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Abstract

Vanadium (V), released from both natural and anthropogenic sources, occurs in groundwater and surface waters at 0.2—
100 pg L™! (freshwater) and 0.2-29 ug L™! (seawater). This work evaluates V removal with low-pressure membranes (MV020
and UP150) enhanced with FeCl;. The effects of Fe/V molar ratio, transmembrane pressures (TMPs), and membrane type on
removal efficiency and flux performance were examined. In a 60-min operational period, V rejection at Fe/V =0 remained
below 61.8% (UP150) and 24.5% (MV020). Raising the ratio at Fe/V =1 increased removal to 73.9% (UP150) and 53.3%
(MVO020); at Fe/V =3 the values rose to 88.3% and 60.2%, respectively. In 6-h operational period with UP150 at Fe/V =3,
peak removal reached 95.1%, but progressive fouling caused flux decline; after backwashing cycles the flux partially recov-
ered while removal stabilised around 86%. SEM-EDS and FTIR analyses confirmed Fe—V interactions on membrane surfaces.
Overall, FeCl;-assisted low-pressure UF offers high V rejection with moderate chemical demand, making it a compact and

energy-efficient option for decentralised water treatment.
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Introduction

V is a transition metal from the fourth period of the peri-
odic table and is widely distributed in the Earth’s crust at an
average concentration of approximately 100 mg kg~ (Sef-
strom 1831; Mamane et al. 1998; Barceloux and Barceloux
1999; Cintas 2004; Rehder 2015; Vasseghian et al. 2021).
Each year, around 65,000 tons of V are released from natu-
ral sources and an additional 200,000 tons are introduced
into the environment due to anthropogenic activities such
as mining, fuel combustion, and metallurgical processes
(ATSDR 2012; Gillio Meina et al. 2019; Gillio Meina 2020).
With rising global industrial demand, V consumption has
increased by nearly 45% since 2011, reaching 102.1 kilotons
in 2019 and was projected to exceed 130 kilotons by the
end of 2024. Given its growing prevalence and recognized
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toxicity, V has been included in the U.S. Environmental
Protection Agency’s (USEPA) Contaminant Candidate List
(CCL), highlighting the need for effective removal strategies
in water treatment processes (Lin et al. 2021; Gurjar et al.
2022; Simandl and Paradis 2022; Richardson and Manasfi
2024; Ohwobete et al. 2025).

Various technologies have been developed for V removal
from aqueous systems. Among these, adsorption, ion
exchange, chemical precipitation, biological treatment, and
membrane filtration are commonly studied. Adsorption is
widely applied due to its simplicity and efficiency, and recent
research reports removal rates of 89.0% on metal-organic
frameworks (MOFs) (Ma et al. 2023), 97.1% on basic oxy-
gen furnace (BOF) steel slag (Gao et al. 2017), 98.0% and
100% on Fe-loaded and Zn-loaded biochars (Meng et al.
2018; Dong et al. 2024); fixed-bed systems packed with
granular ferric hydroxide (GEH®) consistently reduce dis-
solved V below 2 ug L~! in full-scale plants (Bahr et al.
2022). Limitations include rapid adsorbent saturation, costly
regeneration and competition with co-occurring oxyanions
(Zhu et al. 2018; Salehi et al. 2020). Ion-exchange resins
achieve > 80% removal in controlled matrices but foul read-
ily and require chemical-intensive regeneration (Al-Jaser and
Hamoda 2019; Tan et al. 2023). Chemical precipitation with
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FeCl; or Al,(SO,); is inexpensive and simple but often pro-
duces voluminous sludge and leaves residual V at near-neu-
tral pH (Chen et al. 2011; Roccaro and Vagliasindi 2015).
Biological approaches such as biosorption on cellulose
nanocrystals or anaerobic bio-reduction exhibit promising
laboratory-scale performance (~90% removal) yet suffer
from slow kinetics and process complexity (Liu et al. 2017;
Zulu et al. 2020; Hao et al. 2021).

