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ABSTRACT
Advanced oxidation processes (AOPs) have been reported as alternative ways for treating reverse osmosis (RO) concentrate which is the primary 
concern for water reclamation plants. AOPs are known to oxidize recalcitrant organic compounds by a highly reactive and nonselective oxidant, 
hydroxyl radical (OH). Researchers showed that AOPs such as the conventional Fenton, UV/H2O2, ozonation, electrochemical oxidation processes 
could remove organics in RO concentrate. However, comparing different AOPs has been rarely performed for the treatment of RO concentrate. 
In addition, the cost of these processes has not been fully explored. In this study, five different AOPs (i.e., the conventional Fenton, UV/H2O2, 
ozonation, anodic oxidation, and electro-Fenton processes) were evaluated for the removal of dissolved organic carbon (DOC) in RO concentrate. 
The operation costs for DOC removal by these AOPs were also calculated. The results indicated that the conventional Fenton and ozonation 
processes were the most cost-efficient among the processes tested.
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1. Introduction

Water shortage problem and pollution caused by industrial devel-
opment and population increase have been significantly intensified 
in recent decades [1, 2]. The water shortage problem is getting 
more severe, and this problem may threaten human life critically. 
Consequently, sustaining plenty of clean and high quality of water 
will be a main issue for future human beings worldwide. One 
of the ways to solve this problem is to reuse wastewater effluents 
from wastewater treatment plants (WWTPs); WWTP effluents can 
be supplied to industrial and agricultural sectors after proper treat-
ment [3, 4]. The treatment using reverse osmosis (RO) membranes 
has been broadly used in wastewater reclamation plants because 
the RO process can produce high quality of reused water for different 
industrial purposes [5]. However, one of the disadvantages of this 
process is that the RO concentrate is inevitably produced as a 
byproduct. In the RO concentrate, recalcitrant organic compounds, 
which were not properly treated by biological processes in WWTPs, 
exist at a higher concentration than the WWTP effluent [6]. The 
RO concentrates were usually returned to the feed stream of 
WWTPs. However, this RO concentrate return can result in the 
accumulation of non-biodegradable organics in the biological proc-
esses, increasing the organic load in WWTPs [7, 8]. Therefore, 
proper treatment of recalcitrant organic compounds in RO concen-
trate is required. 

Advanced oxidation processes (AOPs) are known to generate 
hydroxyl radical (･OH), which is a strong oxidant capable of oxidiz-
ing a wide spectrum of organic compounds in water [9-11]. AOPs 
have been studied for treating the residual organic compounds 
in RO concentrate [12-20]. UV/H2O2 process removed approx-
imately 75% dissolved organic carbon (DOC) in RO concentrate 
in 3 hours [12], anodic oxidation using BDD as anode almost 
completely removed chemical oxygen demand (COD) in RO con-
centrate in 1 hour [13], and microwave-Fenton oxidation removed 
approximately 84% COD in RO concentrate [20]. However, these 
studies did not compare the efficiency of AOPs by the same standard 
(e.g., COD or DOC) and same target RO concentrate. In addition, 
there was little information in previous literature comparing the 
cost for treating RO concentrate by AOPs. 

In this study, five AOPs that are widely used in the field (i.e., 
the conventional Fenton, UV/H2O2 process, ozonation, anodic oxi-
dation, and electro-Fenton processes) were chosen for the treatment 
of RO concentrate from a wastewater reclamation plant. The DOC 
removal of RO concentrate was examined, and the cost required 
for the unit DOC removal was comparatively evaluated for these 
AOPs.

2. Materials and Methods 

2.1. Reagents and RO Concentrate

All chemicals were of a reagent grade and used as received without 
further purification. The chemicals used in this study include 
FeSO4･7H2O, H2O2 (30 wt%) and HClO4 (70 wt%) solutions, and 
NaOH (all from Sigma-Aldrich). Deionized water (DI, 18.2 MΩ×cm, 
Millipore) was used to prepare stock solutions.

Table 1. Water quality parameters of the RO concentrate sample
Parameters Values

DOC (mg/L) 44

pH 7.8

UV absorbance at 254 nm 1.16

Conductivity (μS/cm) 8,486

Na+ (mg/L) 2,000

K+ (mg/L) 143

Ca2+ (mg/L) 1,000

Mg2+ (mg/L) 200

Cl- (mg/L) 1,414

NO3
- (mg/L) 111

SO4
2- (mg/L) 2,000

T-N (mg/L) 17.53

T-P (mg/L) < 1.0

The RO concentrate was collected from a wastewater reclamation 
plant located in Daegu, Korea (refer to Table 1 for water quality 
parameters of sampled RO concentrate). The RO concentrate was 
filtered by a GF/C filter (1.6 mm, Whatman) to remove suspended 
solids, and stored at 4oC until use.

