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Reverse osmosis membrane filtration concentrate is a type of organic wastewater from landfill leachate treatment
that has a high concentration of organic matter, refractory macromolecules, and low biodegradability. The
reverse osmosis concentrate was treated in this study using a combination of physicochemical and biological
processes. Single-factor test analysis for coagulation and sedimentation indicated that 2000 mg L™t of
polymeric ferric sulphate (PFS), a pH of 7, and a precipitation time of 40 min yielded the best removal effect.
The COD, NH3-N, and UV,s4 removal efficiencies were 74%, 34%, and 64%, respectively. The influent of the
electrochemical oxidation is the effluent pretreated by coagulation and precipitation. The anode material was
a ruthenium—iridium—titanium plate electrode, and the cathode material was a stainless-steel plate electrode.
The removal efficiencies of COD, NHz—N, and UV,s4 in the electrochemical oxidation process were 67%, 83%,
and 80%, respectively. The BODs/COD ratio increased to 0.5, and the unit energy consumption of COD was
39.4038 kW h kg™t The electrochemical oxidation effluent was then subjected to advanced treatment in an
aerated biological filter. The influent flow rate was 0.3 L h™%, the air-to-water ratio was 4:1, and the
temperature was 20 °C-30 °C. No glucose was added to the subsequent influent. The COD, NHz—N, and
UV,s4 removal efficiencies were 71%, 73%, and 697%, respectively. Following biological treatment in the aerated
biological filter, the B/C ratio of the reverse osmosis membrane concentrate improved. The operational results
of the combined processes indicated removal efficiencies of 97%, 98%, and 97% for COD, UV5s4, and NHz—N,
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DOI: 10.1039/d6va00153] respectively. The effluent quality attained the Class A standard of the Pollutant Discharge Standard for Urban

rsc.li/esadvances Sewage Treatment Plants (GB18918-2002).

Environmental significance

A combined coagulation-sedimentation-electrochemical oxidation-biological aerated filter process was employed for the advanced treatment of reverse
osmosis membrane filtration concentrate, which is a type of organic wastewater from landfill leachate treatment. The integrated process presents a clear
synergistic mechanism: coagulation removes macromolecular humus via charge neutralization and adsorption bridging. Coagulation removed the suspended
solids and a portion of humic acids (64% UV,s, removal), thereby reducing organic load on the electrooxidation unit and mitigating electrode fouling.
Electrochemical oxidation, dominated by active chlorine, improves biodegradability and removes ammonia nitrogen; BAF mineralizes small-molecular-weight
organics. Combined treatment removal efficiencies of COD, UV,s,, and NH;-N are 97.46%, 98%, and 96.8%, respectively. The effluent quality attained the Class
A standard of the Pollutant Discharge Standard for Urban Sewage Treatment Plants.

1. Introduction leache.lte has become a key issue.? Reverse.osmos.is is freq.uently

used in advanced treatment due to the increasingly stringent
According to statistical data, the dally waste output per person regulations on landfill leachate discharge. The reverse osmosis
is 400-450 kg per year.! Currently, the treatment of landfill membrane treatment technique provides a superior initial

treatment effect by removing concentrated solutions. However,

it produces effluents with high concentrations of organic
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concentrated liquids are treated using advanced oxidation
processes (AOPs), recharge methods, and evaporation
methods.>® Recharge technology is a simple, economical, and
effective method for processing concentrates; however, several
issues remain.”® There are some contamination risks to nearby
groundwater when using the recharge method to treat landfill
leachate concentrate. Although this pollution risk may not be
apparent in the short term, it will ultimately lead to salt accu-
mulation and reduced water production efficiency. It poses
a risk of unbalanced osmotic pressure across the entire
combined process system due to the excessively high salt
content that accumulates during treatment. Ultimately, if it is
not managed promptly, it harms the ecological environment.*®
Although the standard high-temperature evaporation process
does not pose the dangers mentioned above, it can still cause
problems, such as equipment corrosion, in practical engi-
neering. Before this study, the water quality index of the
concentrated liquid treated with the landfill leachate
membrane was analyzed, and it was found that advanced
oxidation technology is a more suitable choice for treating this
concentrated liquid.'*** However, advanced oxidation tech-
nology is essentially a physical and chemical reaction. When it
is applied to membrane filtration concentrate, it must be
combined with other processes to achieve a combined
treatment.

In an experimental study by Xiaoyun et al.," the two coagu-
lation precipitations effectively degrade a large number of high-
molecular-weight organic compounds in the membrane rate
concentrate, converting them into lower-molecular-weight
organic compounds, which is beneficial for the subsequent
photoelectric oxidation treatment. According to Yunhai's test
results,' COD and chromaticity can be effectively removed from
water samples using coagulation and sedimentation. Studies
have shown that the type of coagulant has a strong relationship
with effluent quality and economic costs in the treatment of
concentrated liquid from landfill leachate after membrane
filtration. The concentrated solution contains a high concen-
tration of negatively charged humic acid colloidal particles.
Adding a positively charged coagulant to the water sample is
a reasonable approach for treating the concentrate.*® Thus,
a coagulation-sedimentation-electrochemical oxidation-bio-
logical aerated filter (BAF) is employed in this study to treat the
concentrate resulting from reverse osmosis membrane treat-
ment of landfill leachate. Pretreatment is necessary before the
electrochemical advanced oxidation technology to treat the
membrane filtration concentrate. In real-world applications,
the concentrate can be efficiently treated to remove high levels
of organic pollutants and control costs through rational process
design. Adding a specific coagulant to the water allows the
suspended colloidal ions or tiny biological particles to adsorb
and combine, which is the fundamental mechanism of the
coagulation-precipitation reaction.

The mechanisms of coagulation and precipitation primarily
involve compression of the electric double layer,"”” charge
neutralization, adsorption bridging, and entrapment/sweeping.
The coagulation and sedimentation process is commonly
employed as a pretreatment step in the advanced treatment flow
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of the membrane filtration concentrate stage or in the majority
of landfill leachate treatment processes.”®*® The operating
mechanism of electrochemical oxidation involves placing
a solution or suspension of organic wastewater into the reaction
device and applying a DC power supply to oxidize organic
matter or to oxidize low-valence metal ions into high-valence
metal ions. The organic matter in the solution are then
oxidized by high-valence metal ions."** According to the
different oxidation mechanisms, electrochemical oxidation
treatment technology can be divided into two treatment
processes: direct oxidation and indirect oxidation. In this study,
the anode adopted is a Ti/RuO,-IrO, active anode, which is
significantly different from non-active anodes (e.g., BDD, PbO,)
that generate a large number of hydroxyl radicals (-OH). This
active anode has extremely weak -OH production capacity, and
its surface mainly forms high-valent metal oxide active sites
(MO,(-0)). In the presence of high CI~ concentration, it pref-
erentially catalyzes the conversion of Cl™ into active chlorine
species (Cl,, HOCI, and ClO™) for indirect oxidation of pollut-
ants. In the two oxidation processes, organic pollutants in the
solution are degraded and removed together. Electrochemical
oxidation reactions can be conducted at room temperature,
with low investment costs, simple-to-operate equipment, and
optimum reaction conditions. This results in more effective
removal in a short time, with controllable energy input and
without the need for external chemical oxidants. Compared to
other biological treatment methods, the biological aerated filter
(BAF) offers higher benefits for removing organic pollutants
from solution. This device can facilitate contact oxidation
between organisms and achieve solid-liquid separation as a fast
filter.** The operating principle of a biological aerated filter can
be explained in three aspects: filtration-retention, biodegrada-
tion, and biological flocculation.?*?