Membrane technology is becoming increasingly wide-
spread in numerous sectors, such as water treatment, food
and beverage processing, pharmaceutical production, and
energy generation. Membranes offer a number of advantages
over conventional treatment methods, including higher sepa-
ration efficiency, compact design, and operational simplic-
ity (Judd 2017; Obotey Ezugbe and Rathilal 2020; Rudin
et al. 2021; Bera et al. 2022). Membrane filtration can
remove a wide range of contaminants, including bacteria,
viruses, suspended solids and dissolved substances such
as salts, minerals and organic compounds. There are few
studies in the literature on the removal of V from water by
membrane filtration. Shang et al. investigated V recovery
by nanofiltration and found 98% and 96% V rejection in DK
and DL membranes, respectively (Shang et al. 2014). Rout
and Sarangi reached 99.8% V recovery with a hollow fiber
membrane (Rout and Sarangi 2014). Membrane filtration
can be an important tool for the removal of some metals
such as V. Nevertheless, challenges such as high operating
pressures, membrane fouling, and system costs remain bar-
riers to wide adoption (Liu et al. 2022; Peng et al. 2022). To
improve economic feasibility, especially in decentralized or
small-scale applications, low-pressure membrane systems
offer a promising alternative. However, their lower intrin-
sic rejection rates necessitate process enhancements. In this
context, the use of coagulant-assisted membrane filtration,
particularly the addition of iron-based salts has emerged as
a viable strategy to increase removal efficiencies for metal
ions, including V (Shon et al. 2005; Mahdavi et al. 2018;
Moreira et al. 2023).

This study investigates the removal of V from water using
low-pressure membrane systems, with and without the addi-
tion of Fe(III) salts. The objectives are: (i) to evaluate the V
rejection efficiency of UF membranes under low-pressure
conditions; (ii) to assess the performance improvement
with ferric ion and (iii) to examine flux behaviour, fouling
development, and cleaning efficiency as key indicators of
operational sustainability. By combining physical separa-
tion and chemical interaction mechanisms, this study aims

Table 1 Characteristics of tap water

to propose a practical and economically viable solution for
V-contaminated waters.

Materials and methods
1Reagents, stock solutions and analysis

To create a synthetic solution, tap water and vanadium pen-
toxide (V,05) were used. First, 0.0893 g of solid V,05 was
weighed and dissolved in a small amount of concentrated
sulfuric acid (H,SO,) to create a V solution. Next, 50 mL of
ultrapure water were added to the V solution to make a solu-
tion with a concentration of 1000 mg/L. This solution was
then diluted with more water to make a final volume of 1 L,
creating a stock solution with a concentration of 50 mg/L of
V. From this stock solution, samples were taken and added
to tap water to make synthetic solutions with different con-
centrations of V. The determination of V concentration was
carried out with a Shimadzu 1800 UV-VIS spectrophotom-
eter equipped with a 1.0 cm quartz cell. The analysis method
used in the study (Heybeli et al. 2012) and the chemicals
required for the analysis were carried out according to the
method described here, but the measurement range was
extended as a result of the method development. All the
standard deviations reflect analytical repeatability based on
measurement replicates rather than independent experimen-
tal repetitions. The water quality parameters of the tap water
are given in Table 1.

FeCl;.6H,0 obtained from Merck was used for the prepa-
ration of ferrous coagulant. The prepared ferrous stock solu-
tion contained 2000 mg/L Fe concentration.

Membrane filtration system, membranes
and operation

A laboratory-scale dead-end filtration setup with an effective
membrane area of 14.6 cm? (Sterlitech) was used (Fig. 1). In
the dead-end set up, pressure adjustments were made using
inert nitrogen gas and the pressure was kept constant. The
filtrate was measured with a computerized precision balance
and the flux was calculated. The filtration cell consisted of
an external 2.5 L reservoir and a dead-end filtration cell with
a capacity of about 300 mL.

All experiments were performed at a constant temperature
of 20+ 1 °C. UP 150 (ultrafiltration) and MV020 (microfiltra-
tion) membranes from Microdyn-Nadir were used (Table 2). In

Parameters pH Chloride mg/L TOC mg/L

Sulfate mg/L

Conductivity pS/cm Aluminum pg/L Iron pg/L

Tap water 7.27 49.6 3.17 50.2

450 72.6 <20
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Fig. 1 Experimental set-up of the dead-end unit

the study with 1000 pg/L V-containing raw water, the experi-

Fe(OH);(s) + HVO; — Fe-V(s) + OH"

ments were also repeated by adding FeCl; to the 1000 pg/L V

solution. The MV020 membrane was operated under 0.5,
1, 1.5 and 2 and the UP150 membrane was operated under

Moreover, direct formation of sparingly soluble iron
vanadate complexes such as FeVz(s) may occur:

0.5, 1.5, 3 and 6 bar pressure. As a result of the processes,

V removal and V concentrations in chemical cleaning water

were analyzed.
Results and discussion

V removal studies

In the study, the initial concentration of V was 1 mg/L. FeCl,
was added to the water to provide Fe/V ratios of 1 and 3. To
clarify the role of FeCl; in enhancing V removal during mem-
brane filtration, understanding the aqueous chemistry at neutral
pH is crucial to elucidate FeCl;’s enhancement mechanism.
Under these conditions, V introduced as V,05 predominantly
dissolves to form monomeric vanadate species such as HVO,~
and H,VO,", which are negatively charged and exhibit high
aqueous solubility under neutral pH conditions. Simultane-
ously, FeCl; undergoes rapid hydrolysis, potentially generating

amorphous Fe(OH); flocs according to:

