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Abstract
Reverse osmosis concentrate (ROC) from wastewater reclamation in water reuse retains concentrated toxic bio-refractory organics,
and developing technologies for their removal is essential. This paper reviews innovative treatment technologies for organic
contaminants in the ROC, and treatment options for applications are proposed. To adequately manage ROC, volume reduction
and quality improvement are important. Forward osmosis (FO) can reduce the ROC volume. Advanced oxidation processes (AOPs)
result in degrading organic contaminants and producing biodegradable organics, but the reduction of energy consumption is
required. Coagulation is an effective option as a pre-treatment of AOPs and can improve the biodegradability of ROC. Partial
use of short-time AOPs can transform high molecular weight organics into relatively biodegradable organics. Among AOPs, a
rotating advanced oxidation contactor (RAOC) can be an energy-saving technique for removing bio-refractory organics from ROC
using solar light irradiation. Post-biological treatment can significantly save energy and efficiently eliminate biodegradable organics
that are produced by AOPs. Microalgae cultivation is also an effective option for resource recovery from ROC. Considering the
techniques, an integrated process comprising FO, pre-coagulation, short-time and/or solar-driven AOPs (e.g., RAOC), and post-
biological treatment is proposed as an energy-saving and cost-effective technology for ROC treatment.
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Introduction

Reverse osmosis (RO) is a well-established technology for
water desalination, the production of potable water, and tertia-
ry wastewater treatment [1–4]. The global market for RO

system components (e.g., ROmembrane and pressure vessels)
for water treatment reached nearly $6.6 billion in 2016. By
2019, the market for RO system components is projected to
reach $8.8 billion with a compound annual growth rate of
10.5%, primarily driven not only by desalination for munici-
pal water supply but also by process water treatment (pharma-
ceutical, power plant, and microelectronics) and water reuse
[5]. With increasing global water demand, it is predicted that
the global market value of RO system components will reach
$11.0 billion by 2021 [6].

To solve global water scarcity, RO has been widely used
for water reclamation and has been rapidly spreading since
around 1970. Expanding the scale of plants has progressed
and has exceeded 100,000 m3 day-1 since 2000 (correspond-
ing to the amount of water necessary for about 400,000 people
on average in developed countries) [7]. The largest recent
wastewater reclamation plant is in Sulaibiya (Kuwait) where
RO and ultrafiltration (UF) membrane–based water purifica-
tion is used for wastewater reuse.With an initial capacity of up
to 375,000 m3 day-1 and designed for extension to 600,000 m3

day-1 in the future, Sulaibiya treats wastewater to produce
potable quality water for non-potable uses in agriculture, in-
dustry, and aquifer recharge.
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In addition to membrane fouling, concentrate management
is a crucial problem of pressurized membrane systems for
water treatment [2]. The RO concentrate (ROC) from waste-
water reclamation in water reuse is about 15–20% of the in-
fluent volume and contains concentrated levels of rejected
pollutants [8]. Therefore, suitable and cost-effective technol-
ogy is necessary for treating ROC.

This manuscript reviews innovative treatment technologies
for organic contaminants in ROC from wastewater reclama-
tion in water reuse and proposes treatment options for future
applications.

Contaminants in RO Concentrate and Their
Potential Impact on the Environment

The characteristics of ROC vary significantly depending on
feed–water quality, RO process operation parameters, type of
pre-treatment technology, and the properties of chemicals
used as antiscalants and biocides used to prevent the formation
of biofilm on the membrane surface in some cases [1, 9–11].
The successful rejection of emerging pollutants contained in
the feed water by the RO membrane has resulted in their
elevated levels in the ROC.

Emerging contaminants persistent in sewage effluent
have raised awareness of the environmental risk of ROC
[2, 12, 13]. Emerging organic contaminants can be classi-
fied as pharmaceuticals and personal care products
(PPCPs) (e.g., drugs, sunscreens, cosmetics), endocrine-
disrupting chemicals (EDCs) (e.g., estrogens), persistent
organic contaminants (e.g., pesticides), and nanomaterials
(e.g., C60 fullerene) [2]. In line with the continuous devel-
opment of analysis detection technology, a variety of
PPCPs are being detected in the environment resulting
from the wide consumption by humans or from the use
for animal production [14, 15]. A comparison of the con-
centration of the different pharmaceuticals in ROC shows
an average concentration factor of 3- to 4-fold in municipal
wastewater treatment plant effluent [16]. Table 1 shows a
summary of the concentration of detected micropollutants
in ROC [16–22].

PPCPs detected in the environment typically originate from
hospitals, pharmaceutical manufacturing plants, agricultural
practices, and wastewater treatment facilities [23].Many phar-
maceuticals used to treat humans and livestock are excreted in
urine and feces [24]. PPCPs are transported to the aqueous
environment through domestic wastewater, industrial waste-
water, runoff, and landfill leachate [25]. Treatment plants for
sewage and industrial wastewater were found to be the largest
sources of PPCPs [26].

Some PPCPs have been reported to have toxic effects in the
environment at concentrations of micrograms per liter [27].
Pharmaceutical pollution has been verified to induce

endocrine or hormonal disruption problems, causing abnor-
mal reproduction of fish [28]. Studies have found that concen-
trations of diclofenac as low as 5 μg L-1 can accumulate inside
the bodies of rainbow trout [29], and a mixture of acetamino-
phen, carbamazepine, gemfibrozil, and venlafaxine (0.5 μg
L-1 each) can cause significant effects in zebrafish including
tissue degeneration, a decline in embryo production, and in-
creased embryo mortalities [30]. Pharmaceutical residues in
the aquatic environment are reported to have ecotoxic effects
[28, 31]. In addition, the antibiotic tetracycline has been
shown to be toxic to plants and the early growth stage of
aquatic organisms, and it also negatively affects sewage
sludge bacteria by inhibiting protein synthesis [32]. Studies
have shown antibiotics and antibiotic resistance genes in sew-
age treatment could significantly affect the bacteria involved
in the sewage treatment process in removing carbon and ni-
trogen in the wastewater through nitrogen assimilation [33].