In this study, a small-scale laboratory test was conducted to
verify the feasibility of the combined process. The aim is to
explore a new, efficient, low-cost, and environmentally friendly
combined “coagulation-sedimentation-electrochemical oxida-
tion-biological aerated filter” treatment process for the
concentrate after reverse osmosis membrane treatment of
landfill leachate. Recently, extensive studies have been con-
ducted on membrane-based treatment and nitrogen removal
for landfill leachate.>**® Although the coagulation-advanced
oxidation-BAF combined process has been applied to leachate
treatment, most studies have focused on conventional leachate
rather than reverse osmosis concentrate, which has extremely
low biodegradability and high Cl~ content. Compared with
existing literature, this study provides three fundamental
novelties: (1) targeting high-chloride RO leachate concentrate;
(2) using a Ti/RuO,-IrO, electrode with active chlorine as the
dominant oxidant; (3) achieving synergistic optimization and
high-efficiency deep-purification via the three-stage integrated
process. The main objectives are: (i) to explore the removal
effect of different types of coagulants on the concentrate after
reverse osmosis membrane treatment of landfill leachate. The
coagulation and sedimentation process is used to remove
colloids and suspended solids from the concentrate, thereby
reducing COD and UV,s,. The most suitable coagulant is
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determined through static tests. The impact of external factors
on the treatment effect of the coagulation and sedimentation
process was investigated. The impact of the initial pH and
sedimentation time on the removal of organic pollutants in the
concentrate was examined, and the optimal operating param-
eters of the coagulation and sedimentation test were deter-
mined. (ii) The coagulation effluent under the optimal test
conditions was used as the test water for electrochemical
oxidation. Based on the IrO,-RuO,/Ti electrode material, the
removal effects on COD, UV,5,, BOD5/COD, and NH;-N were
investigated at different current densities, electrode spacings,
and reaction times. The orthogonal experimental method was
used to analyze the results and obtain the optimal experimental
conditions for electrochemical oxidation. (iii) The effluent from
the first two process flows under the optimal test conditions was
used as the test influent for the biological aerated filter to
explore the removal effect of COD and NH;3-N in the effluent.
Stable and dynamic operational experiments were carried out.
The test study used a small-scale device for a coagulation-
electrochemical oxidation-BAF combined process for advanced
treatment of the reverse osmosis membrane filtrate concentrate
from landfill leachate. Continuous and stable operation was
achieved under the optimal test conditions, and the removal
effects of the entire process flow on COD, UV,s4, and NH3;-N
were investigated.

2. Materials and methods

2.1 Concentration of landfill leachate after reverse osmosis
membrane treatment

The test water samples used in this study were collected from
the reverse osmosis effluent (landfill leachate concentrate ob-
tained after reverse osmosis membrane filtration) of the Daxin
Municipal Solid Waste Treatment Plant in Shenyang, Liaoning
Province, China. The waste treatment plant employed the UASB
+ MBR + DTRO process to treat the raw landfill leachate. The
objective was to treat the samples to meet the discharge stan-
dards of a municipal wastewater treatment plant, and the test
water quality indicators were COD (1325.425 mg L™ '), BODs
(25.9 mg L™!), BOD5/COD (0.019), pH (6.7), UV,54 (36.736 cm %),
ammonia nitrogen (52.733 mg L"), Cl” (3628.837 mg L %),
electrical conductivity (41.7 mS cm™*) and TN (310.394 mg L™ 1).

2.2. Operating device

2.2.1. Coagulation and sedimentation. The coagulation
and sedimentation test utilized a six-unit synchronous auto-
matic lifting mixer. The running time and rotating speed of this
device during operation can be set according to the test
requirements (Fig. SI1).

2.2.2 Electrochemical oxidation. The reactor material for
the electrochemical oxidation test was plexiglass, and the
effective volume of the device was 1.5L (length: 15 cm, width:
5 cm, and height: 20 cm). The anode used in the electro-
chemical oxidation unit is a Ti/RuO,-IrO, coated electrode
(active anode), which differs from non-active anodes (e.g., BDD,
PbO,) that produce a large amount of -OH. Many published
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studies have confirmed that this electrode has an extremely
weak ability to generate -OH via water oxidation, and that its
surface mainly forms high-valent metal oxide active sites
(MO,(-0)).*****¢ In the high CI™ matrix of leachate RO concen-
trate, this electrode preferentially catalyzes the oxidation of C1~
to generate active chlorine species (Cl,, HOCI, ClO™), which are
the dominant oxidants for degrading organics and ammonia
nitrogen. The two electrode plates are placed vertically inside
the reactor of the electrochemical oxidation apparatus, with
3 cm separating them. During the entire electrochemical
oxidation test, a constant current was provided by an adjustable
DC regulated power supply (0-10 A, 0-60 V), which could
independently adjust the current according to the test require-
ments. A magnetic stirrer was placed beneath the electro-
chemical device to ensure uniform mixing of the water sample
during electrochemical oxidation (Fig. 1).

2.2.3 Biological aerated filter (BAF) treatment of
membrane filtration concentrate. The reactor had an inner
diameter of 100 mm, a height of 1200 mm, and was made of
plexiglass columns. During operation, the filter media con-
sisted of spherical ceramic particles with a diameter of about 3
mm. These ceramic particles were packed to a height of 0.6 m
within the entire reactor. The influent to the biological aeration
filter was designed to flow upward. The aeration pipe, backwash
inlet pipe, and influent pipe were all located at the bottom of the
biological aeration filter. A peristaltic pump controlled the
influent flow. An outlet was located at the top, and the water was
discharged through a top overflow outlet.

(€))
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+ - Cathode| / E v ,/
= 1
I 1 Concentrate
(o] O I i
/ Electrolyzer
v M t
L- Magne
DC Stabilized - |
Power Supply r—l I |
Constant Temperature
Heating Magnetic Stirrer
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Fig. 1 Experimental setup. (a) Schematic and (b) photograph of the
electrochemical reaction test device.
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2.3 Operating method

2.3.1 Coagulation and sedimentation test. Since the coag-
ulation-sedimentation test does not require temperature
adjustment, this test can be conducted at room temperature. A
100 mL sample of landfill leachate reverse osmosis membrane
filtration concentrate was diluted 5 times to 500 mL and placed
in a 1 L beaker. According to the test requirements, the pH of
the water samples was adjusted using diluted sulfuric acid and
a sodium hydroxide solution. Different coagulant doses were
added to each test water sample, which were then placed on the
six-unit mixer. The mixer speed was set to 200 rpm for 5
minutes, then to 50 rpm for 30 minutes. Finally, it was allowed
to settle for 60 minutes, and the supernatant was extracted with
a coarse syringe and filtered with quantitative filter paper to
determine COD, UV,5,, and ammonia nitrogen.

2.3.1.10ptimal coagulant selection. Most landfill leachate
reverse osmosis concentrate pollutants are anions, so cationic
coagulants were selected. The type and amount of coagulants
added are significant, as different coagulants have different
effects on treating pollutants. The three coagulants, polyferric
sulfate (PFS), polyaluminum chloride (PAC) and ferric chloride
(FeCl;), were added at different dosages to investigate the
influence of COD, NH;-N, and UV,5, removal in coagulation—
sedimentation; the most effective coagulant was then selected
for subsequent experiments.

