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� TCP could promote the degradation of FA with NaNO2 as catalyst.
� The mechanisms of the CWCO of FA and TCP were proposed.
� The CWCO was effective for degrading humic substances and landfill leachate.
� FA, HA and landfill leachate could be further removed by biological treatment.
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Humic substances, including humic acid (HA) and fulvic acid (FA), are the major components of the
refractory organics existing in the stabilized landfill leachate. In this study, the NaNO2-catalyzed wet
co-oxidation (CWCO) of FA and 2,4,6-trichlorophenol (TCP) using TCP as the promoter was investigated.
Compared with the NaNO2-catalyzed wet air oxidation (CWAO) of FA under the same conditions, the
presence of TCP in the reaction system efficiently promoted the degradation of FA. For example, when
the CWCO of FA and TCP was carried out at 150 �C and 0.5 MPa for 4 h, the color completely turned to
colorless and 61.8% of chemical oxygen demand (COD) was removed, while the color of FA without
addition of TCP remained yellow–brown and 19.3% of COD was removed after the CWAO process. The
biodegradability (BOD5/COD ratio) was significantly improved from 0.10 to 0.39. Moreover, the radical
scavengers (tert-butyl alcohol and sodium bromide) were used to study the radical mechanism and
the results showed that hydroxyl radicals were primarily responsible for the destruction of FA and
TCP. Furthermore, this co-oxidation system was also effective for degrading the mixture of HA and TCP
as well as the mixture of landfill leachate and TCP.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Landfill leachate coming from the decomposition of waste
materials and rainwater percolation through the waste layers is
heavily polluted wastewater that contains large numbers of high
concentration of organic and inorganic contaminants including or-
ganic compounds, ammonia–nitrogen, inorganic salts and heavy
metals [1–4]. Therefore, landfill leachate needs to be sufficiently
treated to meet the standards for discharge in receiving waters
[3,5]. Conventional biological methods, e.g., the activated sludge
process, have been widely used to treat landfill leachate because
of its reliability, simplicity and high cost-effectiveness [5,6].
However, the major presence of large molecular refractory organic
compounds such as humic acid (HA) and fulvic acid (FA) make
the biological treatment often ineffective for the stabilized
landfill leachate [5–8]. An attractive approach is to combine a
pretreatment step with a sewage treatment plant [9].

Advanced oxidation processes, such as wet air oxidation (WAO)
[10–12], Fenton oxidation [13,14], photocatalytic oxidation
[15,16], and O3 oxidation [17,18], were efficient pretreatment steps
to improve the biodegradability of landfill leachate. WAO are suit-
able for treating medium–high-concentration wastewaters and
utilize molecular oxygen or air as an oxidant, the most economi-
cally attractive and environmentally friendly oxidizing agent, thus
WAO has been the subjects of considerable studies [19]. WAO is

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2014.03.014&domain=pdf
http://dx.doi.org/10.1016/j.cej.2014.03.014
mailto:zgming@hnu.edu.cn
mailto:pengyr@hnu.edu.cn
http://dx.doi.org/10.1016/j.cej.2014.03.014
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej


Table 1
Characteristics of landfill leachate.

Parameters Landfill leachate

COD (mg/L) 1888
BOD5 (mg/L) 143
BOD5/COD 0.08
N-NHþ4 (mg/L) 2100
N-NO�3 (mg/L) 266
TOC (mg/L) 803
Conductivity (mS/cm) 21.2
pH 8.4
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usually conducted at high temperature (220–320 �C) and high
pressure (2–20 MPa) [20,21]. To reduce the temperature and pres-
sure while maintaining high removal efficiency, an appropriate
homogeneous or heterogeneous catalyst is often used [10,12,22].
Besides, another very attractive approach is the co-oxidation tech-
nology that employs some substances as promoters to increase the
degradation of other recalcitrant substances. For example, when
the co-oxidation of nitrobenzene and phenol was carried out at
200 �C and 1.0 MPa oxygen partial pressure for 3 h, the removal
efficiency of nitrobenzene reaches 36%, while it is 3% in single
oxidation experiment under the same conditions [23]. The degra-
dation of thiocyanate is significantly enhanced when it is simulta-
neously oxidized together with phenol under the same conditions
[24]. Highly efficient destruction of refractory 2,4,6-trichlorophe-
nol (TCP) can significantly increase the degradation of p-nitrophe-
nol (PNP) in NaNO2-catalyzed wet air oxidation system [25,26].
The addition of gallic acid can aid the catalytic destruction of azo
dye Acid Orange 7 with FeSO4 as catalyst [27], and the incorpora-
tion of tetrahydrofuran can obviously improve the decomposition
of decabromodiphenyl ether [28].

In considering that the degradation of TCP with NaNO2/O2 can
bring PNP to be remarkably removed, and TCP is a priority pollu-
tant existing in landfill leachate [29–32], so we try to find a co-oxi-
dation solution to simultaneously remove the refractory organic
pollutants and TCP in landfill leachate exploiting the NaNO2-cata-
lyzed wet co-oxidation (CWCO) process. Consequently, the current
study investigates the effectiveness of the TCP-promoted catalytic
wet oxidation of humic substances and the stabilized landfill
leachate.
Table 2
Characterisations of the various synthetic wastewater samples.

