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a b s t r a c t
Treatment of terephthalic acid (TA) wastewater by a Fenton-like tourmaline/H2O2 system combined 
with aerobic activated sludge was investigated. In the case of pre-treatment, Fenton-like oxidation 
was aimed at decomposing the fractions of TA wastewater that can be quite difficult to degrade 
and then converting them into readily biodegradable products, which can be subsequently biolog-
ically removed. The degradation of the main target compound TA was observed when subjected to 
a Fenton-like process. A series of parameters for degradation efficiency were investigated, including 
the ratio of the concentration of tourmaline to H2O2 (F) tourmaline size, initial pH and temperature of 
the reaction. It was shown that when the value of F was 17.8, and the pH and temperature were 4.44 
and 58°C, respectively, the catalyst presented an optimal TA degradation performance (94.8%) after 
90 min. We analyzed the intermediates of TA, possible ring-opened products and proposed possible 
degradation schemes for TA in a Fenton-like system. However, the Fenton-like process was failed to 
remove chemical oxygen demand (COD) from the wastewater. Thus, a biodegradation process was 
used to further treat the effluent of the Fenton-like process. After 12 h of aerobic activated sludge 
process, 90% of COD was removed, and the pH value of the effluent ranged from 8 to 9. In addition, 
the dilution rates of the biological process were assessed for Fenton-like effluent. When the dilution 
rate was 1:1, biodegradation time was shortened, and efficiency was greatly enhanced. This study 
provided an effective treatment method for TA wastewater and provided a new idea for wastewater 
treatment.
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1. Introduction

Terephthalic acid (TA) is widely used to manufacture 
polyester fibers, PET-film, medicines, dyes, synthetic per-
fumes and other chemical compounds. TA is one of the main 
organic components of purified terephthalic acid (PTA) 
manufacturing wastewater [1,2], considered toxic and an 
endocrine disruptor [2,3]. Wastewater from the manufac-
ture of PTA includes high concentrations of acetic acid, 
functioning as a solvent, as a contaminant, and in addition 
contains benzoic acid (BA), p-toluic acid, phthalic acid, and 

4-carboxybenzaldehyde [3,4]. Anaerobic biological treatment 
has been intensively applied to the treatment of PTA man-
ufacturing wastewater [5]; however, studies of the removal 
of organic components by this method are limited. Aerobic 
treatment of PTA wastewater has not been considered a 
workable method, especially for wastewater that contains 
compounds such as acetate and benzoate [6,7], which affect 
the biodegradation of terephthalate [8]. It takes more than 
10 d to initiate a treatment system and over 2 months to reach 
stable operation for anaerobic or aerobic treatment of PTA 
wastewater [9,10]. Moreover, using a two-stage activated 
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sludge process alone for treating PTA wastewater can reduce 
effluent quality [11].

In past decades, utilizing advanced oxidation processes 
(AOPs) to remove pollutants from water and wastewater 
has become popular from the perspective of environmental 
governance [12,13]. AOPs include Fenton and Fenton-like 
process, heterogeneous and homogeneous photocatalysis, 
O3 process, catalytic wet oxidation, sonochemical oxidation, 
electrochemical oxidation [14]. These processes are applied 
frequently for the degradation of pollutants such as oze dye 
[15,16], carbamazepine [17], tyrosol [18], and atrazine [19],. 
Also, the solar photo-Fenton combined with nanofiltration 
can reduce the environmental impacts of real wastewater 
[20]. During the AOP, hydroxyl radicals (•OH) are gener-
ated, and •OH acts as a strong and non-selective oxidizer of 
organics, leading to more efficient treatment of wastewater. 
Among AOPs, Fenton-like processes applied as a pretreat-
ment for wastewater can improve biodegradation of raw 
wastewater [21]. Homogeneous and heterogeneous pho-
to-Fenton/Fenton-like processes have been widely used to 
treat TA or PTA wastewater [1,6,22,23]. Thiruvenkatachari et 
al. [24] pointed out that TA was degraded as benzoquinone, 
benzene, maleic acid, oxalic acid probably in UV-H2O2-
Fe-O3 system. Also, some by-products of TA in the photo-
catalytic ozonation system, such as muconic, fumaric, and 
oxalic acids were identified by Fuentes et al. [25]. These 
processes were effective means of degrading organic com-
pounds which were non-biodegradable from TA wastewa-
ter. Moreover, the chemical oxygen demand (COD) removal 
efficiency of wastewater from the TA manufacturing process 
was high relatively [22]. However, the photocatalytic pro-
cess requires an auxiliary light source and harsh conditions 
[1], restricting its practical use. When pretreated with pho-
to-Fenton in which while almost total elimination of the 
major pollutants in PTA wastewater was achieved, part of 
their oxidation produced intermediates remained as refrac-
tory products, hard to further oxidize probably, efficient 
biodegradation of PTA wastewater requires several months 
from start-up to steady-state period [22]; therefore, using 
the photo-Fenton/Fenton-like method to treat wastewater is 
costly and time-consuming.