Fe’* + 3H,0 — Fe(OH); (s) + 3H*

These Fe(OH); particles may possess a net positive sur-
face charge at neutral pH, thereby facilitating electrostatic

adsorption of anionic vanadate ions:

Table 2 Properties of the membranes used in the study

Fe*™ + VOI~ — FeVO,(s)

These mechanisms convert dissolved V into particulate
forms that are more effectively retained by membrane pores,
particularly through size exclusion and physico-chemical
entrapment. Thus, FeCl; enhancement not only improves V
rejection in low-pressure membrane systems but also alters
the dominant separation mechanism from molecular filtra-
tion to hybrid coagulation—filtration, with implications for
both removal efficiency and fouling behavior. Experimental
studies were carried out with synthetic solutions containing
only V at different Fe/V ratios. The data for the optimiza-
tion of the operating conditions for 1-h operation are given
in Table 3.

As seen in Table 3, at different operating pressure val-
ues, V removal efficiencies in the range of 55.90-61.75%
were obtained for UP150, while V removal efficiencies in
the range of 18-24.50% were obtained for MV020. The
V removal efficiency increased with the addition of FeCl,
to the synthetic solution and the V removal efficiency for
UP150 increased between 73.90% and 70.63% when the
Fe/V ratio was 1, while the V removal efficiency for MV020
increased between 53.30% and 44.25% when the Fe/V ratio
was 1. The results of the study show that increasing the

Membrane Type Materials Pore size (pm)/Molecular pH range Flux (LMH) Contact angles (°)
Weight cut off MWCO) (kDA)

UP150 Ultrafiltration (UF) PES 150 kDA 1-14 >285 64.95+0.94

MV020 Microfiltration (MF) PVDF 0.2 pm 2-11 >700 64.86+0.04
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Table 3 V concentrations and removal efficiency in after membrane
filtration

Membrane type Fe/V ratio Operat- V removal, (init.

ing pres- conc.=1 mg/L)
sure
Bar mg/L %
MV020 - 0.5 0.755+0.047 24.50+6.23
1 0.761+0.031 23.90+4.07
1.5 0.768+0.029 23.20+3.78
2 0.820+0.045 18.00+5.49
UP150 - 0.5 0.382+0.024 61.75+6.28
1.5 0.394+0.019 60.50+4.82
3 0.393+0.031 60.60+7.89
6 0.440+0.027 55.90+6.14
MV020 1 0.5 0.467+0.024 53.30+5.14
1 0.482+0.023 51.70+4.77
1.5 0.518+0.023 48.13+4.44
2 0.557+0.036 44.25+6.46
UP150 1 0.5 0.261+0.013 73.90+4.98
1.5 0.263+0.008 73.70+3.04
3 0.263+0.012 73.65+4.56
6 0.293+0.019 70.63+6.48
MV020 3 0.5 0.398+0.014 60.16+3.52
1 0.413+0.015 58.70+3.63
1.5 0.435+0.024 56.48+5.52
2 0.443+0.024 55.62+5.42
UP150 3 0.5 0.117+0.008 88.28+6.84
1.5 0.1194+0.006 88.06+5.04
3 0.129+0.006 87.05+4.65
6 0.140+0.005 85.94+3.57

Fe/V ratio has a positive effect on V uptake. When the Fe/V
ratio was increased to 3, the V removal performance of
UP150 increased between 88.28% and 85.94%, while the V
removal performance of MV020 increased between 60.16%
and 55.62% at the same Fe/V ratio. This positive effect was
attributed to the assumption that Fe particles in the feed
solution supplied a retention surface for V ions. The flux
values of the optimization studies are given in Fig. 2.

As seen in Fig. 2, the flux values of UP150 membrane
decreased from 627 to 496 LMH for the first 35 min at 6 bar
pressure. After 35 min, the decrease in flux slowed. The
flux values of MV020 membrane decreased from 1274 to
974 LMH in the first 30 min at 2 bar pressure. At the end
of the next 30 min, it decreased to 899 LMH. At Fe/V:1
and Fe/V:3 ratios, the flux of UP150 membrane decreased
rapidly in the first 40 min and the rate of decrease in flux
slowed after the 40th min. Under 6 bar pressure, the flux
value decreased from 598 to 402 LMH in the first 40 min
when Fe/V ratio was 3. The flux value obtained at the end
of the next 20 min of operation was 373 LMH. At Fe/V:1
and Fe/V:3 ratios, the flux of MV020 membrane decreased