Sample pH COD (mg/L) TOC (mg/L) BOD5 (mg/L)

FA 5.6 322.7 63.2 0.11
FA + TCP 5.2 242.5 100.1 0.11
HA 7.0 200.9 106.0 0.08
HA + TCP 5.9 141.2 87.0 0.01
2. Material and methods

2.1. Materials

FA (70% purity) was purchased from Shijiazhuang Lemandou
Chemicals Co., Ltd. (China). TCP (98% purity) was purchased from
Sigma–Aldrich Co. LLC. (America). HA (50–60% purity) was pur-
chased from Acros Organics (Belgium). All other chemical reagents
were of analytical grade and were used without further purifica-
tion. Water was prepared with a Mili-Q water purification system
(Millipore, Milford, MA, USA) throughout all the experiments. The
pH values were adjusted by the addition of diluted aqueous solu-
tion of HCl or NaOH.

2.2. Landfill leachate

The stabilized landfill leachate was collected from the sanitary
landfill site of Heimifeng (Changsha, China), which has been in
operation since 2003. Raw leachate was collected on April 13,
2013 and placed in 20 L sealed plastic buckets. The sample was
immediately transported to the laboratory, characterized, and then
stored at 4 �C to minimize the biological and chemical reactions.
The physico-chemical analysis was carried out within two days.
The physico-chemical parameters of the examined leachate sample
are presented in Table 1.

2.3. Catalytic wet co-oxidation

The CWCO of FA and TCP was carried out in a 50 mL Teflon-
lined stainless steel autoclave equipped with a magnetic stirrer.
The reaction temperature was measured using a thermocouple
and controlled by a PID regulator. Then the solution of FA
(10 mL, 400 mg/L), TCP (10 mL, 1 mM) and NaNO2 (10 lL, 1 M)
were added to the autoclave, thus, the initial concentrations of
FA and TCP changed to 200 mg/L, and 0.5 mM (98.7 mg/L),
respectively, and the molar ratio of TCP/NaNO2 was 1:1 [25,26].
The autoclave was then closed and charged with pure oxygen to
0.5 MPa, and then heated to the desired temperature. The stirring
speed was set at 500 rpm to ensure vigorous mixing. After reaction
(heating time included), the autoclave was cooled to room temper-
ature in a water bath, carefully depressurized, and sampled for fur-
ther analysis. The co-oxidation experiments of HA or landfill
leachate with TCP were similar as described above.

2.4. Analysis method

FA concentration in the mixture was measured with a UV-2550
spectrophotometer (Shimadzu Co., Japan) at 335 nm where the
absorbance of TCP was almost zero and the absorbance difference
between FA and TCP was the maximum. For generating calibration
curve, FA concentrations in the mixture of FA and TCP were set at
10, 25, 50, 100, 200 and 300 mg/L, respectively, and TCP concentra-
tion was kept at 0.5 mM. These six solutions were measured with a
spectrophotometer to generate a six-point calibration curve. The
linear regression coefficient (R2) of the standard curve is 1.0. Total
organic carbon (TOC) analysis was performed using a Shimadzu
TOC-VCPH analyzer (Shimadzu Co., Japan). The pH value was
measured with a PHSJ-5 pH meter (Rex Co., China). COD was
determined by a standard dichromate reflux method [33]. BOD5

test was performed according to the Water quality-Determination
of biochemical oxygen demand after 5 days (BOD5) for dilution and
seeding method (Standard Method HJ 505-2009, China). N–NHþ4
was determined according to the Water quality-Determination of
ammonia nitrogen for Nessler’s reagent spectrophotometry (Stan-
dard Method HJ 535-2009, China), and N-NO�3 was determined
according to the Water quality-Determination of nitrate nitrogen
for ultraviolet spectrophotometry (Standard Method HJ 346-
2007, China). The biodegradability index was estimated from the
following equation:

Biodegradability index ¼ BOD5

COD
ð1Þ

The characteristics of the various synthetic wastewater samples
containing FA, HA, (FA + TCP) and (HA + TCP) are given in Table 2.

3. Results and discussion

3.1. Preliminary experiments

The WAO of single FA (200 mg/L) was carried out at 150 �C and
0.5 MPa of O2 for 4 h, and the result showed that only 12.2% TOC