Tourmaline is a natural iron-bearing mineral, and its use 
to degrade organic compounds in Fenton-like reactions has 
been investigated [26]. The generalized tourmaline struc-
tural formula is described as XY3Z6(T6O18)(BO3)3V3W, the 
common ions (or vacancy) at each site are X = Na+, Ca2+, K+; 
the Y = Fe2+, Mg2+, Mn2+, Al3+, Fe3+, Li+, Cr3+; Z = Mg2+, Fe3+, 
Al3+, Cr3+; T = Al3+, B3+, Si4+; B = B3+; V = OH or O2−; W = OH−, 
F−, O2− [27]. Tourmaline can remove azo dyes [16], atrazine 
[19], and BPA [28] when combined with hydrogen perox-
ide. Tourmaline can easily be separated from wastewa-
ter to reduce secondary pollution. This paper considers a 
tourmaline-based Fenton-like process as a pretreatment for 
wastewater.

The purpose of this study is aimed at pretreating TA 
wastewater and boosting the efficiency of its biodegrada-
tion in an acceptable amount of time and reasonable reac-
tion conditions, thus improving effluent water quality. 
To better optimize the catalytic activity and deduce the 
reaction mechanism in the Fenton-like process, the effects 
of ratio of concentration of tourmaline to H2O2, initial pH, 

and tourmaline size were explored, and the degradation 
intermediates of the Fenton-like process were clarified by 
liquid chromatography-mass spectrometry (LC–MS). The 
COD removal by the aerobic activated sludge process was 
also investigated.

2. Materials and methods

2.1. Reagents and materials

TA (purity 99%) was supplied by Aladdin Industrial 
Corporation (Shanghai, China). 30% H2O2 was purchased 
from Nanjing Chemical Reagent Co., Ltd. BA was obtained 
from Tianjin Kermel Chemical Reagent Co., Ltd. HPLC-grade 
acetonitrile was provided by Concord Technology Co., Ltd. 
(Tianjin, China). Tourmaline was offered by Shijiazhuang 
Maoxiang Mineral Products Co., Ltd. The aerobic activated 
sludge was collected from a municipal sewage treatment 
plant (Nanjing, China). All other chemicals were analytical 
grade.

2.2. Preparation of TA wastewater and characterization of 
tourmaline

In this work, terephthalic acid wastewater (TAW) con-
sisted of 60 mg/L TA, 40 mg/L BA, 4.2 g/L acetic acid, 1 g/L 
NaOH and hard water. The pH value was approximately 
4.44.

Tourmaline was analyzed with the scanning electron 
microscopy (SEM, S-3400N II, Hitachi, Japan) and ener-
gy-dispersive X-ray spectroscopy (EDS), X-ray diffraction 
spectrum (XRD, D/MAX 2500, Rigaku Co., Japan), X-ray 
photoelectron spectroscopy (XPS, PHI 5000 Versa Probe, 
UlVAC-PHI, Inc., Japan/USA).