* @ Springer

rapidly in the first 40 min and the rate of decrease in flux
slowed after the 40th min. Under 2 bar pressure, the flux
value decreased from 1055 to 730 LMH in the first 40 min
when Fe/V ratio was 3. The flux value obtained at the end of
the next 20 min of operation is 690 LMH. At other pressure
values for all operating conditions and membranes, the flux
values decreased rapidly at the beginning and the rate of
decrease slowed after a certain period of time. Considering
the flux and removal efficiencies, the UP150 membrane was
operated for 6 h under 1.5 bar pressure at Fe/V:3 ratio and
samples were taken at the end of each hour and V analyses
were performed. The removal efficiencies and flux results of
this study carried out under constant pressure are given in
Table 4 and Fig. 3, respectively.

As seen in Table 4 V removal efficiency increased as the
filtration time increased. The accumulation of iron particles
on the membrane surface increased over time and this accu-
mulation is presumed to enhance V removal efficiency due
to increased interaction sites. At the end of 6-h of filtration,
V concentration decreased from 1000 to 48 pg/L. As shown
in Fig. 3, the flux value declined from 320 to 210 LMH dur-
ing the initial 40 min of operation in the UP150 membrane
throughout a 6-h period. Over a period of 240 min, the flux
value declined to 177 LMH, and at 360 min, it reduced to
175 LMH.

Backwash of membranes

Subsequent to V treatment, the MV020 and UP150 mem-
branes underwent chemical cleaning using acidic and basic
solutions. Both membranes were subjected to a TMP of
1.5 bar and underwent three chemical cleaning cycles every
90 min. Following a 90-min period, the filtrate was collected
and the concentration of V was measured. V removal and
V concentrations in the backwash water were measured and
are presented in Table 5.

Table 5 shows that there was no significant change in the
V concentration in the filtrate after chemical cleaning in all
experimental procedures. In addition V concentration the
backwash water was quantified in every experiment. V con-
centration in the initial acidic backwash water without iron
salt of the UP150 membrane was measured as 120 pg/L. The
V concentration in the second backwash water was nearly
equivalent to the values obtained in the first backwash. The
concentration of V in the latest batch of acidic backwash
water was measured as 145 pg/L. V concentration in the
initial acidic backwash water without iron salt of the MV020
membrane was measured as 80 ug/L. The V concentration
in the second backwash water yielded similar results to the
first analysis, while the final analysis of the acidic back-
wash water showed a V concentration of 120 pg/L. For the
UP150 membrane at an Fe/V ratio of 3, the V concentration
of 186 ug/L in the initial acidic backwash water, 140 ug/L
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Fig.2 Flux performance of MV020 and UP150 membranes at Fe/V 1.5, 3 and 6 TMPs. The x-axis shows filtration time in minutes, and
ratios of 0, 1, and 3 over 60-min trials using 1 mg/L. V-contaminated the left y-axis indicates flux (LMH)
water. MV020 was tested at 0.5,1, 1.5 and 2 TMPs, and UP150 at 0.5,
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Table 4 V removal with FeCl,
at constant pressure

Fig. 3 Flux profile of the UP150
membrane over 6 h at 1.5 bar
TMP in the presence of 1 mg/L
V and Fe/V =3. The x-axis
shows filtration time in minutes,
and the left y-axis indicates flux
(LMH)

Table 5 V removal after
chemical cleaning process

* @ Springer

Membrane type Fe/V ratio Operating time V removal, (init. conc.=1 mg/L
pressure
Bar hr mg/L %
UP150 3 1.5 1 0.116+0.009 88,35+7.76
1.5 2 0.111+0.009 88.89+8.11
1.5 3 0.107 +0.009 89.27+8.41
1.5 4 0.089+0.006 91.05+6.74
1.5 5 0.069+0.006 93.08 +£8.70
1.5 6 0.048 £0.005 95.14+10.42
500
UP150-V:1 mg/L- FeN:3|
400
£~ *
n 30044
- 4
J {1 e
X
= 200 -
(IR
100
Bar—4— 1.5
o+ 7777177
0 30 60 90 120 150 180 210 240 270 300 330 360
Time, min
Membrane type Fe/V ratio Operating Time V removal, (init. conc.=1 mg/L)
pressure
Bar min mg/L %
UP150 - 1.5 0-90 0.449+0.015 55.08+3.34
1.5 90-180 0.414+£0.020 58.60+4.83
1.5 180-270 0.423+£0.020 57.71+£4.73
1.5 270-360 0.440+0.025 56.03 +5.68
MV020 - 1.5 0-90 0.778 +£0.026 22,22+3.34
1.5 90-180 0.766+0.033 23.39+4.31
1.5 180-270 0.771+£0.027 22.85+3.50
1.5 270-360 0.778 £0.034 22.22+4.37
UP150 3 1.5 0-90 0.136+0.009 86.31+6.62
1.5 90-180 0.137+0.009 86.25+6.57
1.5 180-270 0.138+0.010 86.13+7.25
1.5 270-360 0.139+0.009 86,06+6.47
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in the subsequent acidic backwash water, and 123 pg/L in
the final wash.