2.2. Experiments for the Conventional Fenton Process

The following procedures were performed for the experiments 
of the conventional Fenton process. First, the pH value of RO 
concentrate (100 mL) was adjusted as 3.0 (the optimum pH for 
the Fenton reaction [21]) using HClO4. Second, aliquots of FeSO4･
7H2O and H2O2 were sequentially injected into the solution to 
initiate the reaction, and after 1 h, the solution pH was increased 
to 7.0 using NaOH to finish the reaction. Lastly, RuO2 powder 
was added to the solution to quench residual H2O2 for the accurate 
DOC measurement; RuO2 powder was immediately removed by 
a 0.45 μm PTFE filter (Advantec). The experiments were performed 
at different initial concentrations of Fe(II) and H2O2 (i.e., [Fe(II)]0 
= 1.0 ,3.0 5.0 mM and [H2O2]0 = 1.5, 4.5, 7.5 mM). Design Expert 
7 software (Stat-Ease Inc., USA) was used for response surface 
methodology (RSM) which was applied to evaluate the optimal 
doses of Fe(II) and H2O2 for the highest DOC removal. A two-factor 
and three-level central composite face-centered design (CCFCD) 
was applied to depict regression model. The analysis of variances 
(ANOVA) was validated using the Design Expert 7. 

2.3. UV/H2O2 and Ozonation Experiments 

The UV/H2O2 experiments were performed in a 100 mL quartz 
reactor which was placed in a dark chamber equipped with six 
4W low pressure mercury lamps (MAX = 253.7 nm, Philips), a 
magnetic stirrer, and a cooling fan. The incident light intensity 
was measured to be 4.12  10-6 Einstein L-1 s-1 (equivalent to 1.982 
J L-1 s-1) by the ferrioxalate actinometry [22]. The initial H2O2 
concentrations for the experiment were 4.5 and 45 mM. The reaction 
was initiated by UV illumination, and after 2 h, samples were 
withdrawn for analyses and RuO2 powder was additionally added 
for quenching residual H2O2 in the sample.   

A bench scale ozone generator (LAB-Ⅱ, Ozonetech) was used 



Environmental Engineering Research 28(4) 220631

3

to produce ozone-containing gas (ca. 5 wt%) for ozonation 
experiments. In order to initiate the reaction, the ozone gas was 
directly diffused into the reactor (100 mL). Samples were with-
drawn after 15, 30, 60 min, which were equivalent to ozone doses 
of 50.17, 135, and 318.58 mg/L, respectively. 

2.4. Experiments for Electrochemical Oxidation

The electrochemical oxidation of RO concentrate was tested in 
a small cell (25 mL solution) equipped with two plate electrodes 
(7 cm2 each) connected to a potentiostat for supplying power 
(Bio-Logic SAS, VSP). The electrolysis was performed with and 
without Fenton’s reagent (i.e., the electro-Fenton process and the 
anodic oxidation, respectively). In preliminary experiments, four 
anode materials (IrO2, RuO2, Pt, and BDD, obtained from 
Wescoelectrode) were tested for the anodic oxidation of RO concen-
trate, and thereafter BDD was chosen as the anode (Fig. S1). Stainless 
steel (SS) (Alfa Aesar) was used as a cathode material for all 
experiments. The solution pH was adjusted to 3.0, and FeSO4･7H2O 
(1.0 mM) and H2O2 (7.5 mM) were used for the electro-Fenton 
experiments. The electrolysis was initiated by applying current 
into the cell, and samples were withdrawn after 1 h of reaction. 
RuO2 powder was added in the samples which included H2O2. 
Constant currents were applied at current densities of 5, 10, 20 
mA/cm2, and cell voltages were monitored during the electrolysis. 

2.5. Analyses

DOC was measured using a TOC analyzer (Sievers M5310C, Suez) 
which employed the UV/Persulfate method. DOC of each sample 
was measured after dilution four times with DI to fit into the 
prepared calibration curve range. The concentration of H2O2 was 
measured by the titanium sulfate method [23]. The concentration 
of O3 was determined by monitoring the decolorization of indigo 
trisulfonate at 600 nm [24]. The absorbance for these colorimetric 
methods was measured using a UV-Vis spectrophotometer 
(LAMBDA 465, Perfkin-Elmer).

