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ABSTRACT

Membrane separation technology is widely used in the treatment of landfill leachate, which inev-
itably produces a large amount of leachate concentrate (LC). High concentrations of refractory
organics must be removed from LC to prevent harm to the environment. In this study, the Fenton
process was performed and optimized using response surface methodology to remove refrac-
tory organics from pre-coagulated leachate concentrate (PCLC), and the highest chemical oxygen
demand (COD), total organic carbon, color number, and ultraviolet absorbance at 254 nm (UV,,,)
removal efficiencies were 57.40%, 53.47%, 83.03%, and 64.59%, respectively, under optimal con-
ditions of a pH of 2, H,O, concentration of 0.7 mol/L, and Fe* concentration of 7.2 mmol/L. The
COD concentration in the PCLC was reduced from 676 to 288 mg/L. The statistical analysis showed
satisfaction of the obtained regression model for COD removal efficiency, and that H,O, had the
greatest effect. The biodegradability of the Fenton effluent was improved, and the aromatic degree
and complexity of coagulation-resistant organic substances were reduced by the Fenton process.
Fourier transform infrared and spectrophotometric analyses showed that the majority of organic
matter was fulvic acid and humic acid, which were effectively removed during the Fenton process.
The increasing biodegradability, the 5-day biochemical oxygen demand (BOD,)/COD ratio rising
from 0.13 to 0.26, enabled the Fenton oxidation process to provide the possibility for subsequent
biological treatment of the concentrate.

Keywords: Pre-coagulated leachate concentrate; Fenton process; Refractory organics; Response surface

methodology

1. Introduction

Landfill leachate generated in sanitary landfills owing
to rainwater percolation, physicochemical interactions,
and organics biodegradation contains refractory organic
matters and poses hazards to the environment and human
health in the absence of appropriate treatment [1]. In order
to meet stricter Chinese discharge criteria (GB 16889-2008),
membrane separation processes such as reverse osmosis
(RO) and nanofiltration have been used in further treat-
ment of landfill leachate after aerobic-anaerobic processes

* Corresponding author.

owing to the high efficiency for removal of pollutants and
low energy consumption compared with conventional strat-
egies [2,3]. Leachate concentrate (LC), typically accounting
for 15%-30% of the raw leachate, is inevitably generated by
membrane filtration and characterized by extremely low bio-
degradability and high concentrations of recalcitrant organic
matters, inorganic salts, and heavy metals. The toxicity of
LC to organisms has been confirmed by luminescent bac-
teria [4]. Therefore, the development of an economical and
effective method for the treatment of LC is a challenge.
Physicochemical methods are particularly suitable for
the treatment of wastewater with very low biodegradability
due to the presence of large amounts of refractory organic
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matter, such as LC [5]. Apart from recirculation [6], solid-
ification/stabilization [7], evaporation [8], and coagulation
[9], advanced oxidation processes (AOPs) are the most com-
mon methods for oxidizing recalcitrant organics in LC and
improving the potential for follow-up biological treatment
of the resulting effluent at the expense of high chemical dos-
age and high energy demand. Among the AOPs, the Fenton
process is relatively inexpensive, efficient, simple, and pro-
vides good degradation of refractory pollutants [10]. Fenton
and other AOPs treatment of LC have been conducted by
some researchers [11-16]. The chemical oxygen demand
(COD) of 90%, the color of 96.5%, and ultraviolet absorbance
at 254 nm (UV,,,) of 97.2% were removed from the raw LC,
respectively, by the Fenton process which was optimized
using response surface methodology (RSM), and the biode-
gradability was improved, increasing the 5-day biochemical
oxygen demand (BOD,)/COD ratio from the value of 0.04
to the value of 0.4 [11]. When microwave irradiation was
introduced into the Fenton oxidation, a comparative COD,
UV,,,, and the color number (CN) removal rate of 75%, 83%,
and 95%, and a high BOD,/COD of 0.62 was achieved under
an extremely shortened reaction time of only 8 min and a
microwave power of 390 W [12]. A photo-Fenton process
increased the ratio between the BOD, and the COD from
0.06 to 0.4, resulting in an enhanced biodegradability, and
an extra 43% of the COD was removed from the coagulated
landfill leachate RO concentrate [13]. RSM was applied to
optimize the electro-Fenton system to treat the high ammo-
nia nitrogen (NH,-N) landfill leachate nanofiltration con-
centrate, and COD removal rate of 77.24% and NH-N
removal rate of 74.62% was achieved [14]. A combined heat/
UV activated persulfate process was used to treat the nano-
filtration concentrated leachate, and the maximum rate of
COD, NH,-N and UV,,, removal were 65.4%, 51.4% and
98.1%, respectively, at a persulfate concentration of 18 g/L,
initial solution pH before the reaction of 9.0, UV lamp power
of 60 W and temperature of 80°C [15]. For the concentrated
leachate treatment using the Fe* catalyzed O,/H,O, process,
the COD and UV, removal efficiencies under the optimal
conditions were 48.82% and 63.59%, respectively [16]. It can
be seen that the Fenton process and other AOPs have com-
parable treatment effects, but the former does not require
additional energy input or special reactors which is an alter-
native treatment method. One of the effective, economical
pretreatment methods for LC is coagulation, but it does not
completely remove all organics from the concentrate [17].
In this study, considering the low pH value of the coagula-
tion effluent and the remaining refractory compounds in the
LC, the Fenton process was employed to remove refractory
organics from pre-coagulated leachate concentrate (PCLC).