After each chemically backwash, flux was calculated and
seen on Fig. 4.

Figure 4 and the accompanying data provide a compre-
hensive comparison of flux decline and cleaning recovery
behaviour across three membrane configurations MV020
(Fe/V =0), UP150 with ferric dosing (Fe/V =3), and UP150
without coagulant (Fe/V =0) operated under identical low-
pressure conditions with 1 mg L~! vanadium feed and peri-
odic chemical back-washing every 90 min over a total of
6 h. This downward trajectory continued with each cycle,
and by the end of the third cycle, the membrane recovered
only 61% of its original flux, suggesting that the iron-based
flocs induced more compact and strongly attached fouling
layers that became increasingly resistant to chemical clean-
ing. In contrast, the same membrane operated without ferric
enhancement displayed significantly better fouling resist-
ance, with an initial flux of 390 LMH decreasing to 249
LMH in the first cycle, but recovering to 359 LMH after
back-washing corresponding to a flux of 92%. This high
recovery was maintained across subsequent cycles, with final
recovery after six hours remaining at 85%, and the reversible
fouling component consistently accounting for most of the
total loss. This contrast indicates that while ferric addition
improves V rejection (as discussed previously), it also con-
tributes to irreversible pore blockage, especially in tight-pore
membranes such as UP150, thereby shortening hydraulic
service life unless more aggressive or frequent cleaning is
employed. The MV020 membrane, with a larger nominal
pore size and higher initial flux (1241 LMH), exhibited a
relatively gentler but still substantial flux decline, recover-
ing approximately 70% of its original flux after the third
cleaning, suggesting that while its structure allows higher
throughput, it is also more susceptible to deep-seated pore
fouling in the absence of coagulation. Notably, the rate of
flux recovery in MV020 also decreased across cycles, indi-
cating increasing fouling compactness even without coagu-
lant. The overall trends clearly show that the addition of Fe**
leads to a greater irreversible fouling burden, especially in
smaller-pore membranes, and that membrane morphology
significantly influences both the severity and reversibility
of fouling.

Membrane autopsy

The contact angle obtained after 6 h of operation of the
membranes that were backwashed three times, FT-IR and
SEM-EDS analyses were performed. Table 6 shows the
contact angles of neat and used membranes operated with
backwashing.

Analysis of the contact angles of the membranes pre-
sented in Table 6 reveals that accumulation occurs on the

membrane, leading to an increase in the contact angles.
This indicates that the hydrophobicity of the membranes
increases, which indirectly indicates that the fluxes will also
decrease. In addition, when a comparison was made between
the MF and UF membranes the contact angle of membranes
with smaller pore diameters increased more, possibly due to
better V retention performance. The FeCl; added solution
showed higher retention rate than the non-added solution,
but a smaller increase in contact angle. SEM images are
shown in Fig. 5, FTIR in Fig. 6 and EDS in Fig. 7.

Examination of the micrographs of neat membranes
revealed that the MV020 membrane exhibited a more homo-
geneous and porous distribution than the UP150 membrane.
In contrast deposits were more pronounced in the MV020
membrane than in the UP150 membrane. Furthermore, a
comparison of the micrographs of the solution with FeCl,
added to those without revealed a greater deposition in the
former. The interpretation of these situation, in conjunction
with the EDS and FTIR results, suggests that the deposition
may account for the iron present on the surface.