218 P. Wang et al. / Chemical Engineering Journal 247 (2014) 216–222
removal was obtained. When 0.5 mM NaNO2 was incorporated
into the reaction system, there was no obvious improvement in
TOC removal and the color of the reaction mixture remained yel-
low–brown under the same experimental conditions. These results
clearly showed that the catalytic activity of NaNO2 was not high
enough to thoroughly destroy FA. However, NaNO2 exhibits the
high catalytic capacity to activate molecular oxygen to destroy
TCP [25]. For example, when NaNO2-catalyzed wet oxidation of
TCP (0.5 mM) was performed at 150 �C and 0.5 MPa of O2 for 4 h,
and TCP concentration was measured using a spectrophotometer
at 293 nm which was the maximum absorption wavelength of
TCP, the results showed that the TCP and TOC removal were
97.4% and 69.2%, respectively. In view of the above results,
0.5 mM TCP was added to the CWAO system of FA (200 mg/L) with
0.5 mM NaNO2 as catalyst, after 4 h of reaction at 150 �C and
0.5 MPa of O2, the color of the reaction mixture turned from initial
yellow–brown to colorless and the TOC removal reached to 62.1%.
We postulate that the TOC removal of TCP is still 69.2% (the CWAO
result of TCP under the same experiment conditions) in the
co-oxidation system, so the TOC removal of FA was about 60.4%
according to the calculation results. These results demonstrated
that the addition of TCP promoted the reduction of FA.

The absorption spectra of the mixture of FA and TCP before and
after the CWCO process are shown in Fig. 1. The characteristic
absorption peak of the mixture at approximately 286 nm disap-
peared without obvious absorption band emerging after the CWCO
process. Concomitantly, the color of the reaction solution changed
from the initial yellow–brown to colorless. This indicated that the
chromophoric structures of FA and TCP were completely destroyed.
These results also indicated the addition of TCP promoted the
destruction of FA.

Encouraged by these promising results, the optimal operating
conditions for CWCO of FA and TCP were systematically investi-
gated with respect to reaction temperature, TCP concentration,
NaNO2 concentration, oxygen pressure and initial pH.

3.2. Effect of temperature

To evaluate the influence of temperature, the CWCO of FA and
TCP were performed at 90, 110, 130 and 150 �C, respectively
(Fig. 2). Fig. 2a shows the effect of temperature on the absorbance
of the mixture solution. These results indicated that the absor-
bance of all the mixture solutions among the studied temperatures
firstly increased and then decreased. And this could be confirmed
by the change of the colour of the reaction solution. For example,
Fig. 1. Spectra of FA solution (0.4 g/L), mixture of FA and TCP before CWCO, TCP
solution (1 mM) and mixture of FA and TCP after CWCO. Experimental conditions:
CFA = 200 mg/L; CTCP = 0.5 mM; CNaNO2 = 0.5 mM; T = 150 �C; PO2 = 0.5 MPa;
time = 4 h; pH = 5.
when reaction temperature was 150 �C, the color of the reaction
solution turned from original yellow–brown to pink, then to slight
yellow, and finally to colorless with reaction time increasing from
1 h to 4 h [25,26]. These results implied that the colored interme-
diate products might be formed when reaction time was not more
than 1 h, and then be further oxidized to colorless substances with
the reaction time prolonging to 4 h.

Fig. 2b displays the effect of temperature on the TOC removal of
the mixture of (FA + TCP). Obviously, with the reaction tempera-
ture increasing, the TOC removal increased correspondingly. For
example, the TOC removals were only 11.1% and 12.8% after 8 h
of reaction when reaction temperatures were 90 and 110 �C,
respectively. Raising reaction temperature to 130 �C, the TOC re-
moval increased to 24.3% after 4 h of reaction. Further increasing
reaction temperature to 150 �C, 62.1% TOC removal was obtained
after 4 h of reaction. However, at 150 �C of reaction temperature,
further prolonging the reaction time to 8 h did not lead to obvious
enhancement in TOC removal.

From the above results we can conclude that higher tempera-
tures are favorable for the CWCO of FA and TCP. However, from
the practical point of view, higher temperatures lead to higher
operating costs and more severe corrosion problems. Thus, the
reaction temperature and time were respectively set at 150 �C
and 4 h for the consequent optimization of experimental
conditions.
3.3. Effect of TCP concentration

Fig. 3 reveals the effect of TCP concentration on the TOC re-
moval of the mixture of (FA + TCP). It can be seen from Fig. 3 that
as TCP concentration in the mixture increases, the TOC removal
Fig. 2. Effect of reaction temperature on the absorbance (a) and TOC removal (b).
Experimental conditions: CFA = 0.2 g/L; CTCP = 0.5 mM; CNaNO2 = 0.5 mM; PO2 = 0.5 MPa;
pH = 5.
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increases. For example, the TOC removals were 31.6%, 38.6%, 48.7%
and 62.1% when TCP concentrations were 0.05, 0.125, 0.25 and
0.5 mM, respectively, whereas the TOC removal of FA was only
14.6% without addition of TCP under the same experimental condi-
tions. The remarkable results indicate that the addition of TCP
could efficiently promote the degradation of FA. In addition, from
the proposed degradation mechanism for the CWCO of FA and
TCP (Section 3.9.) we can conclude that the increase of TCP concen-
tration leads to the production of more high-concentration perox-
ynitrous acid (ONOOH), which might act as the most important
active species for the degradation of TCP and FA. Based on the
above results, we consider 0.5 mM as better TCP concentration in
the present co-oxidation system.
Fig. 4. Effect of NaNO2 concentration on the TOC removal. Experimental conditions:
CFA = 200 mg/L; CTCP = 0.5 mM; T = 150 �C; PO2 = 0.5 MPa; time = 4 h; pH = 5.
3.4. Effect of NaNO2 concentration