Genotoxicity evaluation using the SOS/umu test has pro-
vided direct evidence that ROC has a much higher toxicolog-
ical risk than RO influent [34]. Sun et al. studied the charac-
teristics and biotoxicity of different fractions of dissolved or-
ganic matter in ROC from a municipal wastewater reclama-
tion system [35]. Using the SOS/umu assay with Salmonella
typhimurium TA1535/pSK1002, it was found that the hydro-
philic neutral (HIN), hydrophobic acid (HOA), and hydropho-
bic base (HOB) contributed to the genotoxicity of the ROC,
and the HIN has the highest genotoxic level. The HOA, HON,
and HIN lead to the total antiestrogenic activity of the ROC,
and HOA occupied approximately 60% of the total.

The aim of treating ROC is to increase the overall yield of
reclaimed water and to minimize its negative effect on dis-
charge to the environment. In particular, with the increase in
the scale of RO processes, it is necessary to develop suitable
technology to treat ROC before discharging it into receiving
water or recycling for other purposes [1]. A number of treat-
ment processes have been proposed for treating ROC, includ-
ing physico-chemical and biological processes. The combina-
tion of different treatment technologies has also been studied.
The following sections introduce treatment processes for
ROC.

Treatment Processes for RO Concentrate

Adsorption

High-silica zeolite has been found to be effective in removing
organic micropollutants. The adsorption capacity of high-
silica zeolite is related to surface hydrophobicity/
hydrophilicity and structural features (micropore volume and
pore size of high-silica zeolite), as well as the properties of
pollutants. By using high-silica zeolite, the undesired
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competitive adsorption of background organic matters in real
wastewater could potentially be prevented [36].

Activated carbon (AC) has been widely utilized for remov-
ing organic pollutants from wastewater through adsorption.
Lin et al. investigated the factors affecting the use of biochar
as an alternative adsorbent to treat pharmaceuticals from ROC
compared with commercial granular activated carbon (GAC)
[37]. The adsorption capacity of W-biochar obtained from
Wakefield Agricultural Carbon LLC. is comparable to GAC,
where the biochar achieved 20% higher removal for sulfa-
methoxazole but 10% lower for ibuprofen than GAC.
Adsorption capacity is related not only to the properties of
adsorbent and adsorbate but also to the water chemistry of
concentrate. Multi-step pre-treatment using activated carbon
(AC) for microfiltration (MF) was suggested by Wang [38],
who compared single-, two-, and four-stage adsorption inte-
grated with microfiltration, and the four-stage adsorption–MF
process showed highest chemical oxygen demand (COD) and
dissolved organic carbon (DOC) removal based on the same
AC dosage. Jamil et al. used a GAC fixed bed reactor, which
removed 15 micropollutants in ROC from a water purification
plant, but negatively charged and hydrophilic pollutants were
not removed because of the low interaction with the GAC
surface [39–41]. Shanmuganathan et al. suggested a GAC/
MF hybrid system to remove organics and 19 micropollutants
in ROC from a water treatment plant [42, 43]. A submerged
membrane was adopted to recover GAC, and DOC removal,
trans-membrane pressure (TMP), and the adsorption of

micropollutants on GACwere evaluated. Not only recalcitrant
organics such as humic-like and fulvic-like compounds but
also 19 micropollutants were successfully removed by the
GAC/MF treatment. GAC also contributed to decreasing
TMP by reducing fouling through the adsorption of organics.
Adsorption techniques permanently transfer the contaminants
to the adsorbent but do not destroy the contaminants, and
saturation of the adsorbent is an important problem.
Coupling the oxidizing agent (e.g., ozone and photocatalyst)
with the adsorbent was applied to restore the adsorption ca-
pacity of the adsorbent and prevent the toxic residues from re-
entering the environment [36]. Zhang et al. evaluated the ef-
fect of ozonat ion on performance of zeol i te for
trichlorophenol adsorption and found the relationship between
the ozone dosage and the mass of trichlorophenol adsorbed on
the zeolite [44]. Increasing the ozone dosage resulted in the
regeneration of the zeolite, and the mass ratio of ozone to
trichlorophenol adsorbed on the zeolite was estimated to be
1.2 ± 0.3 g O3 g trichlorophenol

-1. In our previous publication,
we proposed a synergistic model, in which a portion of the
adsorbed SMT transfers to the surface of the TiO2 in the TiO2/
high-silica zeolite HSZ-385 composite powder and is subse-
quently photocatalytically decomposed [45].

Advanced Oxidation Processes

Advanced oxidation processes (AOPs) generate highly reac-
tive hydroxyl radicals at ambient temperature and pressure,

Table 1 Concentration of
micropollutants in ROC (–: data
not provided.; BQL: below
quantification limit; N.D.: not
detected)

Compound (μg L-1) [16] [17] [18] [19] [20] [21] [22]

Acebutolol 0.76 ± 0.03 – – – – – –

Atenolol 2.9 ± 0.3 – 1.45, 2.78 2.63 1.03 – 2.467

Atrazine – 0.006 – – – 0.13–0.48 –

Bisoprolol 0.94 ± 0.06 – – – – – –

Carbamazepine 3.4 ± 0.2 1.28 – 0.134 1.04 – 0.412

Caffeine – 0.015 – 0.708 – 0.10–3.73 –

Celiprolol 1.8 ± 0.6 – – – – – –

Clarithromycin 0.8 ± 0.2 – – – – – –

DEET – 0.873 – 0.766 – – –

Diclofenac 1.5 ± 0.1 – – – 0.605 – 1.214

Gemfibrozil – – 5.92, 9.87 6.98 – – 0.878

Ibuprofen 1.33 ± 0.07 – 7.50, 0.021 – – – N.D.