Analysis of the spectra of the UP150 membrane revealed
that the peaks ranged from 698 to 3400. The most significant
peaks were recorded between 1000 and 1700. The peaks
observed at 2926 and 3345 in this PES-based membrane
may correspond to the stretching vibrations of the 2- and
3-bands of CH,CH,&CH. The peaks observed between 1485
and 1660 may result from C=C stretching vibrations (Coates
2004; Polat et al. 2020). Additionally, peaks at 1656 cm™!,
1043 cm™!, and 924 cm™! signify the presence of sulfonic
groups, associated with C=0 bond stretching vibration. The
reductions in these peaks suggest that the membrane struc-
ture is minimally impacted (Lu et al. 2017). The absence
of the peak at 924 cm™! in contaminated membranes may
result from V-OH, stretching, suggesting the establish-
ment of coordination bonds between vanadyl groups and
V atoms (Abello et al. 1983; Petkov et al. 2002). Analysis
of the MV020 membrane spectra revealed peaks ranging
from 762 to 3371. The peak at 3371 cm™! corresponds to the
vibrations of the asymmetric and symmetric CH, group. The
peak at 1403 cm™! is associated with the fluctuation vibra-
tion of the CH, group, whereas the peak at 1180 cm™' per-
tains to C—C bonds. The peaks identified at 975-762 cm™"
correspond to the o and  phases in PVDF membranes,
while the peaks at 875-840 cm™! are associated with asym-
metric C—C—C and C-F stretching vibrations. The peak at
3371 cm™! in the clean membrane likely indicates intermo-
lecular O-H stretching associated with carboxyl, hydroxyl,
and phenol groups. Additionally, the emergence of a new
peak at 2931 cm ™! may be attributed to the stretching of the
-CH, group influenced by the -OH (Coates 2004; Bai et al.
2012; Wang et al. 2014, 2015; Xue et al. 2015; Hu et al.
2016). The observed peak at 1648 cm™! is likely attributable
to C=C stretching vibration, as evidenced by the decrease

* @ Springer
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Fig.4 Flux profiles of a MV020
and b, ¢ UP150 membranes
over 6-h filtration at 1.5 bar
using 1 mg/L V solution.
Backwashing was applied every
90 min. a and b were tested
without FeCls (Fe/V =0), while
¢ represents UP150 perfor-
mance at Fe/V =3. The x-axis
shows time (min), and the
y-axis indicates flux (LMH)

* @ Springer

a)

500

400

'UP150-V:1 mg/Ll

N

pl =
o~
£
=3
x
= 200
w
100
Bar—+—1.5
0 T T T T T
0 60 120 180 240 300 360
Time, min
1400 4 MV020-V:1 mg/LI
1200
1000 ',
=
E
800
3
X
= 600 -
o
400
200
Bar: 15
0 T T T T T
0 60 120 ) 18Q 240 300 360
Time, min
c)
500 -
UP150-V:1 mg/L- Fe/V:3]
400 -
|
=
& 300 ‘
E |
= * ‘
X |
= 200 \l
L \h
100
Bar——1.5
0 T T T T T
0 60 120 180 240 300 360
Time, min



International Journal of Environmental Science and Technology

(2026) 23:282

Page9of16 282

Table 6 Average contact angle value of membranes

Membrane Average contact angle °
MV020 (Neat) 64.86+0.04
MV020 (Used) 67.13+1.84
UP150 (Neat) 64.95+0.94
UP150 (Used) 87.36+1.37
UP150—FeCl; (Used) 75.28+2.33

in the EDS spectrum. The reduction in the stretching of the
peak value at 975 cm™" in the contaminated membrane may
be associated with V-OH, stretching, indicating the forma-
tion of coordination bonds between vanadyl groups and V
atoms (Abello et al. 1983; Petkov et al. 2002).

The examination of the EDS results indicates that the
reduction in the F element ratio in the MV020 membrane
may suggest a deterioration in the membrane’s structural
integrity. The observed increase in the distribution of cer-
tain elements across all membranes can be attributed to the
characteristics of tap water. The characteristic Ka peak of
V was detected at 4.96 keV, and a minor peak at this energy
was observed when comparing fouled membranes with neat
membranes. This phenomenon can be attributed to the rela-
tively low initial concentration of V. Furthermore, reductions
in the O element may be linked to oxidation processes.

Evaluation of operational sustainability
and membrane longevity

Long-term performance assessments that couple extended-
flux profiling with filtration characterisation reveal a clear
trade-off between V rejection and membrane durability.
SEM and EDS analyses revealed distinct morphological
alterations and surface depositions, with more pronounced
inorganic fouling observed on UP150 membranes enhanced
with FeCl,, supporting the notion of iron-induced compac-
tion and accumulation. FTIR spectra further confirmed
structural modifications via diminished sulfonic and fluo-
rine-based functional group intensities, particularly in used
membranes, indicating physicochemical interactions with
V and iron species.

The contact angle measurements obtained for UP150
without FeCl; showed a notable increase from 64.95° to
87.36°, indicating a shift toward greater hydrophobicity
over time. In contrast, the corresponding values for UP150
with FeCl; increased only to 75.28°. This difference may be
attributed to the hydrophilic nature of FeCl;, which likely
contributed to the retention of more water-attracting surface
characteristics by forming hydrated iron-vanadium com-
plexes or residual salt layers that suppress the full hydro-
phobization of the membrane surface.