Fig. 4 shows the influence of NaNO2 concentration on the TOC
removal of the mixture of (FA + TCP). It was noteworthy that when
low-concentration of NaNO2 (0.05 mM) was added to the mixture,
the TOC removal reached to 43.4%. When NaNO2 concentration
was increased to 0.5 mM, 62.1% TOC removal was obtained. The re-
sults indicate that increasing NaNO2 concentration is beneficial to
the degradation of the mixture of (FA + TCP). However, when
NaNO2 concentration was higher than 0.5 mM, there was no obvi-
ous improvement in the TOC removal. It can be seen from Eq. (4),
the stoichiometric ratio of NaNO2 to TCP is 1:1, so 0.5 mM NaNO2

was sufficient for the complete reaction of TCP when the concen-
tration of TCP was fixed at 0.5 mM. The above results indicate that
0.5 mM might be ideal NaNO2 concentration in the present co-oxi-
dation system.
Fig. 5. Effect of oxygen pressure on the TOC removal. Experimental conditions:
CFA = 200 mg/L; CTCP = 0.5 mM; CNaNO2 = 0.5 mM; T = 150 �C; time = 4 h; pH = 5.
3.5. Effect of oxygen pressure

Fig. 5 shows the effect of oxygen pressure on the TOC removal of
the mixture of (FA + TCP). Six experiments were conducted with
oxygen pressures increasing from 0.1 to 0.5 MPa. The results
showed that the TOC removal increased with oxygen pressure
increasing. This might be because high dissolved oxygen concen-
tration in the liquid phase is beneficial to the oxidation of pollu-
tants. It can be seen from Eq. (4) that �O�2 can be generated in the
reaction between O2 dissolved in the liquid phase and sodium
trichlorophenolate, which then reacts with NO to generate power-
ful oxidizing ONOO�, leading to enhanced removal of TOC. So with
the concentration of dissolved oxygen increasing, the concentra-
tion of ONOO� increases correspondingly. According to the Henry’s
law, the concentration of oxygen dissolved in the liquid phase is
Fig. 3. Effect of TCP concentration on the TOC removal. Experimental conditions:
CFA = 200 mg/L; CNaNO2 = 0.5 mM; T = 150 �C; PO2 = 0.5 MPa; time = 4 h; pH = 5.
proportional to the partial pressure of oxygen in the gas phase
[21]. Therefore, an increase in the oxygen pressure in the gas phase
could promote the CWCO of FA and TCP. Therefore, the oxygen
pressure of 0.5 MPa was considered to be sufficient in the present
system.

3.6. Effect of initial pH

Fig. 6 shows the effect of initial pH value of the mixture solution
on the TOC removal of (FA + TCP). When initial pH values of the
mixture solutions were 3 and 5, FA and TCP could be efficiently de-
graded. For example, when the CWCO of FA and TCP was con-
ducted at pH 5, 62.1% TOC removal was achieved. However,
when the initial pH values of the mixture solutions was basic,
the TOC removal decreased to 36.2% at pH 7, 36.3% at pH 9, and
29.8% at pH 11, respectively. According to the proposed degrada-
tion mechanism in Section 3.9, when the initial pH value of the
mixture solution was neutral or basic, TCP mainly existed in the
form of anion in the solution and minor amounts of HNO2 were
yielded from TCP and NaNO2, therefore the TOC removal was not
high at solution pH higher than 7.

In addition, the changes of pH value of the reaction solution
with reaction time were investigated. The results showed that
the final pH of a reaction solution with initial pH 11 decreased to
6.0, 3.6, 3.5 and 3.5 for 1 h, 2 h, 3 h and 4 h, respectively. And the
final pH value of a reaction solution with initial pH 9 decreased
to 3.5, 3.4, 3.3 and 3.2 for 1 h, 2 h, 3 h and 4 h, respectively. It
was worth mentioning that the final pH values of all the reaction



Fig. 6. Effect of pH on the TOC removal. Experimental conditions: CFA = 200 mg/L;
CTCP = 0.5 mM; CNaNO2 = 0.5 mM; T = 150 �C; PO2 = 0.5 MPa; time = 4 h.
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solutions were around 3 no matter whether the initial pH values of
the reaction solutions were acid or not [22]. The reason for the
reduction of pH may be that small molecular organic acids such
as acetic acid, formic acid, pyruvic acid and succinic acid formed
after the CWCO of FA and TCP [22,25].