2.6. Cost Evaluation

The costs for DOC removal by different AOPs were calculated 
based on the prices of chemicals, electricity, and sludge treatment 
(for the Fenton process) (Table 2). The prices of FeSO4･7H2O, 
H2O2, H2SO4, and NaOH were from Korea Price Information [25]. 
Electrical costs were calculated by Korean Electricity Information 
for WWTPs [26]. The price of ozone was calculated based on 

Table 2. Cost references of chemicals, electricity, and sludge landfill 
for the RO concentrate treatment by AOPs

Material Cost Reference

FeSO4･7H2O 305.41 $ / 1 ton  [25]

H2O2 (35%) 872.60 $ / 1 ton  [25]

Sludge landfill 80.63 $ / 1 ton  [28]

Electricity at WWTP 0.14 $ / kWh  [26] 

H2SO4 78.53 $ / 1 ton  [25]

NaOH 708.55 $ / 1 ton  [25]

O3 4,205.06 $ / 1 ton  [27]

electricity required to generate ozone gas in an industrial scale 
[27]. Sludge treatment costs were adopted from the Korean WWTP 
report [28]. 

3. Results and Discussion

3.1. Conventional Fenton Process 

The DOC removal efficiency of RO concentrates by the conventional 
Fenton process was examined by varying concentrations of Fe(II) 
(1.0 - 5.0 mM) and H2O2 (1.5 - 7.5 mM). The obtained results 
were evaluated by RSM using the concentration of Fe(II) and H2O2 
as two independent variables (Fig. 1). The experimental data was 
fitted to develop a model equation (Eq. (1)) and the adequacy 
of developed model was verified by the four representative esti-
mates, i.e., p-value = 0.0002, lack-of-fit = 0.9317, R2 = 0.982, 
adequate precision = 18.632.

DOC removal (%) = 36.23 + 8.82[Fe(II)] + 1.2[H2O2] + 
0.8[Fe(II)][H2O2]- 5.33[Fe(II)]2 – 1.88[H2O2]2 (1)

Based on the RSM model, the optimal DOC removal efficiency 
was estimated to be 40.35% at 4.7 mM Fe(II) and 4.5 mM H2O2 
under investigated experimental conditions. Increasing the Fe(II) 
dose significantly increased DOC removal efficiency, while increas-
ing the H2O2 dose marginally impacts on the DOC removal as 
compared to that of Fe(II). The consumed amount of H2O2 during 
the reaction proportionally increased with increase in the initial 
Fe(II) concentration (Fig. S2). These results indicate that the pro-
duction of oxidants (･OH) through the decomposition of H2O2 
(Eq. (2)) is encouraged to oxidize organic compounds in RO concen-
trate as the initial Fe(II) concentration increases. Unlike Fe(II), 
the change in H2O2 concentration exhibited insignificant impacts 
on the DOC removal efficiency although H2O2 consumption showed 
a positive relationship with increasing the input concentration 
of H2O2. This result can be explained by ･OH-scavenging effects 
of a high concentration of H2O2. It is well-established chemistry 
that produced ･OH can be scavenged by Fe(II) and H2O2 (Eq. 
(3),(4)). As such, increasing the concentration of Fe(II) and H2O2 
does not necessarily result in enhanced oxidation of organic com-
pounds [29-31]. In addition, the increase of Fe(II) dose presumably 
contributed to enhanced coagulation performance as all of the 
reactions were finished by increasing pH to a neutral condition 
(i.e., pH 7), resulting in a positive effect on DOC removal.

Fe(II) + H2O2 → Fe(III) + OH- + ･OH (2)

･OH + H2O2 → HO2･ + H2O (3)

･OH + Fe(II) → Fe(III) + OH- (4)

3.2. UV/H2O2 Process

The DOC removal efficiency of the RO concentrate by the UV/H2O2 
process was investigated at two different H2O2 concentrations (i.e., 
[H2O2]0 = 4.5 and 45.0 mM) (Fig. 2a). DOC removal efficiency 
by UV/H2O2 process at 4.5 mM of H2O2 was only 14% in 2 hours. 
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This result indicates that most of photon (> 90% referred to Table. 
1) was absorbed by RO concentrate rather than H2O2 that produces 
･OH through H2O2 photolysis (Eq. (5)), directly showing a typical 
limitation of the UV/H2O2 process. As increasing H2O2 concen-
tration to 45.0 mM, DOC removal efficiency was significantly en-
hanced by 61% after 2 hours of UV irradiation. This enhancement 
was attributed to the increase in the fraction of UV absorption 
by H2O2 (From 2.52% at 4.5 mM H2O2 to 35.33% at 45.0 mM 
H2O2) with increasing the input concentration of H2O2 (Fig. S3), 
thereby more photons would be absorbed by H2O2 that leads to 
higher production of ･OH to oxidize organic compounds in RO 
concentrate. DOC removal efficiency of the UV/H2O2 process can 
be also improved by increasing UV lamp intensity [32]. However, 
increasing the H2O2 concentration would be the most efficient 
way to improve the efficiency of the UV/H2O2 process, considering 
that a dominant portion of energy cost is generally contributed 
by UV lamp output.  