2.3.1.2Coagulation and sedimentation effect. A 5-fold diluted
landfill leachate reverse osmosis membrane filtration concen-
trate (500 mL) was placed in a 1 L beaker without adjusting the
initial pH, and then different doses of PAC were added to each
beaker. 0.8, 1, 1.2, 1.4, 1.6, 1.8, 2, 2.2, 2.4, 2.6, 2.8,and 3 g L.
Under these conditions, the rotation speed of the six-joint
agitator should be adjusted to 200 rpm, stirring for 5 min,
then stirring at a slow speed of 50 rpm for 30 min. The landfill
leachate was left to settle for 60 min, and the supernatant liquid
was extracted with a thick needle to prevent the lower layer of
flocs from affecting the test results. A UV spectrophotometer
was used to determine COD and ammonia nitrogen. The same
procedure was followed for PFS and FeCls.

2.3.2 Electrochemical oxidation test. The coagulation and
sedimentation water was used as the test water for the electro-
chemical oxidation. Since precipitated flocs form during the
coagulation and precipitation, even after 60 minutes of settling,
many precipitates still floated in the test water, so the coagu-
lation-sedimentation effluent was transferred to the electro-
chemical oxidation device using a coarse syringe. Different
current density and reaction time factors were investigated to
determine their effects on ammonia nitrogen, COD, and UV,5,.

2.3.3 Start-up and operation of the BAF reactor. The
microorganisms in the aerated biological filter utilize the
granular filler as a biological carrier for growth. The intercep-
tion, adsorption, and microbial oxidative degradation can be
achieved simultaneously in this reactor due to the unique
structure of the aerated biological filter.>” Additionally, within
the aerated biological filter, dissolved oxygen diffuses, allowing
the biofilm to form under both aerobic and anaerobic condi-
tions and to progress from the inside to the outside. This
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reactor can integrate nitrification and denitrification to achieve
efficient nitrogen removal.”” This section utilized simulated
water inflow and simulated coagulation precipitation-electro-
chemical oxidation to achieve the effect of a simulated combi-
nation. The water ratio for the simulation test is shown in
Tables 1 and 2.

The biological aerated filter test was mainly divided into two
stages: the sludge inoculation stage and the continuous water
inflow stage. In this experimental study, the aerated biological
filter was started up using sludge inoculation. To the MBR
return sludge from a landfill, sodium acetate, ammonium
sulfate, and potassium dihydrogen phosphate were added at
a C:N:P ratio of 100:5:1 to meet the sludge's nutritional
needs. The sludge is then aerated for 24 h. The next day, the
mixed liquor from the sludge in the container was discharged,
and the above process was repeated three times. The sludge was
then placed in the reactor, and the influent flow rate was
adjusted to 0.3 L h™" with an air-to-water ratio of 4: 1. During
operation, air and water were continuously introduced into the
reactor. When the COD removal efficiency was stable, it indi-
cated that the biofilm formation on the aerated biological filter
was complete. Subsequently, the proportion of simulated
wastewater concentrate in the influent was increased sequen-
tially (25%, 50%, 75%, and 100%, respectively), ensuring that
the influent flow rate and air-to-water ratio remained consistent
with those during the biofilm formation period. After all the
simulated wastewater was used as influent, the biological
aerated filter startup performance test was confirmed to be
complete.

2.4 Analytical methods

The analysis methods were based on the water monitoring
specifications and method standards of the Ministry of Envi-
ronmental Protection.”® All experiments and measurements
were performed in triplicate (n = 3). The data presented in this
study are expressed as means. The following parameters were
determined: NH, -N (Nessler's reagent spectrophotometry: UV
spectrophotometer), COD (UV spectrophotometer), UV,s, (UV
spectrophotometer), electrical conductivity (glass electrode
method), BOD; (dilution culture method), TN (potassium per-
sulfate oxidation-UV spectrophotometer), and pH (portable pH
meter; instrument: PHS-29A type).

The power consumption of the entire process system is
expressed in terms of unit energy consumption and energy
consumption over a given period. Unit energy consumption is

Table 1 Composition of the simulated water distribution

Concentration
(mgL™")
Glucose 380-420
Total nitrogen 310.39
Ammonium chloride 25-35
Potassium nitrate 65-75
Dihydrogen phosphate 5-10
Trace elements 0.2mLL*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Concentration of trace elements

Concentration Concentration
Trace elements I (mg L") Trace elements II  (mg L")
EDTA 5000 EDTA 5000
FeSO,-7H,0 5000 Mn,-4H,0 990
ZnSO,-7H,0 430
NiCl,-6H,0 190
CuS0,-5H,0 250
CoCl, 240
NaMoO,-2H,0 220
Na,Se0, - 2H,0 210
H,BO, 14

an important evaluation index for the electrochemical oxidation
reaction process. The formula for calculating unit energy
consumption is as follows (in COD):"”

1000UI At

Q= (CoD, - copy v’

where Q = energy consumption required in a specific period,
kW h kgeop '; U = plate voltage, V; I = current intensity
through the plate, A; At = reaction time interval, h; and V =
volume of liquid to be treated, L.

3. Results and discussion

3.1. Treatment of membrane filtration concentrate by
coagulation and sedimentation

3.1.1 Optimal coagulant selection test. All data in the
results section are presented as the average of three indepen-
dent replicates, with error bars indicating standard deviation.
When the PAC dosage was 0.8-2 g L%, COD, NH;3-N, and UV,54
removal efficiencies increased with the dosage (Fig. 2a). For
a PAC dosage of 2 g L™, the removal effect of COD and UV,s, in
the concentrate was the best, with removal efficiencies of 60%
and 63%, respectively, and the concentrations of the two were
523.557 and 12.328 mg L™, respectively. For PAC, an increased
dosage of 2 ¢ ™" to 3 g L', NH;-N removal efficiency reached
a stable state (28%). The highest NH;-N removal efficiency
(30%) was achieved at a PAC dosage of 2.5 g L', with
a concentration of 36.935 mg L™". In most cases, PAC is con-
verted into aluminum hydroxide or other large particles that are
suspended in the RO concentrate, causing turbidity in the
effluent and requiring a prolonged sedimentation time to
obtain the supernatant. The COD removal effect also improved
slightly with increased PAC dosage. Therefore, an acidic envi-
ronment is beneficial for impurity removal.

When the PFS dosage was 0.8-2 g L', COD, NH;-N, and
UV,s, removal efficiencies in the concentrate gradually
increased with increasing dosage (Fig. 2b). When the dosage of
PFS was 2 g L™, the removal efficiency of both indicators was
optimal, with COD and UV,;, removal efficiencies reaching 73%
and 67%, respectively, and their concentrations at this point
being 363.226 mg L' and 12.187 mg L™, respectively. When
the PFS dosage exceeded 2 g L', the removal efficiency
decreased. When PFS was added, the NH;-N removal efficiency

© 2026 The Author(s). Published by the Royal Society of Chemistry
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remained stable, fluctuating around 30%. The best NH3;-N
removal effect was at a PFS dosage of 2200 mg L' (removal
efficiency 34%; concentration 34.974 mg L™ ).