3.7. Biodegradability index

Biodegradability index is a good indicator determining whether
organic matters can be degraded by microorganism efficiently or
not. To further study the biodegradability change of the mixture
of (FA + TCP) after the CWCO process, the biodegradability indexes
of eight control groups (raw FA, FA after WAO, FA after CWAO, raw
TCP, TCP after WAO, TCP after CWAO, raw mixture of FA and TCP
and mixture of FA and TCP after WAO) were determined under
the optimum conditions (CFA = 200 mg/L; CTCP = 0.5 mM;
CNaNO2 = 0.5 mM; T = 150 �C; PO2 = 0.5 MPa; time = 4 h; pH = 5),
and the results are shown in Fig. 7. Compared with the biodegrad-
ability indexes of raw FA (0.11), FA after WAO (0.11), FA after
CWAO (0.09), raw TCP (0.01), TCP after WAO (0.18), TCP after
CWAO (0.84), raw mixture of FA and TCP (0.10) and mixture of
FA and TCP after WAO (0.09), the biodegradability index of the
mixture of (FA + TCP) after the CWCO process reached to 0.39. It
can be seen that the biodegradability indexes of FA after CWAO
with NaNO2 or WAO with TCP were both low, while the index ob-
tained from the CWCO system in the presence of NaNO2 and TCP
significantly increased. The results demonstrated the enhancement
Fig. 7. BOD5, COD and biodegradability indexes of different samples. Experimental
conditions: CFA = 200 mg/L; CTCP = 0.5 mM; CNaNO2 = 0.5 mM; T = 150 �C; PO2 = 0.5 MPa;
time = 4 h; pH = 5.
of biodegradability of FA came from the synergistic effect of NaNO2

and TCP. On the other hand, it has been reported that when the
biodegradability index is higher than 0.4, wastewater can be con-
sidered completely biodegradable [14]. Therefore, the present
CWCO process was able to ameliorate FA from refractory substance
to biodegradable substance. Although complete COD removal was
not achieved, the degradation products were easily biodegraded.

3.8. Reaction kinetics

To gain a better insight into the CWCO process, the reaction
kinetics of mixture of FA and TCP were investigated in the temper-
ature range of 120–150 �C, at 0.5 MPa of O2. According to Refs.
[22,34], it was possible to approximate the expression to pseudo-
first order, given by the following equation (Eq. (2)):

� ln
½COD�
½COD�O

¼ k0CODt ð2Þ

ln k0COD ¼ lnA � Ea
RT

ð3Þ

Fig. 8a shows the experimental data obey to the pseudo-first-
order kinetic model for all the runs (R2 > 0.96, except 150 �C for
6 h). When the CWCO of FA and TCP was conducted at 150 �C for
4 h, most organic compounds were removed (R2 = 0.97). Even
when the reaction time was prolonged to 6 h, there was a little
increase in COD removal. As can be seen form Fig. 8b that k0COD

increases with increasing temperature. Assuming that k0COD under
different temperatures follows the Arrhenius equation (Eq. (3)),
the activation energy, Ea can be calculated by performing a linear
fit of ln k0COD versus 1/T, as shown in Fig. 8b. The activation energy
for the degradation of the mixture of FA and TCP was found to be
40.3 kJ/mol (R2 = 0.95).
Fig. 8. Pseudo-first-order kinetics plots (a) and Arrhenius plot (b) for CWCO of FA
and TCP. Experimental conditions: CFA = 200 mg/L; CTCP = 0.5 mM; CNaNO2 = 0.5 mM;
PO2 = 0.5 MPa; pH = 5.
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3.9. Degradation mechanism

As for WAO, the reactions generally proceed according to a
free-radical mechanism [22,35]. In addition, based on the proposed
degradation mechanism for the CWCO of PNP and TCP [26], TCP is
reacted with NaNO2 to generate sodium trichlorophenolate and
HNO2 (Eq. (4)). The oxidation of sodium trichlorophenolate with
dioxygen is to form �O�2 and trichlorophenol radical (Eq. (4)).
HNO2 decomposes into NO and NO2 (Eq. (5)), then NO reacts extre-
mely easily with �O�2 to generate ONOO� (Eq. (6)). So we deduced
that peroxynitrite (ONOO�) might be generated in the present
CWCO system. At acid pH, ONOO� is protonated rapidly to its con-
jugate acid, peroxynitrous acid (ONOOH) which was also a power-
ful oxidizing species (Eq. (7)). ONOOH was unstable and rapidly
decomposes to highly reactive �OH and �NO2 through homolytic
reaction (Eq. (8)) [36–42].

ð4Þ

2HNO2 ! NOþ NO2 þH2O ð5Þ

�O�2 þ NO! ONOO ð6Þ

ONOO��
Hþ

ONOOH ð7Þ

ONOOH!� NO2 þ� OH ð8Þ

ONOOH might act as the most important active species for the
degradation of TCP and FA. ONOOH oxidizes the pollutants result-
ing in generating degradation offspring and NO2. While the NO2

oxidized [Cl�], which is generated from the degradation of TCP,
to chlorine species [Cl], itself was reduced to regenerate NO
[25,26]. With the assistance of water, [Cl] is transformed to oxi-
dized chlorine species [HClO], which decompose into active oxygen
species and [Cl�].