Iomeprol 3.9 ± 0.5 – – 0.38 – – –

Iopromide 7 ± 1 – – – – – 0.676

Naproxen 0.98 ± 0.06 0.015 4.16, 9.22 1.42 1.08 – N.D.

Metoprolol 0.88 ± 0.03 – – 0.47 – – 0.086

Propranolol 1.05 ± 0.02 – – – – – BQL

Sulfamethoxazole 1.19 ± 0.05 – – 0.437 1.64 – –

Timolol 0.018 ± 0.001 – – – – – –

Trimethoprim 0.6 ± 0.1 – – – 0.235 – –
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and they are significantly useful for destructing a wide variety
of recalcitrant organic compounds. Various AOPs applicable
to ROC treatment are introduced in the following sections.

Ozonation and Ozone-Based Advanced Oxidation Processes

Ozonation and ozone-based AOPs such as ozone coupled
with hydrogen peroxide, ultraviolet irradiation, sonolysis,
and their combinations have been widely recognized as
promising technologies to improve water quality in drink-
ing water treatment and wastewater treatment. In terms of
the application of ozone technologies to membrane con-
centrate, the main focuses are removing total organic car-
bon (TOC) and COD as the overall organic matter, PPCPs
as trace organic chemicals, and the toxicity of the parent
and by-product compounds. In addition, the organic com-
ponents in membrane concentrate before and after oxida-
tion have been characterized with molecular weight (MW)
distribution and fractions based on acid–base and
hydrophobic–hydrophilic properties [13, 46–50].

Zhou et al. investigated several AOPs including ozonation
and ozone-based AOPs for treating ROC collected from a
water reclamation plant in Singapore [50]. Some of the water
quality parameters are as follows: pH 6.9 ± 0.2, TOC 18.0 ±
2.0 mg L-1, COD 60.0 ± 5mg L-1, total dissolved solids (TDS)
1129 ± 40 mg L-1, and color (Pt-Co) 144 ± 10. Ozonation
achieved a removal efficiency of 21.7 and 14.4% in DOC
and COD, respectively, along with almost 90% in color re-
moval. Because several AOPs with ozone, i.e., ultraviolet A
irradiation/ozone (UVA/O3), sonolysis/ozone (US/O3), ultra-
violet A irradiation/hydrogen peroxide/ozone (UVA/H2O2/
O3), and sonolysis/hydrogen peroxide/ozone (US/H2O2/O3),
could not effectively enhance DOC removal over that exhib-
ited by ozonation, they explained that molecular ozone selec-
tive oxidation exhibits better efficiency than hydroxyl radical
non-specific oxidation in removing the organics in the raw
ROC. Reduced specific ultraviolet absorbance showed that
most aromatic contents in the ROC could be effectively de-
graded by the O3-based AOPs. MW analysis showed that
ozonation could break down the largeMWorganics to smaller
MWof < 1 kDa, leading to an increase in the fraction of MW
< 1 kDa from 47 to 60%while the total DOC decreased. It also
showed that ozonation was more favorable to decompose or-
ganics with MWof 10–100 kDa than the higher MWorganics
(> 100 kDa), which were less effectively decomposed.
Although ozonation and ozone-based AOPs exhibited better
DOC removal efficiencies among other AOPs, the removal
efficiency of DOC was still low. They proposed a sequential
process consisting of coagulation and AOPs, which could
achieve synergistical improvement in DOC removal, an in-
crease in biodegradability, and a decrease in ecotoxicity,
MW, and aromaticity.

Weng et al. investigated the effect of ozonation on the tox-
icity of four organic fractions—HOA, HOB, hydrophobic
neutral (HON), and HIN—of the ROC from a typical indus-
trial park wastewater treatment plant in China [13]. They con-
ducted systematic bioassays covering bacteria, algae, fish, and
human cell lines to reveal the role of ozonation in toxicity
variation in the four ROC fractions. Some of the water quality
parameters in the study are as follows: pH 7.8, TOC 78.4 ±
2.6 mg L-1, and UV254 2.48 ± 0.15 cm-1. The HOA, HOB,
HON, and HIN fractions of the ROC accounted for 30, 3,
28, and 39%, respectively, of the total. Ozonation significantly
reduced the TOC concentration in the HOA and HON frac-
tions but not in the HOB and HI fractions. Ozonation did not
reduce the HOB fraction. The percentage of the HIN fraction
in the ROC increased after ozonation. Because the UV254

value in the ROC significantly decreased to 0.58 ± 0.43 cm-1

after ozonation, the organic matter with unsaturated carbon
bonds could be efficiently degraded. The UV254 value in the
HOA, HON, and HIN fractions significantly decreased, with
the HIN fraction contributing the highest UV254 value and
percentage to the total UV254. The toxicity changes in the
raw ROC and each fraction are summarized in Table 2.
Basically, ozonation significantly reduced the toxicity of the
raw ROC, but it should be noted that the mortality of zebrafish
before and after ozonation was 100%. Of the four fractions,
the HOA fraction in the raw ROC exhibited the highest tox-
icity, followed by the HON and HIN fractions, and their tox-
icities were reduced by ozonation. However, the toxicity of
the HOB fraction could not be effectively reduced by ozona-
tion. Rather, it sometimes increased in several bioassays.
Correlation analysis indicated that the chemical data (TOC
and UV254) of the HOA and HON fractions correlated well
with their toxicities. Against these results, Weng et al. indicat-
ed that TOC reduction during ozonation could not fully reflect
the toxicity issue, so they proposed that a battery of toxicity
assays is necessary in conjunction with the chemical data to
evaluate the effectiveness of ozonation [13]. Joo and Tansel
stated that combined systems could involve hybrid processes
and AOPs such as MBR (membrane bioreactor)/RO, O3/UF(/
MF)/RO, MF/RO/AOP, pre-treatment/UF(/MF)/RO, and pre-
treatment(/AOP)/RO [2]. ROC quantity was significantly re-
duced in an MBR/RO system in which ROC was returned to
the MBR, and a combined MBR/RO treatment scheme with
ozonation of ROC counterbalanced chlorinated and ozonated
organics by biological degradation and RO rejection [51].