H2O2 + hν → 2･OH (5)

3.3. Ozonation

Ozonation was performed to evaluate the removal of DOC in RO 
concentrate at 50.17, 135, 318.58 mg/L of ozone doses, equivalent 
to ozone gas diffusing time of 15, 30, and 60 min, respectively. 
DOC removal efficiency and its regression line at those three ozone 
doses were depicted (Fig. 2b). DOC removal of RO concentrate 
was gradually increased from 22.1% to 56.1% by increasing the 
ozone dose from 50.17 mg/L to 135 mg/L. However, above 135 
mg/L of ozone does, insignificant enhancement in removal effi-
ciency was observed (i.e., from 56.1% at 135 mg/L to 61.7% at 
318.58 mg/L). This obscure tendency at a high degree of ozone 
dose shows a disagreement with most of previous studies which 
reported that an increase in ozone dose leads to a linear enhance-
ment of the removal of organics, such as phenol compounds and 

E. coli. [33-35]. The discrepancy between our study and other 
literatures possibly results from different nature of organic sub-
stances in RO concentrate in terms of reactivity with ozone. At 
the low/intermediate dose levels of ozone, DOC in RO concentrate 
can be effectively removed through the oxidation of organics with 
a high reactivity towards ozone, while the high dose levels of 
ozone are not necessarily resulted in linear enhancement of DOC 
removal due to the slow oxidative reaction of organics with a 
low reactivity towards ozone. With this aspect, promoting the 
generation of ･OH, which is a secondary oxidant that was produced 
during ozone decay, would improve the DOC removal of RO concen-
trate by ozonation.

3.4. Electrochemical Oxidation 

The DOC removal efficiency of RO concentrate by anodic oxidation 
and the electro-Fenton process was examined under various current 
density conditions (i.e., current density, j = 5, 10, 20 mA/cm2) 
and the results were depicted (Fig. 2c and 2d)). Cell voltages were 
also monitored at each current conditions during the experiment 
for the cost analysis. Overall, DOC removal efficiency was increased 
with increasing current densities for both anodic oxidation and 
electro-Fenton processes. Average cell voltage was proportionally 
increased in both anodic oxidation (ca. 6.82, 9.47, and 13.6 V 
for j = 5, 10, and 20 mA/cm2, respectively) and electro-Fenton 
processes (ca. 6.25, 9.09, and 13.1 V for j = 5, 10, and 20 mA/cm2, 
respectively) as the current density was increased. This result 
shows excellent agreement with previous literatures on the critical 
role of applied current density during the anodic oxidation and 
electro-Fenton processes [36-38]. DOC removals by electro-Fenton 
process were always higher under identical current density con-
ditions as compared to those of anodic oxidation except for j = 
5 mA/cm2 (e.g., 48% and 60% of DOC removal efficiency at j 
= 20 mA/cm2 for anodic oxidation and electro-Fenton processes, 
respectively). In addition, electro-Fenton process exhibited much 

1.00 2.00 3.00 4.00 5.00

1.50

3.00

4.50

6.00

7.50

(4.49, 4.81)

[Fe2+] = 4.49 mM
[H2O2] = 4.81 mM
for 40% DOC removal

[H
2O

2] 
(m

M
)

[Fe2+] (mM)

Fig. 1. Effects of Fe(II) and H2O2 dose on the DOC removal efficiency in RO concentrate using conventional Fenton process (the red dots 
on the response surface represent the experimental data points).
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higher DOC removal efficiency (60% for j = 20 mA/cm2) as com-
pared to that of the conventional Fenton process (21% of DOC 
removal efficiency) under the same experimental conditions except 
applying potential to the system (Table. 3). Collectively, enhanced 
oxidation performance in the electro-Fenton process as compared 
to the anodic oxidation and conventional Fenton processes is a 
result of greater generation of ･OH owing to (i) the combination 
of homogenous ･OH that produced through Fenton reaction (Eq. 
(2)) and heterogenous BDD(･OH) that produced on the surface 
of BDD electrode (Eq. (6)) and (ii) acceleration of Fenton reaction 
by reducing Fe(III) into Fe(II) at cathode.