2.3. Fenton-like process

Experiments were conducted in a single-mouth 
round-bottomed flask (250 mL) equipped with a digital 
intelligent temperature control magnetic stirrer. For each 
experiment, 100 mL of TA solution or TAW was added to the 
flask, the liquid temperature was preserved at T ± 1°C, and 
the initial pH of the TAW was adjusted with H2SO4 solution. 
Tourmaline particles and H2O2 were dispersed into the TAW 
and mixed completely. For comparison, the experiments 
were maintained according to the procedures described 
above for the catalyzing system but without H2O2 or tourma-
line. Specifically, the effects of the ratio of the concentration 
of tourmaline to H2O2 (F), tourmaline size, the initial pH of 
TAW and the reaction temperature on TA degradation were 
measured.

2.4. Aerobic activated sludge treatment process

A culture medium of aerobic activated sludge containing 
K2HPO4 (930 mg/L), CaCl2 (101 mg/L), MgSO4 (32.5 mg/L), 
NaCl (233 mg/L), urea (1,000 mg/L), beef extract (3,666 mg/L) 
and peptone (5,333 mg/L) was prepared in a 500 mL bea-
ker. Aerobic activated sludge was maintained in the culture 
medium for one week for further use. Photomicrograph of 
aerobic activated sludge sample as shown in Fig. S1, the raw 
sludge consisted of a loose structure.
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Biological experiments were performed separately for 
the raw TAW and effluent from the Fenton-like process. 
Aerobic activated sludge was washed several times using 
static sedimentation to remove any residual carbon, nitro-
gen, phosphorus or mineral nutrients. The initial concen-
tration of the activated sludge was calculated to be 12 g/L 
after isometric mixing of the pretreated wastewater and the 
activated sludge. Aerators connected to an air pump were 
placed at the bottom of the system. The raw wastewater 
and pretreated wastewater with Fenton-like additions were 
subjected to biological treatment. To explore the effects of 
the initial load of wastewater on the biotreatment process, 
the wastewater was diluted with pure water. The pH value 
and COD of the solution were recorded regularly during 
the biodegradation process.

2.5. Wastewater sampling

During the Fenton-like process, samples were collected 
at regular intervals, filtered through 0.22 μm microfiltration 
membranes, mixed with t-butanol and then analyzed with 
high-performance liquid chromatography (HPLC, LC-20AT, 
Shimadzu). To survey the intermediates in the process of 
TA oxidation, the Fenton-like experiment was stopped after 
40 min, and the solution was filtered through a 0.45 μm 
microfiltration membrane and extracted with ethyl acetate. 
The extract was evaporated at 40°C, redissolved in metha-
nol, filtered through a 0.22 μm microfiltration membrane 
and was finally analyzed by LC–MS. During the biological 
process, samples were taken at fixed intervals and filtered 
through a 0.45 μm microfiltration membrane for measure-
ments of COD and pH.

2.6. Analytical determinations

The TA concentration was measured at 240 nm with 
HPLC with a DAD detector and a C18 column. The mobile 
phase was a mixture of 0.3% acetic acid and acetonitrile 
(90:10, v/v) at a flow rate of 1 mL/min. Validation of the 
HPLC methods included linearity (R2 = 0.999), recovery 
(97%~105%, RSD < 2%), precision (RSD < 2%), and detec-
tion limit (0.3 mg/L). An eight-point calibration curve was 
prepared with the reference substance TA at concentrations 
spanning those present in samples. Quantification of TA 
was performed using an external standard method.

Identification of TA degradation products was per-
formed on an LC–MS (LCMS-2020, Shimadzu; MS condi-
tions: electrospray ion scanning; scanning speed of 417 u/
sec; drying gas temperature of 300°C; flow rate of 5 L/min; 
scanning range: m/z = 50 ~ 500). COD was determined by the 
dichromate method [29].

2.7. Kinetic analysis of TA degradation

Kinetic analyses indicated that the oxidation degradation 
of TA may follow the pseudo-first-order kinetics. The oxida-
tion degradation process is described by Eqs (1) and (2):

− =
dC
dt

kC  (1)

−








 = +ln C

C
k bt

0

 (2)

in which k was the pseudo-first-order reaction rate con-
stant (min–1), t was the reaction time (min), C0 was the initial 
concentration of TA, and C was the concentration of TA at 
time t. The reaction rate constant (k) can be calculated from 
the slope of the plot of ln(C0/C) vs. (t).