With respect to removing micropollutants from ROC,
Acero et al. investigated the combined processes of coagula-
tion, ozonation, and adsorption and found that coagulation
was ineffective in eliminating pharmaceuticals, but it could
remove high molecular weight organic compounds in ROC
and indirectly contributed to decomposing micropollutants by
subsequent ozonation [52]. In addition to water quality anal-
yses of ROC after ozonation, the required amount of ozone to
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achieve the purposes of ozone applications needs to be eval-
uated quantitatively.

Fenton Oxidation

Fenton oxidation mainly consists of Fenton (Fe2+/H2O2) and
Fenton-like reactions (Fe3+/H2O2), in which hydroxyl radicals
are continuously produced until H2O2 disappears. Fenton ox-
idation has been applied to the treatment of ROC produced via
filtrating secondary effluent from municipal wastewater treat-
ment plants [17] and wastewater from a paper mill [53].
Westerhoff et al. reported that 50% of DOC (DOC0 = 40 mg
L-1) in ROC was degraded by Fenton oxidation, and the re-
sidual iron can be recovered and recycled by increasing the pH
of treated water to 7.5–8.0. Hermosilla et al. investigated the
effect of solution pH on the treatment of ROC by Fenton
oxidation and reported that the organic matter was efficiently
degraded at pH < 4 because the inhibitory effects of inorganic
carbon that mainly scavenges hydroxyl radicals on removing
organic matter were mitigated [53]. They also calculated the
optimum pH using a response surface methodology and found
pH 2.8 is adequate for efficiently removing organic matter
from ROC. The combination of an Fe/Cu catalytic process
and Fenton reaction was studied by Ren et al., and high
COD removal and biochemical oxygen demand (BOD5)/
COD ratios were obtained [54]. Aouni et al. reported the in-
tegration of electrocoagulation, electro-Fenton, and electrodi-
alysis for treating synthetic textile ROC [55]. The appropriate
condition of electrocoagulation, electro-Fenton, and electrodi-
alysis resulted in the effective removal of organics and salts
and reduced treatment cost.

Photocatalysis

TiO2 photocatalysis has been extensively applied to treat
PPCPs in wastewater [23, 28]. Dialynas et al. treated ROC

with photocatalysis at 0.5 and 1 g L-1 TiO2, and when the
suspension was irradiated with UVA light for 60 min, DOC
was oxidized yielding 49 and 41% DOC removal at the high
and low catalyst level, respectively [56]. Birben et al. investi-
gated the applicability of solar photocatalysis to remove or-
ganics present in ROC comprising humic matter as well as
selected emerging contaminants (sulfamethoxazole and carba-
mazepine) using commercially available and newly synthe-
sized photocatalysts [57]. The photocatalysts successfully
demineralized (up to 85% non-purgeable organic carbon re-
moval in 60 min) ROC from municipal wastewater and
emerging contaminants in ROC samples in the following or-
der: TiO2 > nitrogen-doped TiO2 > TiO2/ZnO > ZnO.
Westerhoff et al. reported a maximum DOC reduction of up
to 95% using a UVC/TiO2 process followed by biological
treatment compared with other processes (coagulation,
Fenton, and O3/H2O2) for treating ROC. A UV/TiO2 AOP is
the most effective both in terms of DOC reduction and energy
efficiency [17]. Removing trace organics was also effective
and all 16 pharmaceutical compounds monitored were re-
duced to below 2 ng L-1.

When a suspended catalyst is used in the UV/TiO2 AOP as
slurry, as in the treatment carried out by Dialynas et al., the
separation and recycling of powder materials from the treated
solution can be an inconvenient, time-consuming, and expen-
sive process [58]. Moreover, UV transmissivity decreases
when the amount of suspended catalyst is high. Furthermore,
when TiO2 or nano-TiO2 powder in water is exposed to UV
radiation, radicals harmful to aquatic organisms are produced
[59]. Therefore, effective recovery of the catalyst powders
after wastewater treatment should also be considered. The
immobilization of TiO2 particles on a support media would
be a solution for the abovementioned problem. To mitigate the
drawbacks of the adsorbent, a composite of adsorbent and
photocatalyst was prepared. Xiang et al. reported on the re-
moval of crotamiton, a scabicide and antipruritic agent,

Table 2 Toxicity change in raw
ROC and each fraction after
ozonation [13]

ROC HOA HOB HON HI

TOC ↓

Significantly

↓

Significantly

→ ↓

Significantly

↓

Bioluminescence inhibition
of Photobacterium T3

↓ ↓

Significantly

↑

Slightly

↓

Significantly

↓

Significantly

Euglena gracilis ↓ ↓ ↓ Slight change Slight change

Acute toxicity to zebrafish *1 *2 ↑

Slightly

2* 1*

Cytotoxicity

Cell viability (HepG2)

↓ ↓ ↓ ↓ ↓

Cytotoxicity

Intercellular ROS level

↓

Significantly

↓

Significantly

↑

Slightly

↓

Significantly

↑

Slightly

↓ decrease in toxicity (TOC), ↑ increase in toxicity

*1: mortality of 100% before and after ozonation; 2: mortality of 0% before and after ozonation
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contained in ROC using a sheet-like TiO2/high-silica zeolite
composite prepared using a papermaking technique [60]. The
composite sheet was easy to handle, and the crotamiton in the
ROC was removed through adsorption and photocatalytic
decomposition. The adsorption rate of the crotamiton in
the ROC was almost equal to that in ultrapure water, in-
dicating that the crotamiton was selectively adsorbed onto
the high-silica zeolite in the composite sheet, although
there were large amounts of coexisting organics and salts
in the ROC.