Table 1
Characteristics of the LC, PCLC, and Fenton effluent

To reduce the expense of high chemical dosage, the
Fenton process requires optimized conditions (e.g., pH,
H,O, and Fe** dosages) to achieve the best removal of refrac-
tory organics from LC. RSM is a widely used statistical
method for experimental design, evaluation of individual
and interaction effects of independent variables, and opti-
mization of process parameters with a limited number of
experiments [18]. RSM uses an experimental design, such
as the Box-Behnken design (BBD), to identify the optimum
conditions for a multivariable system [19]. The adequacy
of the quadratic regression model is then determined by
analysis of variance (ANOVA).

Currently, very few studies have used statistical meth-
ods to optimize the Fenton process for the treatment of LC
and to investigate in detail the mechanism of degradation
of refractory organics [20]. The objective of this study was
to investigate the application of the optimized Fenton pro-
cess by RSM based on the BBD to remove refractory organics
from PCLC, to evaluate the single and interaction effects of
the selected variables, that is, initial pH and the dosages of
Fe? and H,0,, on the efficiencies of the process, and to pro-
pose a quadratic regression model by ANOVA to describe
the quantitative relationship between the COD removal
efficiency and the operating variables. Additionally, this
study aimed to investigate the changes in the composition
of organic substances before and after Fenton treatment
to understand the mechanism of degradation of coagula-
tion-resistant organics in the PCLC to improve the organic
degradation of the Fenton process.

2. Materials and methods
2.1. Leachate concentrate

The LC samples used in this study were provided by a
solid waste landfill plant located in China. The landfill has
been in operation for 10 y. An anoxic/anoxic membrane bio-
reactor-RO hybrid process was employed to treat LC. The
collected LC was stored at 4°C before the experiments were
performed. The pretreated LC by coagulation at a pH of 5,
FeCl, concentration of 1.4 g/L, and polyacrylamide con-
centration of 2 mg/L were further treated using the Fenton
process. The characteristic properties of the LC, PCLC, and
Fenton effluent are listed in Table 1.

2.2. Experimental methods
2.2.1. Fenton process

Fenton oxidation experiments of the PCLC were con-
ducted in beakers using a six-paddle stirrer at ambient

Parameter pH COD BOD, BODS/ uv,, CN TOC Conductivity TDS
(mg/L) (mg/L) COD (cm™) (cm™) (mg/L) (ms/cm) (g/L)
LC 74 1,240 113.80 0.09 18.816 0.4538 452 68.88 57.90
PCLC 5.0 676 90.00 0.13 4.405 0.2245 303 69.02 68.84
Fenton effluent 9.0 288 75.45 0.26 1.560 0.0381 141 75.55 75.40