3. Results and discussion

3.1. Fenton-like process

3.1.1. Characterization

SEM spectra of tourmaline (Fig. 1a) show the morphol-
ogy, size and the main elements of tourmaline. It can be 
seen that the tourmaline sieved through 100 mesh is irreg-
ular pillar-shaped and relatively uniform, with a size of ~ 
100 μm. According to the literature [27], the generalized 
tourmaline structural formula is XY3Z6(T6O18)(BO3)3V3W. As 
illustrated in Fig. 1b and c, Ca, Al, Fe, Mg, Si, and O elements 
was detected and no B, F, Li or Ti were detected suggesting 
that the X was Ca2+, with Y and Z representing Fe2+, Mg2+ and 
Al3+. In addition, F was not detectable, so W is possibly O2− or 
OH−, indicating the presence of surface oxygen groups and 
hydroxyl groups.

The EDS spectrum supplied an elemental ratio (shown 
in Fig. 1b). This Fe-bearing tourmaline was named schorl. 
This is suitable for water treatment purposes, probably 
owing to it not containing F or Li elements, which are 
regarded as undesirable elements for human and environ-
mental health [19].

XRD pattern of the Fe-tourmaline is shown in Fig. 1c. 
The sample matched the standard card (JCPDS 85-2185) 
well. The major peaks of tourmaline were observed at 2 
theta values of 21.0°, 30.3°, 47.1°, 57.7° and 61.5°, which are 
in good accordance with those in previous studies [30,31].

XPS was employed to analyze the chemical valence states 
of iron on the surface of tourmaline. XPS measurements 
were implemented on the Fe2p peaks. Fig. 1d describes 
the Fe2p high-resolution XPS spectrum for two peaks of 
Fe2p3/2 and Fe2p1/2. Based on the spin–orbit (j–j) coupling, 
the Fe2p3/2 peaks were stronger and narrower than those 
of Fe2p1/2. The peak for Fe2p3/2 was located between 710.6 
and 711.2 eV, however, no accurate matches were obtained, 
indicating the presence of other valence states of iron. After 
peak curve fitting with the peaks of Fe3+ (711.2 and 725.1 eV) 
through Gaussian symmetry, the two peaks were homolo-
gous with the characteristics of Fe3+, and those at 709.1 and 
723.5 eV were associated with Fe2+ peaks [32]. Furthermore, 
the other peaks at 715.5 and 719.0 eV were assigned to the 
satellite peaks of Fe2+ and Fe3+ [33], respectively. In addition, 
the satellite peak of Fe3+ at 719.0 eV would not exist if the Fe3+ 
and Fe2+ were in the form of Fe3O4, indicating that Fe3+ and 
Fe2+ were separately embedded in the tourmaline [33].

3.1.2. Optimizing the reaction parameters for TA degradation

The effects of different parameters such as F, initial pH, 
tourmaline particle size and temperature on the kinetic of 
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TA degradation were assessed. The results are illustrated in 
Table 1. The maximum k was 2.03 × 10–2 min–1.

3.1.2.1. Effects of F

To investigate the effect of F, experiments were carried 
out under the following conditions: 60 mg/L TA, 6.00 g/L 
tourmaline, with an initial pH of 4.44. As shown in Fig. S2, 
in the experiment where only tourmaline was added, the TA 
concentration was not greatly reduced, implying that TA 
was not absorbed or degraded. In the case of adding H2O2 
alone, only 16.1% of the TA was decomposed. Organics 
can be oxidized by H2O2 [34] due to H2O2 being a relatively 
strong oxidant and due to the increased amount of avail-
able •OH for faster catalysis of H2O2 at a higher tempera-
tures [15]; however, when both tourmaline and H2O2 were 
added to the catalytic system, TA removal was enhanced 
obviously by increasing the concentration of H2O2 (shown 
in Fig. 2a), possibly due to the consequent acceleration in 
•OH production. As performed in Fig. 2a, the TA degrada-
tion rate increased from 60.4% to 94.8%, while F varied from 
5.60 to 17.8 after 90 min, and the optimal F was 17.8. As the 
F further increased and exceeded the optimum (F = 17.8, 
k = 0.0330 min–1), there was no improvement; instead, 
there was a small decrease in TA removal (k = 0.0280 min–1) 

compared to that seen at F 17.8, possibly owing to the reduc-
tion and decomposition of H2O2. Possible reasons include: 
(i) the reaction surface of tourmaline consumed a great deal 
of •OH (see Eq. (3)) [26]; (ii) the scavenging and regenera-
tion of H2O2 (as follows in Eqs. (4) and (5)) [16,35]; (iii) the 
reaction of •OH with each other [35].