Flux recovery trends over repeated filtration and clean-
ing cycles corroborated these observations. UP150 with
FeCl; showed a continuous decrease in flux recovery,
retaining only 61% of its initial permeability after three
chemical cleaning cycles, whereas UP150 without coagu-
lant maintained 85% recovery, suggesting a predominance
of reversible fouling. MV020, although initially exhibit-
ing higher throughput, displayed decreasing recovery
efficiency from 83 to 70% over time, reflecting a gradual
increase in irreversible internal fouling.

From an environmental perspective, the backwashing
streams generated during membrane operation contain
V and iron species released from the membrane surface.
While these streams represent secondary waste flows
that may require appropriate management. If necessary,
backwashing streams could be further concentrated using
additional separation processes, enabling subsequent
recovery or targeted treatment of accumulated metals.
Consequently, incorporation of backwash stream manage-
ment into overall process design is an important aspect of
sustainable membrane operation.

Collectively, these findings confirm that FeCl;-assisted
filtration can more than double V rejection yet accelerates
irreversible fouling and surface ageing, shortening hydrau-
lic service life unless cleaning chemistry, frequency, or
membrane surface properties are further optimised. There-
fore, future designs should balance ferric dose with tar-
geted cleaning protocols or adopt fouling-resistant coat-
ings to sustain operational sustainability and membrane
longevity under real-world, low-pressure conditions.

Energy consumption

Operational sustainability in low-pressure membrane sys-
tems is governed not only by contaminant removal effi-
ciency but also by energy demand, chemical consumption,
and long-term hydraulic performance under continuous
operation. In this context, the UP150 UF membrane oper-
ated at 1.5 bar with ferric enhancement was selected as the
representative condition for evaluating process sustainabil-
ity. To evaluate the economic and operational feasibility
of the process, the Specific Energy Consumption (SEC)
was estimated for the UP150 membrane during the 6-h
filtration period at a Fe/V ratio of 3 and a constant TMP of
1.5 bar. Following the methodology for dead-end filtration
systems, the energy consumption (E) was calculated based
on the hydraulic work performed over the total perme-
ate volume (Vtotal), assuming a standard pump efficiency
(np) of 0.7. The SEC, representing the energy required
to produce a unit volume of treated water (kWh/m3), was
determined using the following expression (Blankert et al.
2007):

* @ Springer
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Fig.5 SEM: A Neat MV020 membrane 5000(right) and 250(left) magnification, D Used UP150 membrane 5000(right) and 250(left)
magnification, B Used MV020 membrane 5000(right) and 250(left) magnification, E Used UP150 membrane assisted FeC13 5000(right)
magnification, C Neat UP150 membrane 5000(right) and 250(left and 250(left) magnification,

* @ Springer



International Journal of Environmental Science and Technology

(2026) 23:282

Page110f16 282

S

s

100 pm

EHT =15.00kV WD= 7.5mm Signal A=CZBSD Mag= 250X

100 pm

FHT=1500kV WD= 85mm Signal A=CZBSD Mag= 250X

Fig.5 (continued)

AP

SEC(kWh.m™3) = —
1np(3.6x10°)

Under the operating conditions of 1.5 bar, the SEC was
calculated to be approximately 0.0595 kWh/m?. Through-
out the 6-h operation, the flux value declined significantly
from an initial 320 LMH to 175 LMH due to the progres-
sive accumulation of Fe—V complexes on the membrane
surface. Despite this flux decline, the total permeate vol-
ume collected during the cycle was approximately 1.713 L.
Consequently, the total energy consumption (Etotal) for
the duration of the 6-h cycle was determined by multi-
plying the SEC by the total permeate volume (Vtotal)
obtained through the integration of the flux-time profile.
Which resulted in a total energy expenditure of 0.102 Wh
for the laboratory scale unit. Overall, the calculated SEC
value confirms the low hydraulic energy demand charac-
teristic of low-pressure membrane operation. In addition
to electrical energy consumption, the applied ferric dose
contributes to the overall operating cost. However, the

.. .