COD, chemical oxygen demand; BOD,, 5-day biochemical oxygen demand; TOC, total organic carbon; TDS, total dissolved solids.
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temperature (20°C-25°C), which had no significant effect
on the removal of organics in the Fenton treatment [21].
The operational reaction parameters of pH and Fe** and
H,O, dosages were optimized using RSM. First, the differ-
ent initial pH value of the 100 mL PCLC was obtained using
H,SO, or NaOH. H,0, and FeSO,7H,O were then added
sequentially to reach the various target concentrations. To
simplify the independent variables to be optimized for the
Fenton process, the reaction time was set to 3 h which can
ensure that Fenton oxidation is completed [20]. After 3 h
of reaction, the pH of the resulting solution was adjusted
to approximately 9 using 40% NaOH to induce precip-
itation and heated in a water bath at 50°C for 30 min to
eliminate the influence of the residual H,O, on the deter-
mination of an organic matter and finally left for 3 h. The
collected supernatant was used for analysis. All experi-
ments were performed twice and the average values were
reported.

2.2.2. Experimental design

In order to optimize the Fenton process using RSM,
single-factor experiments were conducted first to deter-
mine the main independent variables of the process and
the range of values of the independent variables, and then
the BBD experimental design was used to design the exper-
imental conditions, and the experiments were conducted
according to the designed experimental conditions. The data
of the obtained response values, that is, COD removal effi-
ciencies were substituted into the software, and the quanti-
tative relationship equation between the independent vari-
ables and the response values was given by the software to
complete the optimization of the Fenton process.

The experimental design and ANOVA were performed
using the software Design-Expert 8.0 (Stat-Ease Inc,,
Minneapolis, USA). The correlation coefficient (R?) was
used to check the quality of the polynomial fitting model,
a Student’s t-test was employed to test its statistical signifi-
cance, and p (probability) values were used to evaluate the
model terms at a 95% confidence interval. When the theo-
retically calculated data of the model agreed well with the
experimental data, a high R? which should be greater than
0.8 for a reasonable model, could be obtained. The predicted
and adjusted determination coefficients should be reason-
ably consistent. A model with a coefficient of variation (CV)
value below 10% was considered to be reasonably repro-
ducible. The results of the ANOVA for the obtained model
may help in determining whether the model is significant
and evaluating the significance of each factor.

The relationship between the independent variables and
responses is shown by the following quadratic model:

Y =b, +Zk:biX,. +Zk:bﬁXf +Zk:Zk:bi]X,.Xj 1)
i=1 i=1

i=1 j=1

where Y (COD removal efficiency) is the dependent vari-
able; X, is the independent variables (X, = pH; X, = [H,0,];
X, = [Fe*]); b, is the constant coefficient; b, b, and b, are
the corresponding regression coefficients; and k is the
number of independent variables.

2.3. Analytical methods

The COD, total dissolved solids (TDS) and BOD, were
determined using standard methods [22]. Total organic car-
bon (TOC) concentrations were measured using a Shimadzu
TOC-VCPH analyzer. The CN was calculated according
to Tizaoui et al. [23]. The samples were filtered through a
0.45 pum glass fiber membrane and UV,,, was measured at
254 nm using an ultraviolet-visible (UV-Vis) spectrophotom-
eter (JH752, Jinghua, China). Conductivity was measured
using a conductivity meter (DDSJ-308F, Rex, China). The
pH was determined using a pH meter (PHS-3C, Rex, China).
Before and after optimal Fenton oxidation, the samples were
used for Fourier transform infrared (FT-IR) measurement
(Nicolet iS50, Thermo, USA) [24]. The samples were also
used for absorbance scanning using a Shimadzu UV-2450
spectrophotometer (Shimadzu, Kyoto, Japan) and fluores-
cence excitation-emission matrix (EEM) spectra analysis by
a fluorescence spectrophotometer (FLS980, Edinburgh, UK)
after they were diluted 5 and 10 times to avoid errors associ-
ated with the inner filter effect [25], respectively. More details
on these measurements were described in our previous
work [17]. The EEM data analysis and identification of com-
pounds based on specific peaks were performed by Origin
8.0 (Origin Lab Inc., USA) software.