Fe(II) + •OH → Fe(III) + OH– (3)

H2O2 + •OH → •HO2 + H2O (4)

•HO2 + •HO2 → •H2O2 + O2 (5)

3.1.2.2. Effects of tourmaline size

To survey the influence of tourmaline particle size on TA 
degradation, tests with different sizes of tourmaline were 
implemented. As shown in Fig. 2b, the TA degradation rate 
increased as the mesh size decreased from 80 to 100 mesh. 
When the size of the available tourmaline particles was 
further decreased by passage through 200 and 400 mesh, a 
noticeable decline could be seen in TA degradation. Smaller-
sized tourmaline particles generally possess larger specific 
surface areas. When the mesh of tourmaline particles was 

 

(a) (b)

(c) (d)

Fig. 1. Characterization of tourmaline: (a) SEM, (b) EDS, (c) XRD, and (d) XPS spectra of Fe2p.
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200 and 400, tourmaline possessed a large specific area, 
allowing more •OH to be consumed on the surface of tour-
maline [36] and resulting in a decline in TA degradation. 
Larger-sized tourmaline particles may have less available 

reactive sites to enhance Fenton-like reactions [37]. The best 
catalytic activity was observed in these results when the 
size of the mesh permitting passage of tourmaline particles 
is 100.

Table 1
Effect of different parameters on the kinetics for TA degradation

Parameters Value Equation k (min–1) R2

F 5.60 y = 0.0108x + 0.00125 1.08 × 10–2 0.987
11.2 y = 0.0174x + 0.00961 1.74 × 10–2 0.949
17.8 y = 0.0330x–0.192 3.30 × 10–2 0.966
23.4 y = 0.0281x–0.201 2.81 × 10–2 0.961

Tourmaline size (Mesh) 80 y = 0.0283x–0.217 2.83 × 10–2 0.977
100 y = 0.0330x–0.192 3.30 × 10–2 0.966
200 y = 0.0260x–0.263 2.60 × 10–2 0.978
400 y = 0.0185x + 0.251 1.85 × 10–2 0.978

Initial pH 4.44 y = 0.0330x–0.192 3.30 × 10–2 0.966
5.38 y = 0.00291x + 0.0681 0.291 × 10–2 0.934
6.44 y = 0.000943x–0.00486 0.0943 × 10–2 0.996
7.38 y = 0.000100x + 0.00571 0.0100 × 10–2 0.719

Temperature (°C) 25 y = 0.0139x–0.0800 1.39 × 10–2 0.984
58 y = 0.0330x–0.192 3.30 × 10–2 0.966
91 y = 0.00633x + 0.519 0.633 × 10–2 0.693

(a) (b)

(c) (d)

Fig. 2. Effect of different conditions on TA removal in the Fenton-like process: (a) ratio of concentration of tourmaline to H2O2 concen-
tration, (b) tourmaline size, (c) initial pH, and (d) reaction temperature.
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3.1.2.3. Effects of initial pH

TAW is a buffer solution for acetic acid-sodium acetate. 
The pKa1 of TA is 3.51, and the pKa2 is 4.46 [38]. When the 
pH of TAW was less than 4.44, TA precipitation appeared, so 
all the TAW degradation experiments involving Fenton-like 
components were conducted at pH values greater than 4.44. 
The initial pH of the solution played a significant role in the 
iron/H2O2 oxidation system. As expressed by Eq. (2), k can be 
calculated by performing experiments under different initial 
pH values of TAW. Changes in the degradation rate and k 
under different pH conditions are depicted in Fig. 2c and 
Table 1 respectively. Fig. 2c clearly shows that at a pH of 4.44, 
the degradation of TA is much faster than at higher pH val-
ues (5.38, 6.44 and 7.48). With acidic pH values, the following 
reaction may occur (Eqs. (6) and (7)) [36]. The acidic envi-
ronment favors degradation of TA, with optimal perfor-
mance occurring at a pH of 4.44 (94.8%), while under weak 
acidic or neutral conditions the degradation rate decreased 
significantly from 27.2% to 1.5%. These results indicate 
higher pH values weaken the activity of TA degradation.