In order to confirm the existence of hydroxyl radicals produced
in the CWCO process, the radical scavengers (tert-butyl alcohol and
sodium bromide) were used. The radical scavenger experiments
were conducted under the optimum conditions, and the molar ra-
tios of radical scavengers to TCP were both set at 500:1 [34]. The
results showed that the presence of radical scavengers negatively
affect the CWCO of FA and TCP. For example, when the mixture re-
acted with tert-butyl alcohol at 150 �C and 0.5 MPa of O2 for 8 h, its
absorbance measured at 335 nm increased from 0.041 to 0.442,
and when it reacted with sodium bromide under the same exper-
imental conditions, its absorbance increased from 0.041 to 0.619.
Thus the results indicated that the highly reactive hydroxyl radi-
cals (�OH) were involved in the main degradation mechanisms of
the CWCO of FA and TCP.

3.10. Degradation of HA and landfill leachate

The CWCO process was also applied to the oxidative degrada-
tion of HA. After reaction for 4 h at 150 �C and 0.5 MPa of O2, the
COD removal of the mixture of HA and TCP could reach to 56.5%
and the color turned from brownish black to colorless, concomi-
tantly the biodegradability index increased from 0.05 to 0.50,
indicating that the mixture was thoroughly biodegradable.

In view of the effective oxidation of FA and HA in the CWCO
system, the CWCO process was further applied to the degradation
of landfill leachate. Firstly, landfill leachate was diluted 10 times
(DLL). Then the pH value of the mixture of DLL and TCP was ad-
justed to 5. When the CWCO of DLL and TCP was conducted at
150 �C and 0.5 MPa of O2 for 4 h, the COD removal of the mixture
of (DLL + TCP) reached to 56.7% and the color turned from yel-
low–brown to colorless. Furthermore, the biodegradability index
of the mixture could also increase from 0.08 to 0.34. Therefore,
the CWCO process could be chosen as an alternative pretreatment
method to improve the biodegradability of landfill leachate.

4. Conclusions

The CWCO process efficiently oxidized the recalcitrant FA, HA
and landfill leachate to CO2 and biodegradable products with high
conversion in the presence of TCP under mild conditions (150 �C,
0.5 MPa of O2). Hydroxyl radicals had been determined to be dom-
inant active spices generated in the CWCO system. The obtained
results confirmed that the CWCO process was useful to improve
the biodegradability of the stabilized landfill leachate up to a value
compatible with further biological treatment.

Acknowledgements

The study was financially supported by the National Natural
Science Foundation of China (51008121, 51039001, 51378190),
the Hunan Provincial Natural Science Foundation of China
(11JJ4041), the Growth Plan for Young Teachers of Hunan Univer-
sity (China) and the Research Fund for the Doctoral Program of
Higher Education of China (20100161110012).

References

[1] A.A. Halim, H.A. Aziz, M.A.M. Johari, K.S. Ariffin, M.N. Adlan, Ammoniacal
nitrogen and COD removal from semi-aerobic landfill leachate using a
composite adsorbent: fixed bed column adsorption performance, J. Hazard.
Mater. 175 (2010) 960–964.

[2] R. Zhu, S. Wang, J. Li, K. Wang, L. Miao, B. Ma, Y. Peng, Biological nitrogen
removal from landfill leachate using anaerobic–aerobic process: denitritation
via organics in raw leachate and intracellular storage polymers of
microorganisms, Bioresour. Technol. 128 (2013) 401–408.

[3] C. Wang, P. Lee, M. Kumar, Y. Huang, S. Sung, J. Lin, Simultaneous partial
nitrification, anaerobic ammonium oxidation and denitrification (SNAD) in a
full-scale landfill-leachate treatment plant, J. Hazard. Mater. 175 (2010) 622–
628.

[4] J. Wiszniowski, D. Robert, J. Surmacz-Gorska, K. Miksch, S. Malato, J. Weber,
Solar photocatalytic degradation of humic acids as a model of organic
compounds of landfill leachate in pilot-plant experiments: influence of
inorganic salts, Appl. Catal. B – Environ. 53 (2004) 127–137.

[5] S. Renou, J.G. Givaudan, S. Poulain, F. Dirassouyan, P. Moulin, Landfill leachate
treatment: review and opportunity, J. Hazard. Mater. 150 (2008) 468–493.

[6] Y. Wang, X. Li, L. Zhen, H. Zhang, Y. Zhang, C. Wang, Electro-Fenton treatment
of concentrates generated in nanofiltration of biologically pretreated landfill
leachate, J. Hazard. Mater. 229–230 (2012) 115–121.

[7] E. Atmaca, Treatment of landfill leachate by using electro-Fenton method, J.
Hazard. Mater. 163 (2009) 109–114.

[8] Z. Zheng, P. He, L. Shao, D. Lee, Phthalic acid esters in dissolved fractions of
landfill leachates, Water Res. 41 (2007) 4696–4702.

[9] T.A. Kurniawan, W. Lo, G.Y.S. Chan, Radicals-catalyzed oxidation reactions for
degradation of recalcitrant compounds from landfill leachate, Chem. Eng. J.
125 (2006) 35–57.