UV/H2O2

Hydroxyl radicals are produced via H2O2 degradation with
UV irradiation at 254 nm, and the UV/H2O2 AOP has
been used to treat ROC. Zhou et al. reported that coupling
pre-coagulation with subsequent UV/H2O2 AOP achieved
synergistically improved DOC removal, increased biode-
gradability, and decreased ecotoxicity, molecular weight,
and aromaticity [50]. The organic matter and UV-
absorbing agents in the ROC likely inhibit UV/H2O2

AOP. Alum coagulation was applied as a pre-treatment
for UVC/H2O2 treatment by Umar et al. [61]. The recal-
citrant humic-like organics were effectively removed by
coagulation, and the biodegradability of the treated ROC
was enhanced. Umar et al. further conducted a compara-
tive study using aluminum and ferric-based coagulants as
a pre-treatment for UVC/H2O2 treatment of ROC.
Although the total removal of organic and inorganic con-
tents after 60 min of UVC/H2O2 treatment with and with-
out coagulation were comparable, large differences in the
trends of reduction were observed, which were attributed
to the different characteristics of the humic-like organic
content of the samples and different initial biodegradabil-
ity. Coagulation and UVC/H2O2 treatment preferentially
removed humic-like compounds, thus resulting in the
low reaction rates of the coagulated samples after UVC/
H2O2 treatment. Likewise, greater improvement (2- to 3-
fold) in biodegradability was observed during UVC/H2O2

treatment of the pre-treated samples than those without
pre-treatment [61]. From the perspective of electrical en-
ergy dose, ferric chloride (FeCl3) was superior in remov-
ing UV-absorbing agents, DOC, and color, and in improv-
ing UV light transmittance than aluminum-based coagu-
lant [62]. Lu et al. evaluated the potential of a BAC pro-
cess combined with pre-oxidation using a UVC/H2O2

AOP to treat a high-salinity municipal wastewater ROC
(TDS ~ 10,000 mg L-1) during 90 days of operation [63].
The combined system reduced 60% of DOC and 50% of
COD, no toxicity was detected for the ROC after the com-
bined treatment, and the trihalomethane formation poten-
tial was reduced from 3.5 to 2.8 mg L-1. Pradhan et al.
investigated the effect of salinity on removing organic

matter and nitrogen from ROC through a BAC system
after pre-oxidation with UV/H2O2. The combined system
removed considerably more total nitrogen at high salinity
(TDS ~ 16 g L-1) compared with low (~ 7 g L-1) and me-
dium salinity (~ 10 g L-1) [64].

Electrochemical Oxidation

Electrochemical treatment of ROC is a promising technique
because high salinity enhances electrical conductivity, reduc-
ing energy consumption during treatment [65–71]. Organic
and inorganic compounds contained in ROC can be
decomposed by direct oxidation at the electrode surface or
reaction with reactive species such as hydroxyl radicals gen-
erated at the electrode surface. However, the high cost of en-
ergy for electrochemical treatment restricts its application;
therefore, various studies have been conducted to optimize
reaction conditions.

Weng and Pei utilized a Co-doped PbO2 anode, and oper-
ational parameters and the degradation behavior of quinoline
in ROC were investigated [66]. After 2 h of treatment, 100%
of the quinoline was removed from the concentrate, and it was
clarified that Co-doping significantly reduces electrical effi-
ciency per log order (EE/O), indicating that electrochemical
treatment is effective in eliminating micropollutants in ROC.
Electrochemical oxidation of catechol using a Cu–graphite
electrode was studied by Maharaja et al., and the effects of
the inner electrode space of electrodes, pH, temperature, cat-
echol concentration, and current density were investigated
[67]. The kinetic parameters of electrochemical oxidation of
catechol and apparent faradic efficiency, as well as specific
energy consumption were calculated. Theoretical evaluation
of current density proposed that catechol removal was regu-
lated when it was supplied at above limiting applied current
densities. Wang et al. reported on the electro-oxidation of
ROC in printing and dyeing wastewater using a PbO2/Ti elec-
trode [70]. Instead of current density, the oxidation–reduction
potential (ORP) was treated as an important indicator, and the
quantitative relationship among ORP, COD, and Cl− concen-
tration was clarified. The experimental results showed ORP
could be an indicator of current density, Cl− concentration,
pollutants, and reaction time, so the developed constant ORP
system can be a new monitoring technique to reduce opera-
tional cost. Barazesh et al. investigated the transformation of
micropollutants in ROC and its degradation mechanism [68].
They revealed the composition of electrolytes (Cl−, HCO3

−,
NH4

+) affected the formation of oxidants, and Cl− and Br−

accelerated the removal of micropollutants. On the other hand,
HCO3

− negatively affected the degradation of electron-poor
compounds. The reaction mechanism at the diffuse layer of
the anode and bulk solution was proposed, and removal rates
of electron-rich micropollutants were accurately predicted.
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Forward Osmosis