The reason for this phenomenon is that the coagulant PFS
has a positive charge, while the colloidal particles suspended in
the water sample have a negative charge. When negatively
charged particles react with the positively charged coagulant,
they form large, tightly bound flocs that settle quickly to the
bottom of the solution, making it easy to separate the lower-
layer flocs from the supernatant. However, with increasing
coagulant concentration, the number of positively charged,
highly active groups increases, resulting in fewer available
adsorption sites for colloidal particles suspended in the solu-
tion to adsorb onto the cationic coagulant. This state destabi-
lized the colloidal particles suspended in the solution, thereby
affecting the coagulant's removal efficiency.> At this time, if
a larger dose of coagulant is added to the solution, it will not
only fail to improve the removal efficiency of coagulation and
sedimentation for organic pollutants but also waste coagulant
and increase test costs. Based on the above analysis, the best
PFS dosage was 2000 mg L '. When excessive coagulant was
added, colloids with the same positive charge in the wastewater
repel one another, increasing SS and turbidity in the
concentrate.

As shown in Fig. 2c, at a FeCl; dosage of 2.2 g L', the COD
and UV,s, removals were the highest, with removal efficiencies
of 58% and 59%, respectively. The concentrations of the two
were 551.589 and 15.123 mg L', respectively. When the FeCl;
dosage exceeded 2.2 ¢ L™, the COD and NH;-N removal effects
decreased gradually. When the ferric chloride dosage ranged
from 0.8 g L' to 2.2 g L', the NH3;-N removal efficiency
gradually increased to 26.836% and then stabilized at around
27%. Iron-based compounds can react with hydroxide ions to
form ferric hydroxide. Under acidic conditions, iron-containing
substances can hydrolyze, forming positively charged ions with
multiple nuclei. The abundance of polynuclear positive ions is
due to ferric hydroxide, as the suspended colloidal particles in
the water samples are negatively charged. As the dosage
increased, these positively charged colloids repel each other.

Comparing the effects of the above three coagulants (PAC,
PFS, FeCly), it was found that polyferric sulfate and ferric
chloride were more effective than PAC under the same dosage
conditions in treating COD. When the dosage of coagulants
exceeded 2 g L™, the three coagulants exhibited distinct effects
on removing COD, UV,5,, and NH;-N in the concentrate. With
increasing PFS and FeCl; dosages, COD removal in the reverse
osmosis concentrates initially increased, then decreased. PFS
was always better than FeCl;. The reason for this discrepancy
might be that, when the adsorption sites on the suspended
colloidal particles in the concentrate reached saturation,
further increasing the iron dosage would enhance bridging and
trapping. However, excessive iron addition would cause iron
ions to adsorb onto the surfaces of suspended colloidal parti-
cles, leading to a reversal of surface charge and reducing the
neutralization effect. In this case, increasing the dosage would
not improve coagulation and sedimentation effects but would
waste coagulants, thereby increasing experimental costs.
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Fig.2 Effect of the (a) PAC, (b) PFS, and (c) FeCls dosage, (d) initial pH (PFS dosage = 2000 mg L™Y), and (e) precipitation time on the removal of
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Compared with PAC, the COD and UV,s, water quality indica-
tors in the concentrate gradually increased with increasing PAC
dosage. However, the removal effect was significantly higher
than that of PFS at the same dosage. This indicates that iron
salts are significantly more effective than aluminum salts. Iron
coagulants are more effective than aluminum-based coagulants
for wastewater treatment.’® Long-term reliance on aluminum

Environ. Sci.. Adv.

salts has been suspected of increasing carcinogenic and muta-
genic risks. Therefore, this further confirms that PFS is highly
efficient and effective in the coagulation process. PFS was
selected as the coagulant for coagulation and sedimentation
pretreatment in this study, and the optimal conditions for
pretreating reverse osmosis concentrate with PFS were deter-
mined through experimental testing. The coagulation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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pretreatment in this study does not involve hydroxyl radical
(-OH) oxidation. It mainly removes colloidal humic substances
and macromolecular organics from landfill leachate reverse
osmosis concentrate by charge neutralization, adsorption,
bridging, and sweeping with PFS, resulting in significant
reductions in COD and UV,s, during the pretreatment stage.

3.1.2. Effect of initial pH value on the coagulation effect. A
5-fold diluted RO concentrate of landfill leachate (500 mL) was
placed in a 1 L beaker, and dilute sulfuric acid and sodium
hydroxide solutions were used to adjust the pH to 5, 6, 7, 8, and
9, respectively. The same coagulant PFS dosage of 2000 mg L ™"
was added to each beaker. The six-unit stirrer was used to stir at
200 rpm for 5 min, then at 50 rpm for 30 min. The landfill
leachate was then left to settle for 60 minutes, and the super-
natant was extracted with a coarse syringe to prevent the lower
flocs from affecting the test results. After filtration with quan-
titative filter paper, COD, NH;-N, and UV,s, in the water sample
were determined. When the initial pH was 5-7, COD, NH;-N,
and UV,5, concentrations in the concentrate increased with the
increase in pH. For pH 7, the COD, NH;3-N, and UV,;, removal
efficiencies were 76%, 36%, and 61%, respectively, and the
concentrations were 320.27, 33.82 and 14.364 mg L7, respec-
tively (Fig. 2d). When the initial pH was 7-9, although the
removal effects of NH;-N and UV,s, gradually increased with
the increase in pH value, the COD removal efficiency slowly
decreased. The UV,;, removal efficiency reached a maximum of
67% at an initial pH of 8.

Under strong acidic conditions, PFS primarily removes
macromolecular humic substances from the reverse osmosis
concentrate by charge neutralization. When the pH was too low,
many positively charged hydrogen ions surrounded the
macromolecular humic organic matter, preventing contact
between iron-containing ions and the macromolecular humic
organic matter, resulting in poor coagulation and sedimenta-
tion. As the pH increases, ferric hydroxide precipitates form,
exerting a net-like sweeping effect on the humic colloids in the
concentrate. This net-sweeping process promotes the precipi-
tation of flocs and their separation from the solution. When the
pH is greater than 7.0, the solution is alkaline. Under these
conditions, the ferric hydroxide precipitate will dissolve,
leading to reduced removal efficiency.

Additionally, the mass of negative charges per unit volume
increases, leading the suspended colloidal particles to resume
a stable state that is not conducive to forming a stable system.?
Based on the above analysis, it is evident that the initial pH of
the reaction significantly affects the coagulation effect of PFS.
Adjusting the initial pH value of the coagulation to 7 is thus
recommended.

3.1.3. Influence of settling time on coagulation effect. The
same procedure used in Section 3.1.2 was followed for sampling
preparation, except that the landfill leachate was allowed to
settle for 10, 20, 30, 40, 50, and 60 minutes. The supernatant
was then extracted with a coarse syringe to prevent the lower
flocs from affecting the test results. After filtration with quan-
titative filter paper, the COD, NH;-N, and UV,s, in the water
sample were determined (Fig. 2e). Following pretreatment of

the reverse osmosis concentrate by coagulation and
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sedimentation, the effluent quality was significantly improved.
A comparison of the influent and effluent water quality is shown
in Table 3.