EHT =1500kV WD = 9.0 mm

10 pm
Signal A=CZBSD Mag= 500K X

10 ym
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level of chemical consumption remains relatively modest
when compared to the substantial enhancement achieved
in V rejection, indicating a favorable trade-off between
operational input and treatment performance. A wide
range of physicochemical and biological techniques has
been investigated for V removal from aqueous systems,
including adsorption, chemical precipitation, biological
processes, solvent extraction, photocatalytic reduction,
electrokinetic approaches, and coagulation-based treat-
ments. Among these alternatives, adsorption and biologi-
cally driven processes stand out due to their relatively low
energy requirements coupled with satisfactory V removal
efficiencies, making them particularly attractive for sus-
tainable water treatment applications (Peng et al. 2022).
By contrast, pressure-driven membrane processes gen-
erally require higher hydraulic energy input, especially
under the elevated operating pressures typical of RO/NF.
For example, Hafiz et al. reported that, depending on the
applied pressure and recovery, the SEC ranged from 0.46
to 0.73 kWh m~ for RO and from 0.68 to 2.35 kWh m™>
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Fig.6 FTIR spectra of neat and
dirty a) MV020 and b) UP150

membranes
840
o L o S— —
1 M\ [\ e
| k \ [ ™M " 1648 M3 \
' \ | /110 3307
762 \
875 ;/ 1063
=
S, \
- 3371
°
—— MV020-V:1 mg/L
—— MV020 Neat
1 b I 1 » T v 1 ' | bl 1
1000 1500 2000 2500 3000 3500 4000
Wavelength (cm™)
b)
v 1320 V\/_
'[\ QN@;HW ‘
. 1QZ1 / | J 2928 3007 3397
834\ | N
41/ 871 1295 \ 1577
6'9£7317 1237 4485
-‘ 75‘37 11 311471‘}12 o P
— [\ [V . PBxf B 2 ™ e
= NN\ \[ 1657 S T
SO, \J !Jw'}ﬂ' /\,W\ [ (" 2020 3007
— \ada\ \ 320 | 3385
52 -6!9216 a7 }‘ H2192437\ SNs77
924_ 1 '\ 1147 1485
796 1 1103 1411 2926 3345
o \ —— UP150-Fe/V=3
' ) 121 \ ‘\1577 UP150‘V:1 mg/L
11726 1103, 94 1485 R
Hoa 114712 6 UP150 Neat

1
1000 1500

1 ¥ 1 ¥ T = T * T
2000 2500 3000 3500 4000
Wavelength (cm™)

for NF (Hafiz et al. 2021). In the present study, the SEC  hydraulic energy requirement suggests a promising opera-
obtained at an applied pressure of 1.5 bar was considera-  tional cost advantage, particularly when combined with
bly lower, underscoring the favorable energy profile of the = ferric-assisted vanadium removal.

proposed low-pressure membrane operation. This reduced
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Fig.7 EDS: A Neat MV020 A
membrane, B Used MV020
membrane, C Neat UP150

membrane, D Used UP150
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Conclusion

This study demonstrated that low-pressure membrane fil-
tration can be an effective approach for V removal from
water, particularly when enhanced with FeCl;. While unas-
sisted MF and UF membranes exhibited limited intrinsic
V rejection, ferric addition substantially improved removal
performance, with the UP150 membrane achieving removal
efficiencies exceeding 90% under optimized conditions
(Fe/V =3, 1.5 bar). These results indicate that coagulant
assisted low-pressure UF has the potential to meet emerging
drinking water targets for V while operating under moderate
hydraulic conditions. However, enhanced removal efficiency
was accompanied by increased fouling severity and reduced
flux recovery, especially for tight-pore UF membranes.
Repeated chemical cleaning cycles revealed a progressive
increase in irreversible fouling when ferric dosing was
applied, indicating that long-term membrane performance

w @ Springer

11.500 keV

Det: Element-C2B

is sensitive to coagulant induced deposition. In contrast,
membranes operated without ferric addition exhibited more
stable hydraulic behaviour but lower removal efficiency.
These findings highlight the importance of balancing ferric
dosage with membrane selection and cleaning frequency to
maintain an acceptable membrane lifespan.

The SEC calculated for the optimal membrane and oper-
ating condition (UP150 at 1.5 bar, approximately 0.06 kWh
m~) confirms the low hydraulic energy requirement of
the process. Nevertheless, the associated flux decline and
increased fouling demonstrate that energy efficiency alone
is insufficient to ensure overall operational sustainability.

The use of tap water as the feed matrix in the experimen-
tal studies, while not fully representative of raw surface or
groundwater, demonstrates that V removal remains effec-
tive in the presence of background ions and organic matter.
However, increasing concentrations of coexisting ions com-
monly present in natural waters may significantly influence
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Fe** hydrolysis, floc formation, V speciation, and fouling
behaviour, and thus should be carefully considered when
extending the process to more complex water matrices.

Overall, the results indicate that ferric-assisted low-pres-
sure UF can achieve high V removal at low hydraulic energy
demand. However, flux decline and membrane fouling limit
its suitability as a standalone long-term solution. Neverthe-
less, the findings provide valuable insight into ferric assisted
removal mechanisms and suggest that alternative or hybrid
treatment strategies that decouple high removal efficiency
from severe membrane fouling may offer more practical
pathways for future process development.
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