Forward osmosis (FO) has been used to reduce the volume of
ROC. The overview of ROC treatment by FO in the previous
studies is summarized in Table 3. Kazner et al. investigated a
membrane fouling mechanism, and the primary organic
foulant in the concentrate was specified as humic acid, where-
as the inorganic substances mainly contributed to the mem-
brane fouling with scaling [72]. Jamil et al. also examined the
volume reduction of ROC from a water purification plant with
five FO treatment steps using a 2–3MNaCl solution as a draw
solution (DS) [39]. The concentrate volume finally decreased
from 6.00 to 0.47 L, whereas the organic and inorganic sub-
stances in the concentrate caused membrane fouling. To mit-
igate the membrane fouling, they proposed pre-treatment of
ROC such as adjusting the pH and adsorbing organic matter in
the concentrate using a fixed-bed GAC column. Maintaining
the concentrate pH at 5 improved the permeate flux (PF) and
possibly the dissolution of carbonate precipitates. The PF was
greatly improved by GAC pre-treatment, and 0.14–0.31 mg C
cm-1 of organic matter was captured on the GAC. By combin-
ing GAC pre-treatment and FO treatment, 17 pharmaceuticals
(e.g., atenolol, carbamazepine, and ibuprofen) were retained
in the concentrate. Jamil et al. developed a pressure-assisted

FO for treating ROC to enhance the rate of water recovery
[40]. Potassium chloride solutions (0.25 and 0.4 M) were used
as DSs. The PF did not change as the KCl concentration in-
creased, and the reverse solute flux increased with the increase
in DS concentration. As reported in their previous work [39],
GAC pre-treatment was effective in mitigating membrane
fouling, and target organic pollutants (e.g., diuron, sulfameth-
oxazole, and triclosan) were rejected by the pressure-assisted
FO treatment combined with GAC pre-treatment. Jamil et al.
used an FO membrane as a nanofiltration membrane to treat
the ROC because of the similarity of water permeability and
structural property between those membranes [41]. The
nanofiltration of the concentrate by using the FO membrane
was more effective than the original nanofiltration membrane
from the viewpoint of rejecting inorganic substances. Maltos
et al. examined FO-RO treatment of Denver–Julesburg (D–J)
basin, and the ROCwas treated by FO [73]. The PF was 3.1 L
m-2 h-1 at the beginning of treatment and decreased by 1.0 L
m-2 h-1 owing to the membrane fouling. The reverse salt flux
(RSF) decreased by 4 g m-2 h-1, but it increased until reaching
~ 12 g m-2 h-1 because of slow release of salt accumulated in
the fouling layer. The FO treatment resulted in the removal of
14 polycyclic aromatic hydrocarbons (> 93.6 ± 1.7%). In FO
treatment using a high saline solution, the recovery of DS is

Table 3 Overview of treatment of ROC by FO

Types of membrane FS DS PF (L m-2 h-1) RSF (g m-2 h-1) Ref.

TFC-PA-ES (HTI) ROC from WRPS 1, 2, 4 M NaCl 9.3 (1 M NaCl)
10.0 (2 M NaCl)
10.0 (4 M NaCl)

No data [72]

CTA-NW (HTI) ROC from WRPS 1, 2, 4 M NaCl 6.1 (1 M NaCl)
6.7 (2 M NaCl)
8.7 (4 M NaCl)

No data [72]

CTA-ES (1401270,HTI) ROC from WRPS Steps 1–4: 2 M NaCl
Step 5: 3 M NaCl

Step 1: 12.6
Step 2: 9.7
Step 3: 9.1
Step 4: 13.5
Step 5: 12.7

No data [39]

CTA-ES (HTI) ROC from WRPS 0.25 M KCl
0.4 M KCl

11.4 (0.25 M KCl, 3 bar
applied pressure)

3.65 (0.25 KCl) [40]

TFC-PA-ES (HTI) ROC from WRPS No DS was used.
1–4 bar of pressure was applied.

14.9 ± 0.4 (4 bar applied
pressure)

No data [41]

CTA-ES (HTI) ROC from WRPS No DS was used.
1–4 bar of pressure was applied.

1.5–2.3 (4 bar applied
pressure)

No data [41]

4040 Spiral wound
CTA elements

ROC (influent: Denver–
Julesburg basin

1 M NaCl 3.1 (at 0 h)
1.0 (after 500 h

of treatment)

28.1 (at 0 h)
7.5 (~ 50 h)
4 (~ 100 h)
12 (at 400 h)

[73]

TFC-PA (Toray
Chemical Korea)

CSG ROC Concentrated fertilizer
DS-1: 1 M Ca(NO3)2
DS-2: 1 M (NH4)2HPO4

DS-3: 1 M KNO3

DS-4: 1 M (NH4)2SO4

25.09 (DS-1)
20.70 (DS-2)
28.49 (DS-3)
25.14 (DS-4)

10.63 (DS-1)
7.51 (DS-2)
54.21 (DS-3)
2.90 (DS-4)

[74]

TFC-PA-ES thin-film composite polyamide with embedded screen support, CTA-NW cellulose triacetate with nonwoven support, CTA-ES cellulose
triacetate with embedded screen support,WRPSwater reclamation plant in Sydney,D–J basinDenver–Julesburg basin,CSG coal seam gas,PF permeate
flux, RSF reverse salt flux
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important. Kim et al. examined the treatment of coal seam gas
ROC using FO by using fertilizer as a DS to directly apply the
diluted fertilizer solution to the irrigation [74]. FO treatment
was effective from the viewpoint of favorable composition of
nutrients in diluted fertilizer. The initial PF was significantly
higher than other previous studies. However, the reverse trans-
portation of DS caused the decrease in the osmotic pressure
difference, resulting in the decrease in the PF. The RSF of
(NH4)2SO4 was lowest among DS used in their study. They
investigated the mechanism of membrane fouling with scal-
ing. The Ca3(PO4)2, Mg3(PO4)2, and MgNH4PO4 struvite
were observed on the FO membrane when using
(NH4)2HPO4 and Ca(NO3)2 as DS, and the struvite was main-
ly formed on FO membrane when using (NH4)2HPO4 DS.
They proposed a strategy for controlling membrane fouling
and found that the membrane fouling could be controlled by
chemical cleaning using citric acid.