When the settling time was increased from 10 to 40 minutes,
the removal efficiencies of COD, NH;-N, and UV,s, increased
rapidly. At a settling time of 40 minutes, the removal effect was
close to optimal. COD, NH;-N, and UV,s, removal efficiencies
were 74%, 34% and 64%, respectively. The concentrations were
346.4, 34.842 and 13.225 mg L~'. When the time exceeded 40
minutes, the COD, NH;-N, and UV,;, removal efficiencies ten-
ded to stabilize with increasing sedimentation time, indicating
that further increases in time had little effect on their removal.
Forty minutes was set as the optimal treatment condition. This
trend is consistent with the optimal conditions for coagulation
of humic-rich leachate reported by Chen et al.,” in which charge
neutralization and adsorption bridging achieve the highest
efficiency at neutral pH. The primary purpose of the sedimen-
tation process is to separate the precipitated flocs from the
supernatant in the water, and to investigate the influence of
settling time on coagulation performance. In the coagulation
process, sedimentation time is one of the important factors
affecting the quality of the treated supernatant. Under short
sedimentation time, fine solid particles remain in the super-
natant, affecting the experimental study of the supernatant. If
sedimentation time is prolonged, achieving better water quality
indicators may be more beneficial, but it also increases costs.
The coagulation process with PFS will produce a certain amount
of iron-containing chemical sludge, a typical solid waste
secondary pollutant that requires centralized harmless treat-
ment in practical engineering.

3.2 Electrochemical oxidation treatment of membrane
filtration concentrate

The test in Section 3.1 demonstrated that coagulation-sedi-
mentation is an effective method for pretreating RO concen-
trates. The coagulation-sedimentation process can remove 70%
of COD and 60% of UV,5, from the concentrate. However, it has
not achieved optimal NH;-N removal, as the reagents were
introduced to adjust the reaction’s initial pH in Section 3.1.
Chloride was introduced to the reverse osmosis concentrate,
which increased the conductivity of the coagulation-sedi-
mented effluent from 41.7 to 53.2 mS em™". In an electro-
chemical oxidation reaction, increased conductivity leads to
a more complete reaction. In advanced wastewater oxidation
technologies, electrochemical oxidation primarily converts C1~
ions in wastewater into strong oxidizing intermediates, such as
ClO™ ions. These intermediates can degrade a large number of
high-molecular-weight organic pollutants in the reverse
osmosis concentrate, breaking them down into carbon dioxide
and water, which can then be volatilized, thereby improving the
biodegradability of the reverse osmosis concentrate.

To explore the optimal test conditions for treating the test
water samples after coagulation and sedimentation, we utilized
ruthenium-iridium-titanium electrode plates as the anode
material. The investigation focused on two main factors (elec-
trolysis density and reaction time) influencing the removal

Environ. Sci.: Adv.
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Table 3 Effluent quality of the coagulation pretreatment concentrates

COD/mg L™ NH;-N/mg L™* UVys54/mg L" BOD5/COD
RO concentrate 1325.425 52.733 36.736 0.019
Coagulation pretreatment effluent 346.4 34.842 13.225 0.11
Removal efficiency % 74 34 64 —

effect of various water quality indicators, aiming to determine
the optimal parameter conditions. The water sample used was
the reverse osmosis concentrate of landfill leachate after coag-
ulation and sedimentation pretreatment, as described in
Section 3.1. The anode material was an IrO,-RuO,/Ti plate
electrode, and the cathode material was a stainless-steel plate
electrode (100 mm x 80 mm). The electrochemical device is
shown in Fig. 1. The landfill leachate reverse osmosis concen-
trate, after coagulation and sedimentation pretreatment under
the optimal conditions, was injected into the electrochemical
device using a coarse-coated syringe. The electrode spacing was
set at 3 mm, and the current density was controlled at 5, 7.5, 10,
12.5, and 15 A dm 2, with electrolytic oxidation times of 20, 40,
60, 80, 100, and 120 min. After the reaction, a thick flocculent
substance floated on the surface of the wastewater. The clear
liquid at the bottom was extracted with a coarse syringe, and its
UV  absorbance at 254 measured with
a spectrophotometer.

3.2.1. Effect of current density on UV,;5, removal. As shown
in Fig. 3a, the UV,5, removal effect in the water samples
improved with increasing reaction time. After oxidation for 120
minutes at current densities of 5, 7.5, 10, 12.5, and 15 A dm 2,
the UV,s, removal efficiency in the reverse osmosis membrane
rate concentrate was 45%, 55%, 63%, 77%, and 80%, respec-
tively. At a maximum current density of 15 A dm™ 2 (oxidation
time 120 min), the UV,s, removal efficiency reached its highest
value (concentration 2.606 mg L™ ). A large portion of the humic
acid in the concentrate can be removed by oxidation, as the
hydroxyl radicals generated during oxidation react chemically
with the macromolecular organic matter in the concentrate,
leading to the disappearance of the hydroxyl radicals and the
generation of new reactive free radicals, thereby sustaining the
reaction. Simultaneously, the strong oxidizing substances
produced during the reaction react with the newly formed free
radicals. This reaction breaks the chemical bonds of aromatic
hydrocarbons within the concentrate’s humic substances,
oxidizing and degrading them into products such as carbon
dioxide and water.

The removal efficiency of humic acid at a current density of
15 A dm™? is significantly higher than that at current densities
of 5Adm 2%, 7.5 Adm 2, and 10 A dm 2, but not substantially
different from that at a current density of 12.5 A dm >, This is
because as the current density increases, more hydroxyl radicals
and hypochlorous acid are generated per unit time, leading to
the oxidation and degradation of more large-molecule humic
acid molecules in a shorter time. However, the increased
current density causes the formation of a dense oxide film on
the anode surface, hindering further metal oxidation. This
phenomenon, known as passivation and polarization of the

nm was
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electrode surface, shortens the lifespan of the electrode plate
and reduces current efficiency. The removal efficiency of UV,s,
at a current density of 12.5 A dm ™ is not significantly different
from that at 15 A dm™?, indicating that increasing the current
density does not achieve the desired removal effect.

3.2.2 Effect of current densities on the NH;-N removal. As
shown in Fig. 3b, the effluent NH;-N concentration after
coagulation and sedimentation at different current densities
increases to varying degrees over the oxidation time of 0-
20 min. This is because the organic nitrogen in the coagulation
and sedimentation effluent is degraded by electrochemical
oxidation, breaking the molecular chains of large organic
pollutants in the test water sample and converting some of
them into NH;-N, thereby increasing the ammonia nitrogen
concentration in the effluent.

However, the NH3;-N concentration decreased with
increasing oxidation time. Hydroxyl radicals and hypochlorous
acid generated during the oxidation process can oxidize and
degrade NH;-N, generating nitrogen gas and water, which can
then volatilize. The removal efficiency of NH;-N varies with
current density. At a reaction time of 120 min and a current
density of 15 A dm ™2, the NH;-N removal efficiency in coagu-
lation-sedimentation water reached 82%. At this time, NH;-N
concentration dropped to 6.028 mg L™". To further investigate
the reasons for the increase in NH;-N at the early stage of the
reaction, TN concentrations at different current densities were
measured to determine whether the total nitrogen removal
effect is associated with this increase.

TN concentration in the coagulation and sedimentation
effluent decreased significantly within 20 minutes of the reac-
tion, which indicated that during the electrochemical oxidation
process, organic nitrogen in the effluent was oxidized by
hydroxyl radicals and hypochlorous acid in the water, resulting
in the release of ammonia (Fig. 3c), which led to an inevitable
increase in the NH;-N concentration in the test water sample.
With increasing current density, the degradation rate of total
nitrogen in the test effluent accelerated. For TN removal,
a current density of 15 A dm™ > was significantly better than
current densities of 5 A dm™2, 7.5 A dm™2, and 10 A dm™?, but
not substantially different from the removal effect at a current
density of 12.5 A dm ™2, At the five other current densities and
a reaction time of 120 minutes, most of the TN in the coagu-
lation-sedimentation effluent was removed, indicating that
most of the nitrogen-containing substances in the effluent were
converted into N,.

