are the
reaction orders of reactant and oxygen, respectively.

Rearranging Eq. (8) with respect to the COD
removal X defined by Eq. (4), the following equation
can be obtained:

� dð1� XÞ
dt

¼ A exp
�Ea

RT

� �
½COD�a�1

0 ð1� XÞa½O2�b ð9Þ

As shown in Figs. 3 and 5, COD removal slightly
changed with changes of O2 concentration and initial
COD concentration during the experimental process.
Therefore, the global reaction rate can be considered a
pseudo-first-order reaction with respect to the initial
COD concentration, assuming a zero order for O2 con-
centration. If Eq. (9) is rearranged with respect to the
COD removal, using the initial condition of X= 0 at
residence time t= 0, it can be solved analytically to
provide Eq. (10):

X ¼ 1� exp �At exp
�Ea

RT

� �� �
: ð10Þ

Based on the experimental data, Gauss–Newton
was used to conduct nonlinear regression analysis
(Matlab V6.5). The pseudo-first-order reaction rate
predicted is

� d½COD�
dt

¼ ð3:6� 1:4Þ�102s�1

� exp
�ð52:9� 2:9ÞkJ�mol�1

RT

� �

� ½COD� ð11Þ

The final predicted value of Arrhenius kinetics
parameters, A and Ea, are, respectively, (3.6 ± 1.4)�
102 s�1 and (52.9 ± 2.9) kJmol�1. All the parameters
were estimated in a 95% confidence interval on the
predicted response (Fig. 9).

To explain the detailed kinetics of N-phenylgly-
cinonitrile wastewater oxidation in SCW, comparison
of the reaction orders and activation energy for
wastewater in Eq. (11) with the study of textile
wastewater (the major pollutant is Cl Disperse
Orange 25, which was also refractory nitrogen-con-
taining compound of high molecular weight) [38]
was conducted. The two kinds of wastewater
have the same reaction order for COD. The activa-
tion energies were 52.9 ± 2.9 kJ mol�1 and 27.8±
1.2 kJmol�1 for N-phenylglycinonitrile waste water
and textile wastewater, respectively. The Arrhenius pre-
exponential factors for the two studies were
(3.6± 1.4)� 102 s�1 and (34.3± 1.5) s�1, respectively. The
comparison indicates that the oxidation process in
supercritical water is very complex and significantly dif-
fers among various compounds, especially for complex
wastewater, and different amounts and kinds of
elementary steps are included in the process.
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Fig. 9. Parity plot of the comparison of experimental and
predicted COD removal.
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4. Conclusion

Oxidation of N-phenylglycinonitrile wastewater was
studied, using a continuous flow reactor with supercriti-
cal water. The results demonstrated that SCWO was an
effective treatment method for N-phenylglycinonitrile
wastewater. A high COD removal of up to 97.9% was
obtained when pressure was 25MPa, temperature was
550�C, the initial O2/COD ratio was 1.5, and the resi-
dence time was 30 s. The global rate expression accord-
ing to wastewater concentration with respect to the
COD was regressed from the complete set of data.
Assuming the reaction rate was pseudo-first-order for
the initial COD concentration, reaction rate expression
was determined with activation energy of (52.9± 2.9)
kJmol�1 and a pre-exponential factor of (3.6± 1.4)�
102 s�1 to a 95% confidence level.
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