As mentioned above, FO is an attractive process for de-
creasing the volume of ROC. However, the concentrated FS
still retains the organic contaminants, and the previous studies
reported that managing the concentrate including its disposal
is important to reduce the ecological risk [75–77]. Treatment
options for contaminants in the concentrated FS should be
considered before discharging it to receiving water bodies to
mitigate potential environmental risk.

Biological Treatment

Biological treatment has been investigated to treat ROC de-
rived from various types of wastewater. Jia et al. applied a
membrane bioreactor (MBR) with intermittent aeration to
treat ROC from coal gasification wastewater [78]. They found
that an aeration cycle of 6 h:6 h is adequate for efficiently
removing organic matter (48.35%), nitrites (36.05%), and ni-
trates (64.34%). Yao et al. examined the on-site recovery of
phosphorus and the removal of nitrogen from a mixture of
fresh urine taken from a male toilet and ROC from a waste-
water reclamation facility using MBR [79]. Considering the
concentration of divalent cations (Ca2+ andMg2+) in ROC and
phosphorus in fresh urine, an adequate mixture ratio was de-
termined at pH 9 for effective phosphorus precipitation, and
99% of the phosphorus was recovered in the ratio of
ROC:fresh urine = 3:2. Justo et al. used biological activated
carbon (BAC) filter for eliminating the trace organic contam-
inants including pharmaceuticals from ROC. BAC filter could
remove 11 pharmaceuticals (e.g., naproxen, gemfibrozil, and
atenolol), andβ-proteobacteria was identified asmain bacteria
phylum [80].

Badia-Fabregat et al. investigated the removal of pharma-
ceuticals in ROC from an urban wastewater treatment plant
using the white-rot fungus Trametes versicolor [22]. The fun-
gal treatment with and without externally adding nutrients
was conducted, and nutrient loading at 221–278 mg C g

fungus-1 day-1 and 0.2 mg N g fungus-1 day-1 was effective
in enhancing the treatment performance. Some of the phar-
maceuticals (e.g., acetaminophen, diclofenac, and sulfameth-
oxazole) were completely removed, but their destruction re-
sulted in the production of other pharmaceuticals (e.g.,
salicylic acid, tetracycline, and ketoprofen) as metabolites.
Llorca et al. used T. versicolor for destructing benzotriazoles
(BTs) in ROC from a municipal wastewater treatment plant
[81]. They found that T. versicolor has enough potential to
degrade BTs, and biotransformation by-products were gener-
ated by conjugation with some sugars via the methylation of
the triazole group. Badia-Fabregat et al. also treated ROC
from a municipal wastewater treatment plant and veterinary
hospital wastewater with and without inoculating with
T. versicolor [82].

Miranda et al. isolated microalgal biofilms from a saline
lake (Biofilm #52) and used them to remove nutrients in ROC
from a wastewater reclamation plant [83]. Biofilm #52
contained five biofilm-associated photosynthetic species such
as unicellular microalgae, diatoms, and filamentous
cyanobacteria. During 9 days of treatment, 99% of NO3

−

and PO4
3− were removed from the ROC, and the uptake rate

of NO3
− and PO4

3− was 21 ± 5.1 mg N L -1day-1 and 13 ±
1.2 mg P L-1 day-1, respectively. Ikehata et al. isolated
Pseudostaurosira trainorii E. Morales PEWL001 from agri-
cultural drainage water and used a photobioreactor containing
the strain to remove nutrients and trace organic contaminants
in ROC from a groundwater replenishment system (GWRS)
[84]. NH4

+ was preferentially removed compared with NO3
−,

and NH4
+ (C0 = 8.2 ± 0.3 mg N L-1) and PO4

3− (C0 = 6.7 ±
0.3 mg P L-1) were completely removed within 5 days. Twelve
pharmaceuticals (e.g., benzotriazole, atenolol, and trimetho-
prim) were also degraded by the strain.

Proposed Treatment Options

Volume reduction and quality improvement are essential for
adequate management of ROC. Although FO is promising for
reducing the volume of ROC as mentioned above, decompo-
sition of the concentrated toxic recalcitrant organics is essen-
tial before discharging into public water bodies. AOPs destroy
a wide variety of bio-refractory organics in ROC and produce
assimilable organic carbon [85]. However, reduction of ener-
gy consumption for AOPs is urgently required. Simple pre-
treatment techniques before the AOPs should be considered
for a more cost-effective treatment scheme. We propose an
integrated process comprising FO, pre-coagulation, AOP,
and post-biological treatment as a better option for ROC treat-
ment at lower cost and using energy (Fig. 1).

Coagulation is one useful option as a pre-treatment of
AOPs to remove organics and inorganics from ROC. Long
et al. applied coagulation to remove TOC in ROC from
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landfill leachate [86]. FeCl3 coagulates relatively high molec-
ular weight organics hindering AOP [50] and shows more
effective coagulation of almost all fractions of DOC in ROC
than polyaluminum chloride and aluminum chlorohydrate
[87]. Adding NaOH and polyacrylamide to ROC results in
the removal of Ca2+ and Mg2+ and reduced membrane fouling
by subsequent MBR treatment because of coagulation of
humic-like organics and divalent metal ions [88].
Coagulation improves the biodegradability of ROC and en-
hances the performance of biological treatment of recalcitrant
organics [89–92].