3.2.3 Effect of current density on the reduction of chloride
ion concentration. As shown in Fig. 3d, due to the addition of
pH-adjusting agents to the solution during the coagulation and
sedimentation process, and the presence of a large amount of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effect of different current densities on (a) UVzs4, (b) NH3—N, (c) TN, and (d) ClI” removal, (e) conductivity, (f) COD removal, (g) biode-
gradability, and (h) variation of the unit energy consumption with time.

chloride ions in the reverse osmosis membrane concentrate, the
effluent after coagulation and sedimentation contains a signifi-
cant amount of chloride ions during the electrochemical

oxidation reaction. The chloride ion concentration in the test

water sample gradually decreases with increasing reaction time.

This phenomenon is attributed to the following: during the

electrochemical oxidation reaction, some chloride ions in the
test water sample are oxidized to hypochlorite (ClO™) ions,
which participate in indirect electrochemical oxidation and
remove organic matter from the concentrate. The remaining

chloride ions are converted into chlorine gas at the anode,

© 2026 The Author(s). Published by the Royal Society of Chemistry

which then volatilizes. This explains the pungent odour detec-
ted after 60 minutes, as the chlorine gas has volatilized. The
reaction equations are as follows:

Reactions at the anode: 2C1~ — Cl, + 2e,
2H,0 — O, + 4H" + 4e.
Reactions in solution: Cl, + 20H™ — CIO™ + CI™ + H,0,

HCIO — H" + ClO".

Environ. Sci.: Adv.
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Reactions at the cathode: 2H,O + 2e — 20H™ + H,,

ClIO™ + HO + 2 — CI” +20H".

As shown in the formula, the presence of Cl, generated at the
anode and the formation of ClIO™ from OH™ consume most of
the C1™ in the solution, thereby decreasing the pH. At this point,
the residual chlorine in the concentrate mainly exists in the
form of hypochlorite (CIO™). A decline in chloride ion concen-
tration in the concentrate may affect the conductivity. It should
be noted that the conversion of Cl™ into active chlorine may
result in the formation of trace chlorinated disinfection
byproducts (DBPs), such as trihalomethanes (THMs) and halo-
acetic acids (HAAs), which are potential organic secondary
pollutants in the effluent.

3.2.4 Effect of current density on the conductivity. The
conductivity value increases with time during the reaction
period 0-120 min but decreases with time during the period of
120-140 min (Fig. 3e). The highest conductivity, 72.32 mS cm ™,
is achieved at 120 min under a current density of 5 A dm 2. In
the initial stage of the reaction, most of the organic matter in
the test water sample was degraded during electrochemical
oxidation. This organic matter was oxidized and degraded into
smaller organic molecules by hypochlorite ions, increasing the
ion concentration in the test water sample and thereby
improving conductivity. However, as the reaction time
increases, a large amount of organic matter is converted into
CO, and H,O0, and chloride ions in the concentrate are oxidized
to chlorine gas, which is released into the air. This reduces the
number of ions in the concentrate, resulting in lower conduc-
tivity values. During electrochemical oxidation, the strength of
the electron transfer in the concentrate determines the
conductivity value. Fluctuations in conductivity indicate
changes in the concentrations of cations and anions during
electrochemical oxidation. Therefore, measuring conductivity is
essential during experiments.

3.2.5 Effects of current density on COD removal. As shown
in Fig. 3f, when the current density is 15 A dm™>, the COD
removal effect of the concentrate on the test water sample
during the reaction process is better at all measurement times
than when the current density is 5 A dm >, 7.5 A dm™>, 10 A
dm™2, and 12.5 A dm™ > During operation, the COD removal
efficiency increases with increasing electrochemical oxidation
time. At a reaction time of 120 min, the COD removal efficiency
reaches 67%, and the COD content in the test water sample is
113.283 mg L™ ". The reason for this phenomenon is that the
increased current density provides more energy for electro-
chemical oxidation, thus degrading and removing more organic
pollutants from the reverse osmosis membrane concentrate.
However, the experimental study shows that higher current
density does not necessarily yield better results. On the one
hand, as the current density increases, the energy consumed in
the electrochemical oxidation process increases, and the
amount of organic pollutants removed per unit time decreases.
Furthermore, the higher the current density, the higher the
solution temperature, requiring more sophisticated equipment
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for the electrochemical oxidation reaction. A current density of
15 A dm ™ showed relatively good COD removal efficiency in the
concentrate; at a reaction time of 120 min, the COD removal
efficiency was 58%, and the COD content in the concentrate was
144.12 mg L%

3.2.6 Effects of current density on biodegradability. The
current density has a significant impact on the BOD5/COD ratio
of the concentrate during the effluent treatment process,
following coagulation and sedimentation pretreatment
(Fig. 3g). At a reaction time of 120 min, the BOD5/COD values at
current densities of 5 A dm ™2, 7.5 A dm 2, 10 A dm 2, 12.5 A
dm™2, and 15 A dm™? are 0.37, 0.4, 0.44, 0.47, and 0.5, respec-
tively. When the current density is 15 A dm ™2 and the reaction
time is 120 min, the BOD5s/COD ratio reaches 0.5, which is the
best for biodegradability under the same time conditions
compared to the other four current densities. After coagulation
pretreatment, the effluent water quality was significantly
improved after electrochemical oxidation. A comparison of the
results of influent and effluent water quality is shown in Table 4.

3.2.7. Energy consumption analysis. When the electro-
chemical oxidation method is applied to the effluent after
coagulation and sedimentation pretreatment, the energy
consumption during the oxidation process should be analyzed.
For the effluent treatment process after coagulation and sedi-
mentation pretreatment, the current density was set to 5, 7.5,
10,12.5,and 15 Adm™2, corresponding to 4 A, 6 A, 8 A, 10 A, and
12 A, respectively. As shown in Fig. 3h, within the first 40
minutes of electrochemical oxidation, the unit energy
consumption for the entire reaction was relatively high. During
the reaction, the DC power supply converts some of its electrical
energy into energy within the test water sample. In contrast, the
remaining electrical energy is used throughout the reaction to
remove humic substances from the water sample. The energy
consumption per unit volume at a current density of 15 A dm™>
is significantly lower than that at other current densities. At
a reaction time of 120 min, the energy consumption per unit
volume at a current density of 15 A dm 2 is 39.4038 kW h
kgcop . Therefore, a current density of 15 A dm ™2 was used in
this test. The unit energy consumption of this system (39.40
kW h kgcop ') falls within the reasonable range for electro-
chemical oxidation processes of landfill leachate concentrate.
Compared with other AOPs, it is higher than Fenton oxidation
(15-30 kW h kgcop ') but lower than BDD electrochemical
oxidation (50-80 kW h kgcop ') and ozone oxidation (40-60
kW h kgcop ') under similar treatment conditions reported in
literature.*