Fe(II)surf + H2O2 → Fe(III)surf + •OH + OH– (6)

Fe(III)surf + H2O2 → Fe(II)surf + •HO2 + H+ (7)

3.1.2.4. Effects of temperature

As shown in Fig. 2d, the TA removal rate rose with 
increasing temperatures, from 25°C to 58°C, indicating that 
higher temperatures may be preferable for TA degrada-
tion. It was obvious that the treatment efficiency could be 
improved by increasing temperature, because higher tem-
peratures can provide more energy to overcome the reac-
tion activation energy [39], augmenting the reaction rate 
constant (shown in Table 1), thus accelerating the reaction 
[40]. However, a higher temperature (>58°C) decelerated TA 
degradation, possibly due to the decomposition of H2O2 into 
oxygen and water [41]; therefore, the optimal temperature 
is 58°C.

3.1.2.5. Identification of intermediates and possible schemes of 
TA degradation

Identification of the TA degradation intermediates was 
performed with LC–MS. Identified peaks are presented in 
Fig. 3. Each main m/z peak in the MS is assigned to a cor-
responding fragment structure. The •OH was probably 
trapped by TA and attacked the ortho position of the car-
boxyl group [42], then TA was oxidized to TA-OH [43], 
which corresponded to m/z 181 as shown in Fig. 3b. Peak 
m/z 121 (Fig. 3d) corresponds to BA resulting from the 
decarboxylation of TA [44]. The main reaction between BA 
and hydroxyl groups is that •OH directly attacks the aro-
matic ring, so the peak with an m/z value of 137 probably 
represents hydroxybenzoic acid (HBA). The characteristic 
maximum absorption wavelength of HBA located at 254 nm 
can only be detected in HPLC (not shown), so the structure 
of HBA was symmetrical, namely, 4-HBA, which is consis-
tent with the literature [45].

Based on previous research [46], the main product of 
4-HBA reacting with •OH is 3,4-DHBA, and the correspond-
ing peak at m/z 153 is shown in Fig. 3a. 3,4-DHBA contin-
ued to react with •OH to form an isomer of trihydroxyben-
zoic acid (THBA) [47] with m/z value 193. Benzene was also 
detected with m/z value 77, probably due to the decarboxyl-
ation of BA [47]. Phenol can be produced from the decarbox-
ylation of HBA [48] or the reaction between benzene and •OH 
[47], so the peak at m/z 93 should be attributed to phenol. In 
addition, some aliphatic acid was also detected through LC–
MS, as illustrated in Fig. 3a–c. The short-chain compounds 
may be butylene aldehyde, hexenic, open-ring products or 
other unknown products. Based on the above analysis, possi-
ble degradation schemes were proposed, as shown in Fig. 4.

3.2. Biological process

The COD of raw TAW was 4,380 mg/L. Under opti-
mal conditions for the Fenton-like process, 94.8% TA was 
removed, the COD decreased from 4,380 to 4,200 mg/L, and 
the pH changed from 4.46 to 4.40. No significant change in 
COD could be found in the TAW, indicating that organic 

(a) (b)

(c) (d)

Fig. 3. LC–MS spectra of TA degradation compounds.
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carbon may still be present in the effluent from the Fenton-
like process; this result may be caused by the low mineral-
ization yield. Although the COD removal of the Fenton-like 
process is very low, the benzene rings of TA and BA are 
opened to allow the generation of short-chain small mole-
cules (shown in Fig. 4), which may be more biodegradable; 
therefore, the combined Fenton-like and biological methods 
are possibly more effective in treating TAW.