[10] Á. Anglada, A. Urtiaga, I. Ortiz, D. Mantzavinos, E. Diamadopoulos, Treatment
of municipal landfill leachate by catalytic wet air oxidation: assessment of the
role of operating parameters by factorial design, J. Waste Manage. 31 (2011)
1833–1840.

[11] F.J. Rivas, F.J. Beltrán, F. Carvalho, P.M. Alvarez, Oxone-promoted wet air
oxidation of landfill leachates, Ind. Eng. Chem. Res. 44 (2005) 749–758.

[12] A. Garg, A. Mishra, Wet oxidation – an option for enhancing biodegradability of
leachate derived from municipal solid waste (MSW) landfill, Ind. Eng. Chem.
Res. 49 (2010) 5575–5582.

[13] H. Zhang, X. Wu, X. Li, Oxidation and coagulation removal of COD from landfill
leachate by Fered–Fenton process, Chem. Eng. J. 210 (2012) 188–194.

[14] E. Chamarro, A. Marco, S. Esplugas, Use of fenton reagent to improve organic
chemical biodegradability, Water Res. 35 (2001) 1047–1051.

[15] S.P. Cho, S.C. Hong, S. Hong, Study of the end point of photocatalytic
degradation of landfill leachate containing refractory matter, Chem. Eng. J.
98 (2004) 245–253.

http://refhub.elsevier.com/S1385-8947(14)00288-5/h0005
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0005
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0005
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0005
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0010
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0010
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0010
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0010
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0015
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0015
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0015
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0015
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0020
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0020
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0020
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0020
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0020
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0020
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0025
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0025
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0030
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0030
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0030
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0035
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0035
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0040
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0040
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0045
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0045
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0045
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0050
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0050
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0050
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0050
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0055
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0055
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0060
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0060
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0060
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0060
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0060
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0065
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0065
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0070
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0070
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0075
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0075
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0075


222 P. Wang et al. / Chemical Engineering Journal 247 (2014) 216–222
[16] H. Shu, H. Fan, M. Chang, W. Hsieh, Treatment of MSW landfill leachate by a
thin gap annular UV/H2O2 photoreactor with multi-UV lamps, J. Hazard. Mater.
129 (2006) 73–79.

[17] S.S. Abu Amr, H.A. Aziz, M.N. Adlan, M.J.K. Bashir, Pretreatment of stabilized
leachate using ozone/persulfate oxidation process, Chem. Eng. J. 221 (2013)
492–499.

[18] C. Di Iaconi, S. Rossetti, A. Lopez, A. Ried, Effective treatment of stabilized
municipal landfill leachates, Chem. Eng. J. 168 (2011) 1085–1092.

[19] Y. Peng, D. Fu, R. Liu, F. Zhang, X. Liang, NaNO2/FeCl3 catalyzed wet oxidation of
the azo dye acid orange 7, Chemosphere 71 (2008) 990–997.

[20] F. Stüber, J. Font, A. Eftaxias, M. Paradowska, M.E. Suarez, A. Fortuny, C. Bengoa,
A. Fabregat, Chemical wet oxidation for the abatement of refractory non-
biodegradable organic wastewater pollutants, Process Saf. Environ. 83 (2005)
371–380.

[21] Y. Peng, D. Fu, R. Liu, F. Zhang, X. Xue, Q. Xu, X. Liang, NaNO2/FeCl3 dioxygen
recyclable activator: an efficient approach to active oxygen species for
degradation of a broad range of organic dye pollutants in water, Appl. Catal.
B-Environ. 79 (2008) 163–170.

[22] F. Arena, C. Italiano, A. Raneri, C. Saja, Mechanistic and kinetic insights into the
wet air oxidation of phenol with oxygen (CWAO) by homogeneous and
heterogeneous transition-metal catalysts, Appl. Catal. B-Environ. 99 (2010)
321–328.

[23] D. Fu, J. Chen, X. Liang, Wet air oxidation of nitrobenzene enhanced by phenol,
Chemosphere 59 (2005) 905–908.

[24] J. Vicente, M. Díaz, Thiocyanate/phenol wet oxidation interactions, Environ.
Sci. Technol. 37 (2003) 1457–1462.

[25] X. Liang, D. Fu, R. Liu, Q. Zhang, T. Zhang, X. Hu, Highly efficient NaNO2-
catalyzed destruction of trichlorophenol using molecular oxygen, Angew.
Chem. Int. Ed. 44 (2005) 5520–5523.

[26] D. Fu, Y. Peng, R. Liu, F. Zhang, X. Liang, Concurrent destruction strategy:
NaNO2-catalyzed, trichlorophenol-coupled degradation of p-nitrophenol
using molecular oxygen, Chemosphere 75 (2009) 701–706.

[27] I.I. Raffainer, P. Rudolf Von Rohr, Promoted wet oxidation of the azo dye orange
II under mild conditions, Ind. Eng. Chem. Res. 40 (2001) 1083–1089.

[28] H. Zhao, F. Zhang, B. Qu, X. Xue, X. Liang, Wet air co-oxidation of
decabromodiphenyl ether (BDE209) and tetrahydrofuran, J. Hazard. Mater.
169 (2009) 1146–1149.