3.2.8 Mechanism of electrochemical oxidation. The
electrochemical oxidation process in this study is dominated by
Cl -mediated active chlorine oxidation rather than "OH oxida-
tion. The Ti/Ru0O,-IrO, active anode catalyzes the oxidation of
Cl™ in the leachate concentrate to Cl,, which further dispro-
portionates to HOCI and ClO™ (active chlorine species). These
active chlorine species are the core oxidants for degrading
refractory organics and removing NH;-N. On one hand, active
chlorine destroys the aromatic ring structure and macromo-
lecular chains of humic substances (reflected by the sharp

decrease in UVys4), converts non-biodegradable

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Effluent quality of electrochemical oxidation treatment
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COD/mg L™ NH;-N/mg L™* UVyps4/mg L7" BOD5/COD
Coagulation pretreatment water 346.4 34.842 13.225 0.11
Electrochemical oxidation of water 113.28 6.028 2.595 0.5
Removal efficiency 67% 83% 80% —

macromolecules into small molecular organics, and signifi-
cantly improves the BOD5/COD ratio from 0.11 to 0.5. On the
other hand, active chlorine rapidly oxidizes NH;-N to N,
through breakpoint chlorination, achieving high-efficiency
denitrification. The continuous decrease in Cl~ concentration
and the volatilization of Cl, odor observed during the experi-
ment directly confirm the occurrence of Cl -mediated indirect
oxidation. It should be emphasized that the contribution of ‘OH
to pollutant degradation in this system is negligible due to the
low 'OH production capacity of the Ti/RuO,-IrO, electrode.
Different from the ‘OH-dominated oxidation by the BDD elec-
trode reported by Wang et al.*® and Song et al.,*® our Ti/RuO,-
IrO, system mainly relies on active chlorine, which is more
suitable for high-Cl™ leachate concentrates. It should be noted
that this study evaluated only the removal performance of RO
leachate concentrate using conventional bulk water quality
indicators (COD, NH;3-N, UV,s,), without further identification
or quantification of specific organic contaminants or their
transformation products.

3.3. BAF treatment of membrane filtration concentrate: BAF
start-up

During the biofilm-formation stage (Fig. 4a), the influent COD
concentration ranged from 129.3948 to 140.2384 mg L™, and
the effluent concentration ranged from 30.4662 to
63.8418 mg L. The removal efficiency fluctuated between 51%
and 77%. Recent studies show that COD removal is due to the
interception and adsorption by the filter media, as well as to the
oxidation effect of microorganisms attached to the media.****
During operation of the aerated biological filter bioreactor, the
biofilm on the filter media gradually matures, thereby
enhancing the reactor's overall COD removal efficiency. Back-
washing was performed between days 16 and 18. After the
backwashing, the aerated biological filter failed to recover its
treatment capacity to its pre-backwashing level in a timely
manner, resulting in a decrease in COD removal efficiency
during this short period. However, within a specific timeframe,
the volume of biological growth on the filter media increases, so
even after backwashing, the reactor can recover its capacity in
a very short time. Therefore, the removal rate increased rapidly
within 19 to 22 days, reaching over 80%. From the 23rd day
onward, the COD removal rate stabilized, resulting in final
effluent COD concentrations consistently below 25 mg L *
(influent COD fluctuated around130 mg L™ "). During biofilm
formation, sludge samples were collected daily at the same time
to observe growth morphology. The influent and effluent COD
concentrations were measured, and changes in COD were
observed. During the initial startup phase, the microorganisms

© 2026 The Author(s). Published by the Royal Society of Chemistry

attached to the filter media were still adapting to the influent,
leading to unstable COD removal efficiency and fluctuating
removal efficiency. However, on the 23rd day of reactor opera-
tion, after acclimatization and cultivation, the biofilm attached
to the filter media matured. Sampling at this time revealed that
the sludge had turned black and exhibited excellent settling
properties.

After 23 days of operation, COD removal efficiency was
approximately 80%, with minimal fluctuation, indicating stable
COD removal and confirming successful biofilm formation in
the aerated biological filter. After biofilm formation in the BAF
reactor was initiated, various indicators in the effluent from the
coagulation-sedimentation—electrochemical
ment were analyzed. Simulated wastewater was used as the
influent to replace the effluent from the first two treatment
stages, and the influent-to-reactor ratio was gradually increased.
A certain proportion of glucose was added to the influent, as
glucose promotes the growth of microorganisms attached to the
filter media. During reactor operation, no temperature adjust-
ment was required; maintaining the room temperature at 20 °
C-30 °C was sufficient. The influent flow rate was controlled at
0.3 L h™!, maintaining an air-to-water ratio of 4: 1. The initial
reaction pH was adjusted to approximately 6.5-7.5. Nitrogen
and phosphorus were supplemented at a C:N: P ratio of 100:
5:1. The BOD5/COD ratio of the influent was monitored and
fluctuated around 0.5. The entire operation of the aerated bio-
logical filter can be divided into four stages.

Stage I (8 days), COD (simulated influent): COD (glucose)
ratio = 1:4, and simulated influent COD concentration was
controlled within 103.3972-123.283 mg L™ ". Stage II (8 days),
COD (simulated influent):COD (glucose) = 1:2, and the
simulated influent COD concentration was controlled within
106.927-121.119 mg L. Stage III (8 days), the COD (simulated
influent): COD (glucose) = 3:4, and the simulated influent
COD concentration was controlled within 101.003-
118.293 mg L' Stage IV (10 days), the COD (simulated
influent) : COD (glucose) = 3:4, and the COD concentration of
the simulated influent was controlled within 110.927-
115.273 mg L™ ..

3.3.1. Removal effect of BAF on COD. During stage I
(Fig. 4b), influent COD, effluent COD and COD removal effi-
ciency were 103.397-123.283 mg L', 41.394-52.009 mg L %,
and 50-65%, respectively. For stage II, influent COD, effluent
COD and COD removal efficiency were 106.927-121.119 mg L™,
34.98-55.344 mg L', and 52-69%, respectively. During stage III
operation, influent COD concentration was 101.003-
108.298 mg L', effluent COD concentration was 19.454-
48.423 mg L™, and the removal efficiency reached 59-73%. In
stage IV, the COD concentration in the influent was 110.927-

oxidation treat-
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Fig. 4 Removal effect of (a) COD during start-up, (b) BAF on COD, (c)

115.273 mg L, the effluent was 32.254-40.717 mg L™, and the
removal efficiency was 63-71%. The COD removal was better
throughout the BAF reactor's operation. In the initial stage of
the reaction, the simulated influent, after coagulation, sedi-
mentation, and electrochemical oxidation, initially contains
some recalcitrant organic matter. Microorganisms attached to
the reactor's filter media were not adapted to the simulated
influent within a short period, resulting in low COD removal
efficiency in the initial stage, indicating that the removal effect
on the influent COD was not significant. As the reactor oper-
ated, the microorganisms gradually adapted to the influent
water quality. Therefore, increasing the proportion of simulated
wastewater in the influent from 25% to 50% resulted in a very
low COD removal rate in the initial stage of the second stage.
However, as the reactor operated, the COD removal effect
gradually improved. After 34 days of operation, the
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BAF on NHz—N, and (d) BAF on UV5s4.

microorganisms in the reactor were cultivated and acclima-
tized, and the aerated biological filter reactor achieved stability.
The BOD5/COD increased from 0.5 to 0.55, indicating improved
biodegradability. The COD removal efficiency of BAF remained
around 70%, and the effluent COD stabilized at 33 mg L *
(Table 5).