3. Results and discussion
3.1. Preliminary Fenton experiments
3.1.1. Effect of pH

pH is one of the main factors limiting the performance
of the Fenton process, which can control the activity of the
stability of H,O,, the oxidant and organic matter, and the
speciation of iron [21]. The pH conditions under which the
Fenton reaction usually occurs depend on the quality of the
wastewater, typically in the pH range of 2-5 [26]. The effect
of pH on Fenton treatment of the PCLC with 7.2 mmol/L
of FeSO, and 0.5 mol/L of H,0O, was studied in the pH
range of 2—6. The results are presented in Fig. 1. As shown
in Fig. 1, the COD removal efficiencies first increased
and then decreased or lightly fluctuated with increasing
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Fig. 1. Effect of pH on the COD removal efficiency.
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pH, and the optimal pH value was 3 in terms of the COD
removal efficiency. In acidic conditions (pH = 2-3), the
generation of the large amount of HO*® (hydroxyl radi-
cals) [27], the limited HO" scavenging activity owing to
the removal of inorganic carbon [28], and the increased
solubility of iron improved the COD removal efficiency
of the process [29]. Scavenging effect of high concentra-
tions of hydrogen ions on HO* (HO* + H* + e- - H,0)
resulted in the lower COD removal efficiency at pH = 2
than that at pH = 3 [30]. As the pH increased, the iron pre-
cipitated as Fe(OH), and H,0, was decomposed to oxygen,
thereby reducing the COD removal efficiency [31].

3.1.2. Effect of H,0, dosage

For the Fenton reaction, the concentration of H,O,
had a key effect on the COD removal from the PCLC. The
results are presented in Fig. 2. Increasing the amount of
H,O, from 0.1 to 0.4 mol/L resulted in an increase in the
initial removal rate of COD. Ultimately, the extent of COD
removal ranged from 23.08% to 47.93%, which stemmed
from significantly more HO* with the addition of H,O,.
When H,O, was increased from 0.4 to 0.5 mol/L, which
resulted in the reduction of the oxidation efficiency, the
removal rate of COD decreased from 47.93% to 39.64%.
This was because a higher dosage of H,O, may scavenge
hydroxyl radical to produce hydroperoxyl radicals (HO;)
(HO® + H,0, — HO;, + H,0O) with weaker reactivity for the
degradation of organic contaminants [32,33]. Moreover,
self-decomposition of H,O, may also result in a reduction
in the COD removal rate. Thus, 0.4 mol/L of H,O, was an
appropriate dosage based on its higher COD removal.

3.1.3. Effect of FeSO, dosage

Fig. 3 shows the effect of FeSO, dosage on the removal
rate of COD at a pH of 3 and H,O, concentration of
0.4 mol/L. The removal of COD initially increased as the
FeSO, dose increased, but then decreased as the FeSO,
dose increased from 7.2 to 10.8 mmol/L. When Fe*" is over-
dosed, excessive Fe?" could scavenge hydroxyl radical via
reaction (HO* + Fe** — Fe* + OH"), thus reducing the oxi-
dation efficiency [34,35]. The best removal efficiency of
COD was 51.85% at a FeSO, dosage of 7.2 mmol/L.
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Fig. 2. Effect of H,O, dosage on the COD removal efficiency.

3.1.4. Effect of reaction time

To investigate the effect of reaction time on the removal
of the refractory organics by the Fenton oxidation, reac-
tion times of 1, 3, 5, 8, and 12 h were tested. As shown in
Fig. 4, with an increase in reaction time from 1 h to 3 h, the
removal efficiency of COD increased rapidly from 28.40%
to 48.59%. After a reaction time of 3 h, longer reaction times
did not significantly increase COD removal. The reaction
time for the Fenton process in various studies has fluctu-
ated between 30 min and 3 h [36]. In this study, a reaction
time of 3 h was able to complete the Fenton oxidation of the
organics in the PCLC. Therefore, the reaction time was 3 h,
which was suitable for the PCLC’s Fenton treatment, and
set at 3 h for the following experiments.

3.2. Fenton process optimization
3.2.1. Regression model equation development

Preliminary Fenton oxidation studies have shown
that pH, H,O,, and FeSO, were the most important factors
affecting the COD removal from PCLC. The low, medium
and high levels of each independent variable in coded
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Fig. 3. Effect of FeSO, dosage on the COD removal efficiency.
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form were -1, 0, +1 (Table 2). Therefore, a regression model
equation was developed considering the pH, H,O, dosage,
and FeSO, dosage. The BBD was used to develop a correla-
tion between the selected factors and the response values
(the COD removal efficiencies).