BDD + H2O → BDD(･OH) + H+ + e- (6)

3.5. Cost Evaluation

Based on obtained DOC removal data by different AOPs (Table 
3), the cost for each AOP was calculated to achieve 40% of DOC 
removal of RO concentrate in 1 m3 scale of pilot plants (Table. 

4). While 40% of DOC removal by the conventional Fenton process 
was accomplished under different concentrations of Fe(II) and 
H2O2, 4.49 mM Fe(II) and 4.81 mM H2O2 were selected for the 
cost calculation, whereby the cost consumption of Fenton’s reagents 
was the lowest. Operating cost for the conventional Fenton process 
was estimated by considering the chemical expenses including 
Fenton’s reagents (i.e., Fe(II) and H2O2) and pH control reagents 
(i.e., H2SO4 and NaOH), as well as the expense for the iron-sludge 
landfill. Total cost for the conventional Fenton process was calcu-
lated to be 1.62 $/m3. Operating cost for the UV/H2O2 process 
was estimated based on the consumable expense for H2O2 reagent 
and electrical power consumption for the UV-C lamp at UV dose 
of 13.88 kJ/L. The total cost for the UV/H2O2 process was estimated 
to be 2.81 $/m3. Operating cost of ozonation was estimated consider-
ing the electrical power consumption of industrial ozone generator 
in tandem with the oxygen generator and calculated to be 0.37 
$/m3. Operating cost of electro-Fenton process was calculated based 
on the electricity cost for applying potential to the BDD electrode 

Fig. 2. DOC removal efficiency of (a) UV/H2O2, (b) ozonation, (c) anodic oxidation, and (d) electro-Fenton processes at different oxidant doses for
(a, b) or current densities for (c, d) (oxidant dose and current density were specified at 40% of DOC removal efficiency in each graph).

c d

ba
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(8.54 V) as well as all of the expense for the conventional Fenton 
process (aforementioned chemical and sludge landfill expenses), 
while only the electrical energy consumption to the BDD electrode 
(11.37 V) was considered for the operating cost of anodic oxidation. 
Interestingly, the total operating cost of anodic oxidation (6.53 
$/m3) was higher as compared to that of electro-Fenton process 
(3.18 $/m3), indicating the electricity cost is a dominant cost driver 
in Korea as compared to other chemical and sludge landfill 
expenses. Conclusively, the ozonation process was verified as the 
most cost-efficient process in terms of the operating costs for DOC 
removal among tested AOPs.

Table 4. Operating cost comparison of five different AOPs

4. Conclusions

Five different AOPs (i.e., the conventional Fenton, UV/H2O2 proc-
ess, ozonation, anodic oxidation, and electro-Fenton processes) 
were successfully validated for their oxidation capacity for the 
treatment of RO concentrate from a wastewater reclamation plant, 
resulting in 14% ~ 61.7% of DOC removal depending on the 
applied process and experimental conditions. Based on the oper-
ation cost analysis, ozonation and followed by the conventional 
Fenton process were identified as the most cost-efficient process. 
Meanwhile, the processes (i.e., UV/H2O2 process, anodic oxidation, 
and electro-Fenton processes) that require electrical energy con-
sumption were evaluated as a less cost-effective process as com-
pared to the conventional Fenton and ozonation processes.

AOPs Specific operating condition for 
40% removal of DOC

Cost for 40% 
removal 
of DOC in RO 
concentrate 
($/m3)

Conventio
nal Fenton

[Fe(II)] = 4.49 mM, [H2O2] = 4.81 mM
Initial pH = 3.0, Volume = 100 mL
Reaction time = 1 h

1.62

UV/H2O2 
[H2O2] = 26.9 mM
UV dose = 13.88 kJ/L
Initial pH = 7.8, Volume = 100 mL
Reaction time = 2 h

2.81

Ozonation
[O3] = 86.97 mg/L
Initial pH = 7.8, Volume = 100 mL
Reaction time = 0.36 h

0.37

Anodic 
Oxidation

Anode: BDD, Cathode: SS
Current Density = 14.84 mA/cm2

Average Voltage = 11.37 V
Initial pH = 7.8, Volume = 25 mL
Reaction time = 1 h

6.53

Electro-
Fenton

Anode: BDD, Cathode: SS
Current Density = 9.58 mA/cm2

Average Voltage = 8.54 V
[Fe(II)] = 1.0 mM, [H2O2] = 7.5 mM
Initial pH = 3.0, Volume = 25 mL
Reaction time = 1 h

3.18
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