3.3.2 Removal effect of BAF on NH;-N. During the opera-
tion of the BAF reactor, under the premise of maintaining
a roughly constant influent NH3;-N concentration (influent
NH;-N = 6.028 mg L"), the NH;-N removal was investigated
when the proportion of concentrated solution in the simulated
feedwater was 25%, 50%, 75%, and 100% of the influent. As
seen in Fig. 4c, after 34 days of acclimation. During the four
stages of BAF reactor operation, the NH;-N removal efficiency
gradually increased and then stabilized. During stage I, influent
NH;-N, effluent NH;-N and NH;-N removal efficiency were

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Coagulation pretreatment—electrochemical oxidation in the BAF reactor

COD/mg L™ NH;-N/mg L™* UVyps4/mg L7" BOD5/COD
Electrochemical oxidation of water 113.28 6.028 2.595 0.5
BAF-treated effluent 32.264 1.686 0.7 0.55
Removal efficiency 71% 73% 69% —

6.263-9.0238 mg L', 2.93-4.49 mg L', and 40-56%, respec-
tively. For stage II, influent NH;-N, effluent NH;-N, and NH;-N
removal efficiency were 7.203-9.64 mg L', 2.44-3.42 mg L,
and 58-71%, respectively. During the stage III operation, the
influent NH3;-N concentration ranged from 8.001 to
10.208 mg L™, the effluent NH3;-N concentration ranged from
2.22 to 2.94 mg L™, and the removal efficiency ranged from
69% to 73%. In stage IV, influent NH;-N concentration ranged
from 6.0023 to 8.028 mg L', while effluent concentration
ranged from 1.69 to 2.369 mg L, resulting in removal effi-
ciencies of 70% to 74%. As the BAF reactor operated, the NH;-N
removal efficiency fluctuated during the initial stages (I and II),
but as the operation progressed, it stabilized at approximately
73% (Table 5).

3.3.3 Removal effect of BAF on UV,5,. During the operation
of the BAF reactor, under the premise of maintaining a roughly
the same influent UV,s, concentration (influent UV,s, =
2.595 mg Lfl), the removal effect of UV,5, was observed when the
proportion of the concentrated solution in the simulated waste-
water was 25%, 50%, 75%, and 100% in the influent. As shown in
Fig. 4d, during the BAF test, humic acid was added to the simu-
lated wastewater at a concentration based on the effluent obtained
after coagulation, sedimentation, and electrochemical oxidation.
During stage I, influent UV,s,, effluent UV,s, and removal effi-
ciency were 2.302-5.329 mg L7 1.168-2.942 mg L7, and 40-
51%, respectively. For stage II, influent UV,s,, effluent UV,5,, and
removal efficiency were 2.830-5.0395 mg L', 1.445-2.65 mg L™,
and 45-57%, respectively. During stage III operation, the influent
UV,54 concentration ranged from 3.723 to 5.452 mg L7, the
effluent UV,5, concentration ranged from 1.4 to 2.6 mg L™, and
the removal efficiency ranged from 50% to 62%. In stage IV, the
UV,54 concentration in the influent was 2.287-4.198 mg L', while
the effluent concentration was 0.7-1.287 mg L', resulting in
a removal efficiency of 62-73%. As the BAF reactor operated, the
UV,5, removal efficiency fluctuated during the initial stages (I and
II) but stabilized at around 69% as the experiment progressed
(Table 5). The subsequent BAF process further mineralizes small
molecular organics through biodegradation, forming a complete
“macromolecular removal — biodegradability improvement —
deep mineralization” synergistic treatment pathway. The stable
removal performance of BAF in this study is consistent with the
findings of Li," which verified the feasibility of BAF for advanced
treatment of pre-oxidized leachate.

4. Conclusion

Most studies in the literature have focused on raw leachate or
biologically treated effluent. In contrast, the water sample
treated in this study was RO concentrate, characterized by high

© 2026 The Author(s). Published by the Royal Society of Chemistry

concentrations of refractory organic matter (e.g., humic
substances) and high COD content. The treatment difficulty and
operating costs of RO concentrate are considerably higher than
those of raw leachate. Therefore, a low-cost coagulation-sedi-
mentation process was employed as a pretreatment prior to
electrochemical oxidation, and a biological aerated filter was
used to conduct experimental research on landfill leachate RO
concentrate. During the pretreatment process, a large amount
of high-concentration humic macromolecular organic pollut-
ants in the concentrate after reverse osmosis membrane treat-
ment can be removed, along with high COD levels.
Coagulation-sedimentation can reduce treatment costs for
landfill leachate concentrate, improve biodegradability and
macromolecular organic matter removal, and decrease COD,
UV,s4, and NH;3-N. According to our results, coagulation
removed 74% of the COD, thereby reducing the overpotential
requirement of the subsequent electrooxidation unit. Electro-
oxidation can break down macromolecular organic compounds
into small-chain carboxylic acids, thereby enhancing the
biodegradability of the effluent for the subsequent BAF. The
integrated process presents a clear synergistic mechanism:
coagulation removes macromolecular humus via charge
neutralization and adsorption bridging. Coagulation removed
suspended solids and a portion of humic acids (achieving 64%
UV,s, removal), thereby reducing the organic load on the
electrooxidation unit and mitigating electrode fouling.
Electrochemical oxidation dominated by active chlorine
improves biodegradability and removes ammonia nitrogen;
BAF further mineralizes small-molecular-weight organics.
Electrooxidation — BAF synergy: electrooxidation increased the
BODs/COD ratio from 0.11 to 0.5, a prerequisite for effective BAF
performance—the BAF alone was virtually incapable of
removing COD (removal efficiency < 10%). Without coagulation,
the electrooxidation unit would suffer from an excessively high
organic load (leading to increased energy consumption);
without electrooxidation, the BAF would be ineffective. The
effluent quality attained the Class A standard of the Pollutant
Discharge Standard for Urban Sewage Treatment Plants
(GB18918-2002). Therefore, despite the lack of a rigorous
quantitative comparison, the integrated process demonstrates
clear system-level advantages from a functional complemen-
tarity perspective.

The unit energy consumption for electrochemical oxidation
in this study was 39.40 kW h kgcop ™', comparable to those of
common AOPs for leachate treatment. However, this study
focused only on lab-scale performance. It did not estimate total
capital expenditure (CAPEX), operating expenditure (OPEX), or
large-scale economic feasibility, which will be further evaluated
in future pilot applications. The units in this study were
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operated independently without process integration. Therefore,
it is recommended to achieve physical connection and
sequential operation of the three processes at the pilot scale,
and to conduct systematic control experiments to validate their
synergistic effects. It should be noted that quenching experi-
ments for active species identification and intermediate
byproduct detection (e.g., GC-MS and LC-MS) were not per-
formed in this study. Future research will conduct relevant
experimental verification to quantify the contributions of active
chlorine and 'OH and to clarify the complete degradation
pathway of refractory organics. More useful outcomes might be
gained if this research were implemented in a pilot-scale trial
that connected the coagulation-sedimentation tank, the
electrochemical oxidation tank, and the aerated biological filter
to replace the simulated wastewater. In addition, potential
secondary pollution risks, including chlorinated byproducts
from electrochemical oxidation and chemical sludge from
coagulation, should be fully considered in engineering appli-
cations. Relevant control and disposal measures should be
implemented to ensure environmentally friendly operation of
the integrated process.
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