Partial use of short-time AOPs can break down high mo-
lecular weight organics into relatively biodegradable organics
[61]. Of the AOPs, solar-driven photocatalysis saves energy.
We have also confirmed that UVA/TiO2 AOP is effective in
destructing organic contaminants [93, 94]. We synthesized a
composite powder containing TiO2 and high silica zeolite,
which can selectively adsorb hydrophobic organics via hydro-
phobic interaction [95–97]. The synergetic effect of the com-
posite powder enhances their degradation [45], and the com-
posite powder selectively removes them from actual wastewa-
ter treatment including secondary effluent from a municipal
wastewater treatment plant [98–100]. We fabricated an HSZ-
385 zeolite/TiO2 composite sheet using a papermaking tech-
nique to simply recover functional powder materials from
treated wastewater. We also showed that the composite sheet
can remove crotamiton from ROC [60]. The crotamiton was
selectively adsorbed onto the zeolite in the composite sheet
and thereafter was degraded, despite the presence of
coexisting organics and inorganics at significantly higher con-
centrations than crotamiton. Furthermore, we have developed
a novel rotating advanced oxidation contactor (RAOC)
equipped with the zeolite/TiO2 composite sheets and have
published details of the removal mechanism of target contam-
inants and its transformation by-products from wastewater by
using the RAOC [101–103]. The bottom part of the RAOC

disk is immersed in water for adsorption, and the top part of
the disk is irradiated with UVA light for photocatalysis with a
view to using solar light irradiation for future application. By
only rotating the disk, the adsorption in water and
photocatalysis in the thin water film occurs continuously.
Moreover, the RAOC can simultaneously remove sulfameth-
azine and recover ureaform from synthetic urine containing
coexisting substances at extremely high concentrations [103].
The adsorbent and photocatalyst can be changed in response
to the characteristics of the target contaminant, and the RAOC
can remove 1,4-dioxane from landfill leachate using less en-
ergy than a TiO2 slurry reactor [104]. A pilot RAOC has been
developed, and operational and design parameters are now
under investigation. Operational cost can be contained by
using sunlight as the light source. We anticipate that the
RAOCwill become a better option for simultaneously remov-
ing contaminants and recovering resources at lower cost and
using less energy.

Hybrid processes involving AOPs coupled to pre-
coagulation and post-biological treatment might be promising
to save energy. Photocatalysis prior to biological treatment
improves the biodegradability of tetracycline and tylosin and
reduces their toxicity [32]. Pre-coagulation enhances the per-
formance of UV/H2O2 treatment, and biodegradable by-
products are produced as a result. Post-biological treatment
is therefore critical for efficient degradation of the by-
products [61, 62]. A UVC/H2O2 AOP combined with pre-
coagulation and post-biological treatment reduces the energy
required by 55–83% for pre-treatment and the UV/H2O2 AOP
[62]. The effluent quality of the BOD level from the post-
biological treatment system should be equivalent to that in
the secondary effluent from sewage treatment plant.
Therefore, the target BOD level should be less than effluent
standard (e.g., less than 15 mg L-1 in Japan). This work shows
that post-biological treatment is a significant energy-saving
approach for efficiently eliminating organic matter fromROC.

FO

Concentrated
Fertilizer

(DS)

ROC (FS)

Agricultural use

Pre-coagulation RAOC Post-biological treatment

Discharge

Hydrophobic
contaminants

Hydrophobic 
contaminants

: adsorbed and degraded by RAOC

Hydrophilic 
degradation

intermediates

: released to the water after the degradation
of hydrophobic contaminants by RAOC

: degraded by post-biological treatment

Organic matters except for
hydrophobic contaminants

were removed.

Fig. 1 Proposed process for efficient ROC treatment
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From the viewpoint of resource recovery from ROC,
microalgae cultivation is an effective approach. Microalgae
can be used for recovering nutrients, and lipids accumulated
inside the algae are useful for producing energy. Wang et al.
isolated Chlorella sp. ZTY4 and Scenedesmus sp. LX1 from a
domestic wastewater treatment plant and used them to treat
ROC from a wastewater reclamation plant [105]. Both algae
removed more than 90% of total nitrogen and total phospho-
rus from the concentrate and about 30% of their bodies
consisted of lipids after 16 days of cultivation. Maeng et al.
attempted to remove pharmaceuticals (e.g., diclofenac, carba-
mazepine, and ketoprofen) from synthetic ROC using the
microalga Scenedesmus quadricauda and found the
S. quadricauda removed the pharmaceuticals by supplying
10% (v/v) CO2 under continuous irradiation [106]. They also
used S. quadricauda to remove polymeric organic matter,
which are bio-refractory, from synthetic ROC with high salin-
ity and revealed that reactive oxygen species released from
S. quadricauda induced degradation of the bio-refractory mat-
ter [107]. Chakraborti et al. created a pilot-scale subsurface-
flow wetland, comprising a mature stand of bulrush
(Schoenoplectus californicus, 2 m) and soil (11.9 m3) to treat
ROC from a wastewater treatment plant [108]. The bulrush
captured 23% of NH4

+ (C0 = 146.2 mg N L-1) and 23% of
PO4

3− (17.9 mg P L-1) under 2.5 days of hydraulic retention
time during 6 months of treatment and 58% of NO3

−

(7.2 mg N L-1) and 51% of organic matter (10.0 mg C L-1)
were removed by microorganisms in the soil. The wetland
could easily be applied to the local environment and might
be an effective approach to improve the water quality of ROC.

Conclusion

In this manuscript, innovative treatment technologies for
organic contaminants in RO concentrate from water recla-
mation in water reuse was reviewed, and treatment options
for future applications were proposed. Numerous treat-
ment technologies for ROC including adsorption, AOPs,
FO, and biological treatment have been studied. Volume
reduction and quality improvement are essential for ade-
quate management of ROC. FO is promising for reducing
the volume of ROC, but decomposing the concentrated
toxic recalcitrant organics is essential before discharging
into public water bodies. Although AOPs destroy a wide
variety of bio-refractory organics in ROC and produce
biodegradable organics, the reduction of energy consump-
tion is required. We propose an integrated process com-
prising FO, pre-coagulation, short-time and/or solar-driven
AOPs (e.g., RAOC), and post-biological treatment as an
energy-saving and cost-effective technology for ROC
treatment.
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