The complete design matrix and the response values
obtained from the experimental works are given in Table 2.
The experimental data were calculated using Design-Expert
8.0 to obtain the regression equation for COD removal, as
shown in Eq. (2):

COD removal (%) = 43.31+10.24(H,0,)
+6.73(Fe**)-3.62(H,0, )(Fe™")

2

+4.60(pH)* ~3.98(H,0,)" ~4.79(Fe*’ )2 @)

It is clear from Eq. (2) that the removal efficiency of
COD was linear and also quadratic with respect to pH,
H,O,, and Fe*. This indicated an interaction amongst these
parameters for COD removal.

3.2.2. Analysis of variance study

The results of the ANOVA are given in Table 3 to eval-
uate the combined impact of Fenton oxidation variables
(including dosages of H,0, and Fe* and pH) on the COD
removal. Significance of the model terms are indicated by
values of “Prob. > F” < 0.0500 (significant) and >0.1000 (not
significant), respectively. The model F-value of 20.10 and
p-value of 0.0003 implied that the model was significant.
In the pH range of 2-4, for COD removal rate, the doses of
Fe* and H,O,, H,0,-to-Fe*, pH-to-pH, H,O,-to-H,O,, and
Fe?-to-Fe** were the significant model terms that affected

Table 2
Experimental conditions and results for the BBD

the COD removal. Among all the independent variables, the
dosage of H,0, had the greatest effect on the COD removal
efficiency (p < 0.0001). In addition, the lack of fit with
F-value of 0.32 was not significant relative to the pure error.

The statistical values from the ANOVA for the regres-
sion model are shown in Table 4. The R* value of 0.9627
indicated that the model could fit at least 96.27% of the
variability in the experimental COD removal efficiencies.
The signal-to-noise ratio of 19.79 (>4) implied an accept-
able signal. The CV of 7.14% (<10%) [37] showed that the
model had good reproducibility and accuracy. Overall, the
ANOVA analysis presented satisfaction of the model in
fitting COD removal.

Within the experimental design, the contour plots and
three-dimensional response surfaces can be used to ana-
lyze the interactions among independent variables and
responses. The circular and elliptical contours indicate
insignificant and significant interaction effects between
the variables, respectively [38]. The contour and response
surface plots are presented in Fig. 5. Fig. 5a shows that in
the pH range of 24, changes in the H,0, dose had a sig-
nificant impact on the COD removal, which increased with
the increasing H,0, dosage. However, pH exhibited an
impact on the COD removal efficiency only at a high H,0,
dosage. As shown in Fig. 5¢, positive interaction effects
between H,O, and Fe* on the COD removal were found.
In the tested range of the H,O, and Fe** dosage, increasing
their dosage improved the COD removal efficiency. The
results of ANOVA also confirmed that H,0, dosage was
the key factor affecting the COD removal. Fig. 5e indicates
that the change in Fe?* dosage resulted in a limited change
in the COD removal rate in the pH range of 2-4. Fig. 5b
clearly indicates that the highest COD removal efficiency of
57.40% could be achieved by adding 0.7 mol/L of H,O, and

Run Coded values Un-coded values Response
pH H,0, FeSO, pH H,O, (mol/L) FeSO, (mmol/L) COD removal efficiency (%)
1 0 0 0 3 0.4 7.2 40.24
2 0 -1 -1 3 0.1 3.6 11.24
3 0 1 1 3 0.7 10.8 50.59
4 0 0 0 3 0.4 7.2 41.42
5 -1 0 -1 2 0.4 3.6 39.05
6 0 0 0 3 0.4 7.2 46.75
7 1 0 1 4 0.4 10.8 43.49
8 1 -1 0 4 0.1 7.2 3491
9 0 -1 1 3 0.1 10.8 35.50
10 0 0 0 3 04 7.2 43.20
11 -1 -1 0 2 0.1 7.2 34.32
12 1 0 -1 4 04 3.6 37.28
13 -1 1 0 2 0.7 7.2 57.40
14 1 0 4 0.7 72 49.11
15 0 0 0 3 0.4 7.2 44.97
16 -1 0 1 2 0.4 10.8 52.66
17 0 1 -1 3 0.7 3.6 40.83
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Table 3
ANOVA results for the COD removal efficiency
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Source Sum of squares df Mean square F-value p-value Prob. > F Significance level
Model 1,575.28 9 175.03 20.10 0.0003 Highly significant
X-pH 43.43 1 4343 4.99 0.0607 Not significant
X-HO, 839.53 1 839.53 96.40 <0.0001 Highly significant
X,-Fe* 362.43 1 362.43 41.62 0.0003 Highly significant
XX, 19.69 1 19.69 2.26 0.1763 Not significant
XX, 13.68 1 13.68 1.57 0.2504 Not significant
XX, 52.54 1 52.54 6.03 0.0437 Significant
X2 89.12 1 89.12 10.23 0.0151 Significant
X2 66.67 1 66.67 7.66 0.0278 Significant
X2 96.72 1 96.72 11.11 0.0125 Significant
Residual 60.96 7 8.71
Lack of fit 33.37 3 11.12 1.61 0.3200 Not significant
Pure error 27.59 4 6.90