[29] S. Chaliha, K.G. Bhattacharyya, Catalytic wet oxidation of 2-chlorophenol, 2,4-
dichlorophenol and 2,4,6-trichlorophenol in water with Mn(II)-MCM41, Chem.
Eng. J. 139 (2008) 575–588.
[30] Y. Wu, J. Lin, Determination of phenol in landfill leachate by using microchip
capillary electrophoresis with end-channel amperometric detection, J. Sep. Sci.
29 (2006) 137–143.

[31] Y. Shi, M. Chen, S. Muniraj, J. Jen, Microwave-assisted headspace controlled
temperature liquid-phase microextraction of chlorophenols from aqueous
samples for gas chromatography-electron capture detection, J. Chromatogr. A
1207 (2008) 130–135.

[32] Y. Kurata, Y. Ono, Y. Ono, Occurrence of phenols in leachates from municipal
solid waste landfill sites in Japan, J. Mater. Cycles Waste Manage. 10 (2008)
144–152.

[33] APHA, WPCF, AWWA, Standard Methods for the Examination of Water and
Wastewater, 21st ed., American Public Health Association (APHA),
Washington, DC, 2005.

[34] X. Xu, G. Zeng, Y. Peng, Z. Zeng, Potassium persulfate promoted catalytic wet
oxidation of fulvic acid as a model organic compound in landfill leachate with
activated carbon, Chem. Eng. J. 200–202 (2012) 25–31.

[35] R. Robert, S. Barbati, N. Ricq, M. Ambrosio, Intermediates in wet oxidation of
cellulose: identification of hydroxyl radical and characterization of hydrogen
peroxide, Water Res. 36 (2002) 4821–4829.

[36] R. Radi, A. Cassina, R. Hodara, C. Quijano, L. Castro, Peroxynitrite reactions
and formation in mitochondria, Free Radical Bio. Med. 33 (2002) 1451–
1464.

[37] A. Denicola, R. Radi, Peroxynitrite and drug-dependent toxicity, Toxicology
208 (2005) 273–288.

[38] S.V. Lymar, R.F. Khairutdinov, J.K. Hurst, Hydroxyl radical formation by
OAO bond homolysis in peroxynitrous acid, Inorg. Chem. 42 (2003) 5259–
5266.

[39] J.W. Coddington, J.K. Hurst, S.V. Lymar, Hydroxyl radical formation during
peroxynitrous acid decomposition, J. Am. Chem. Soc. 121 (1999) 2438–
2443.

[40] C.E. Richeson, P. Mulder, V.W. Bowry, K.U. Ingold, The complex chemistry of
peroxynitrite decomposition: new insights, J. Am. Chem. Soc. 120 (1998)
7211–7219.

[41] W.H. Koppenol, P.L. Bounds, T. Nauser, R. Kissner, H. Rueegger, Peroxynitrous
acid: controversy and consensus surrounding an enigmatic oxidant, Dalton
Trans. 41 (2012) 13779–13787.

[42] H. Gunaydin, K.N. Houk, Molecular dynamics simulation of the HOONO
decomposition and the HO/NO2 caged radical pair in water, J. Am. Chem. Soc.
130 (2008) 10036–10037.

http://refhub.elsevier.com/S1385-8947(14)00288-5/h0080
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0080
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0080
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0080
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0080
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0085
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0085
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0085
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0090
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0090
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0095
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0095
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0095
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0095
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0100
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0100
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0100
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0100
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0105
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0105
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0105
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0105
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0105
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0105
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0110
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0110
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0110
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0110
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0115
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0115
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0120
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0120
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0125
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0125
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0125
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0125
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0130
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0130
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0130
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0135
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0135
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0140
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0140
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0140
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0145
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0145
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0145
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0150
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0150
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0150
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0155
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0155
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0155
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0155
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0160
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0160
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0160
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0170
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0170
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0170
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0175
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0175
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0175
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0180
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0180
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0180
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0185
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0185
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0190
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0190
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0190
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0190
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0195
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0195
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0195
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0200
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0200
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0200
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0205
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0205
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0205
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0210
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0210
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0210
http://refhub.elsevier.com/S1385-8947(14)00288-5/h0210

	2,4,6-Trichlorophenol-promoted catalytic wet oxidation of humic  substances and stabilized landfill leachate
	1 Introduction
	2 Material and methods
	2.1 Materials
	2.2 Landfill leachate
	2.3 Catalytic wet co-oxidation
	2.4 Analysis method

	3 Results and discussion
	3.1 Preliminary experiments
	3.2 Effect of temperature
	3.3 Effect of TCP concentration
	3.4 Effect of NaNO2 concentration
	3.5 Effect of oxygen pressure
	3.6 Effect of initial pH
	3.7 Biodegradability index
	3.8 Reaction kinetics
	3.9 Degradation mechanism
	3.10 Degradation of HA and landfill leachate

	4 Conclusions
	Acknowledgements
	References