After TAW was subjected to the Fenton-like treatment at 
optimal conditions, the effluent was biodegraded by aerobic 
activated sludge. The biological process was evaluated based 

on COD removal and pH value. Fig. 5 shows the effects of the 
reaction time on the biological treatment of the raw waste-
water and the effluent from the Fenton-like reaction. When 
aerobic activated sludge was employed to treat the effluent 
from the Fenton-like reaction directly, the initial COD was 
4,200 mg/L, and the COD removal efficiency increased as the 
reaction time was prolonged from 0 to 12 h before decreasing 
slightly at 18 h (shown in Fig. 5a). When the reaction time 
was 12 h, the maximum COD removal rate was 90.1% for the 
effluent of pretreatment, which is attributable to the assim-
ilation of some degradation products by microorganisms 

Fig. 4. Proposed reaction schemes of TA degradation.

(a)

(b)

Fig. 5. COD removal and pH value of effluent after activated sludge treatment with/without Fenton-like in different dilution: (a) COD 
removal and (b) changing of pH value. Redline and blue lines represent the minimum pH value and maximum pH value, respectively, 
which meet with the national effluent discharge standard.
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[49]; further, TA could not be found. In contrast, regarding 
the degradation of raw wastewater with high initial COD 
(4,380 mg/L), Fig. 5a shows that the optimal reaction time 
was 18 h, 71.9% COD was removed, and the TA was not com-
pletely degraded (not shown).

In addition, as shown in Fig. 5b, after the biological 
treatment for 12 h, the pH of effluent was 8.69 in combined 
treatment, while that was 9.27 in the sludge alone treatment. 
When the reaction time was 18 h, the pH values of the efflu-
ent of both raw and pretreated wastewater were between 8 
and 9; therefore, it can be verified that Fenton-like treatment 
as a pretreatment process boosted the wastewater biodegra-
dation efficiency with a COD 348 mg/L and pH 8.69.

AOPs as a pretreatment method for biological processes 
have been widely applied [50]. For AOPs, the complete min-
eralization of organic pollutants is expensive because the 
intermediates are more refractory to oxidation than the par-
ent compounds. On the other hand, intermediates including 
short-chain organic acids can enter cells more easily [51]. 
Pretreatment with Fenton-like oxidation can improve the 
biodegradability of wastewater, and the COD of the waste-
water can be greatly decreased or the BOD5/COD ratio can be 
increased [52]. In this study, the COD removal rate increased 
possibly because the biological process was more efficient 
at degrading the products of the Fenton-like than that at 
degrading TA or BA.

After double dilution of the raw wastewater and Fenton-
like effluent, the maximum COD removal rate of the raw 
wastewater increased 86.3% at 18 h, and that of the effluent 
from pretreatment reached 93.5% at 6 h. This suggests that 
the pretreatment with Fenton-like and lower initial COD 
favoured the biodegradation of wastewater. The dilution of 
the effluent from pretreatment ranged from 0 to 1: 3, and the 
initial COD value from 4,200 to 1,051 mg/L (Fig. 5b). Based 
on the results, the time required to reach the maximum 
COD removal rate was 6 h. At a dilution rate of 1:1, the COD 
removal rate (93.5%) was higher than the other rates, indicat-
ing a suitable dilution ratio of 1:1. The pH of the pretreated 
wastewater was between 8 and 9 in all cases.

4. Conclusions

Thus, coupling Fenton-like and biodegradation processes 
is a successful treatment to treat TA wastewater. Through 
the investigation of the effects of F, buffer pH and tempera-
ture, the catalytic efficiency was greatly improved in the 
Fenton-like process. Under the optimum condition (F of 
17.8, pH of 4.44, and the temperature of 58°C), TA remove 
rate reaches 94.8% in the Fenton-like process after 90 min. 
In addition, seven intermediate products of TA at m/z 153, 
181, 77, 93, 193, 121 and 137 and possible ring-opened prod-
ucts including short-chain carboxylic acids were detected. 
Furthermore, low COD removal from TA wastewater was 
achieved with the Fenton-like reaction. To reduce COD con-
tent in wastewater, the biological process was used to treat 
the effluent of the Fenton-like process. After 12 h of aero-
bic activated sludge process, >90% of COD was removed. 
Effluent water quality was improved in the pH range from 
8 ~ 9 by combining the Fenton-like treatment with the aero-
bic activated sludge process. We believe that our work may 
provide a new strategy for TA wastewater treatment.
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