Table 4 3.3. Organics removal analysis

Statistical parameters from the ANOVA for the regression model

Parameter Value
Std. Dev. 2.95
Mean 41.35
CV % 7.14
PRESS 577.05
R? 0.9627
Adj. R 0.9148
Pred. R? 0.6473
Adeq. precision 19.79

7.2 mmol/L of Fe*" at a pH of 2. According to the optimiza-
tion of this model, the theoretical removal efficiency of COD
was 60.01% with the conditions of 0.7 mol/L of H,O, and
9.1 mmol/L of Fe* at a pH of 2, which was not significantly
different from the highest experimental value of 57.40%.
Therefore, the optimal conditions for the Fenton treatment
of the PCLC were a pH of 2, H,O, of 0.7 mol/L, and Fe?* of
7.2 mmol/L, which were used in subsequent experiments.

In order to lighten the interpretation of the parameter
effect, Pareto analysis was applied based on Eq. (3) [39,40]
and the Pareto graph is presented in Fig. 6.

v ,
R:(bez]xwo (i#0) €)

where P, is the percentage effect of each variable and their
combinations, b, is the linear, quadratic or interaction coeffi-
cients in Eq. (2).

The results of Fig. 6 suggest that H O, and Fe* vari-
ables have percentage effects of 47% and 20% respectively,
which produce the main effect on oxidation efficiency.
The interaction effect of Fenton oxidation parameters was
very limited and negligible which can facilitate the con-
trol of the process.

When COD removal was optimal, the TOC, UV, and
CN removal efficiencies were 53.47%, 64.59% and 83.03%,
respectively. In addition, the Fenton oxidation improved
the BOD,/COD ratio from 0.13 to 0.26, thus increasing the
biodegradability of PCLC and providing the possibility for
subsequent biological treatment.

The absorbance in the UV-Vis range is determined
by the content of organics containing conjugated double
bonds, as well as the complexity and aromatic degree of
organic matter [41]. Therefore, the concentration and deg-
radation of organic matter during wastewater treatment are
usually characterized by UV-Vis absorbance spectra [42].
The UV-Vis scanning spectra (200-400 nm) of the PCLC and
Fenton effluent are given in Fig. 7. The patterns of the PCLC
and Fenton effluent were similar; they showed a light-ab-
sorbing peak at approximately 230 nm, while the absor-
bance continuously decreased in the 230-400 nm range.
The Fenton treatment resulted in a significant decrease in
absorbance in the approximate range of 250-300 nm, while
the decrease was limited in the other ranges. The change
in absorbance was consistent with the results of high UV,
removal. Specific absorbance can also be used to character-
ize the organic matter in wastewater. The ratio of E_ to E,
(Eys065) and the ratio of E, to E, (E;;,,) can be employed
to analyze the molecular weight and condensation degree
of organic matter, respectively [41]. Changes in the integral
area from 226 to 400 nm (A, ) indicate variations in the
concentrations of organics containing benzene ring [43].
After Fenton oxidation, E250/365’ E300/400, and A, ,, decreased
from 6.844 to 5.667, from 8.278 to 5.556, and from 110.1
to 84.48, respectively, thereby suggesting that the molec-
ular weight of organic matter, condensation degree, and
content of benzene ring substances all decreased. These
results indicated that the Fenton oxidation significantly
reduced the aromatic degree and complexity of coagula-
tion-resistant organics in the PCLC.

FT-IR and EEM spectroscopies were employed to
understand the removal mechanisms of organic pollutants
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Fig. 5. Contour (a, ¢, and e) and response surface (b, d, and f) plots of the chemical oxygen demand (COD) removal efficiency as a
function of pH and the H,0, dosage at a fixed Fe* dosage (7.2 mmol/L), H,0, and Fe* dosages at a fixed pH (3), and pH and Fe*

dosage at a fixed H,O, dosage (0.4 mol/L), respectively.

during Fenton oxidation under optimal experimental con-
ditions. The interpretation of the absorption band was
referenced in the literature [44]. The FT-IR spectra of the
PCLC and Fenton effluent are shown in Fig. 8. The band at
around 3,400 cm™ was attributed to OH groups. The bands
at approximately 1,640 cm™ were attributed to the aromatic
C=0 stretching vibrations. The intensities of the peaks for
the Fenton effluent were weaker than that for the PCLC,
thereby indicating degradation of organics. The band at
1,138 cm™ was closely related to C-O stretching of phenols,
esters, and ethers. The intensity for the Fenton effluent was
stronger than that for the PCLC, which may suggest that
large molecules had been converted to smaller molecules

by HO® oxidation. Similar results were also obtained by
Xu et al. [20]. It was confirmed that some organic matter
was degraded during Fenton oxidation.

The EEM fluorescence spectra of the PCLC and Fenton
effluent are shown in Fig. 9. There was a considerable reduc-
tion in fluorescence intensities for the Fenton effluent, indi-
cating that the organic matter was effectively degraded by
the Fenton oxidation. The results also confirmed the previ-
ous analysis of the spectrophotometric scanning spectra.
The EEM spectra of the PCLC (Fig. 9a) showed dominant
responses for fulvic acid (A, /A,, = (220-250)/(380-480))
and weak responses for humic acid (A,/A,,, = (325-395)/
(390-500)) [45], which showed that the recalcitrant organics
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in the PCLC consisted mainly of fulvic acid owing to the
removal of more humic acid by preliminary coagulation
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Fig. 6. Pareto chart of coagulation for the percentage effect of
each variable and their combinations.
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Fig. 7. Spectrophotometric analysis of the PCLC (black) and Fen-
ton effluent (red).
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[9]. Fig. 9b shows that fulvic acid was removed in higher
concentrations by the Fenton treatment than humic acid
based on the reduction in fluorescence intensities. Teng et
al. [46] also reported that fulvic-like components are pref-
erentially oxidized by the Fenton process compared with
humic-like components in LC. Thus, there may be a syner-
gistic effect between coagulation and Fenton oxidation in
the removal of the refractory organics from LC.

4. Conclusions

In this study, batch experiments for the removal of recal-
citrant organics from the PCLC using the Fenton process
were carried out and optimized using RSM. The effects of
variables of pH, H,0, dosage and Fe** dosage on the COD
removal were analyzed. The ANOVA showed that RSM
can be a useful tool for the optimization of the Fenton pro-
cess. The obtained model was statistically significant with
R* value of 0.9627. The H,O, and Fe* dosages produced
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Fig. 8. Fourier transform infrared analysis of the PCLC (black)
and Fenton effluent (red).
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Fig. 9. Excitation-emission matrix spectra of the PCLC (a) and Fenton effluent (b).



W. Wang et al. / Desalination and Water Treatment 234 (2021) 299-308

the main effect on COD removal which had percentage
effects of 47% and 20%, respectively, while the influence of
pH (2-4) was not significant. The optimal conditions were
obtained at a pH of 2, H,O, dosage of 0.7 mol/L, and Fe*
dosage of 7.2 mmol/L realizing 57.40% COD, 53.47% TOC,
83.03% CN and 64.59% UV,,, removal, respectively. Thus,
the COD concentration in the PCLC was reduced from
676 to 288 mg/L. Moreover, Fenton treatment significantly
reduced the complexity and aromatic degree of coagula-
tion-resistant organics in the PCLC and increased the ratio
of BOD,/COD from 0.13 to 0.26, improving the biodegrad-
ability of the PCLC. The PCLC mainly contained fulvic
acid and humic acid, which were effectively removed by
the Fenton oxidation. The PCLC treated by Fenton is suit-
able for possible subsequent biological treatment which
can be considered for the removal of the remaining Fenton-
resistant organics from the concentrate.
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