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A B S T R A C T   

Nanostructured polymer membranes are nowadays of crucial importance in achieving antifouling properties. 
Nanomaterials with tunable composition, size, and morphology, surface modification and functionality offer 
unprecedented opportunities for efficient wastewater treatment. In this work, the effect of holmium (III) 
molybdate (Ho2MoO6) nanomaterial as a new nanofiller on preparation of nanostructured polyethersulfone 
(PES) mixed matrix membranes was examined in terms of hydrophilicity, membrane morphology, permeability, 
dye and protein separation and antifouling property. The Ho2MoO6 nanosheets were synthesized and charac-
terized by FTIR, XRD, and FESEM and used in different amounts in PES matrix. The pore size and the membrane 
porosity increased with Ho2MoO6 loading. The nanocomposite membranes showed enhancement in hydrophi-
licity, antifouling properties, dye rejection and permeability. The remarkably pure water flux (195 L/m2h at 3 
bar) and 92.3% flux recovery after bovine serum albumin (BSA) filtration were obtained for the membrane mixed 
with 2 wt% Ho2MoO6 compared to 95 L/m2h and 75.2% obtained for the bare PES, respectively. Moreover, 
significantly high rejection of Acid Red 125 (95 ± 1%) was achieved. Thus, the experimental results established 
the potential efficiency of the novel nanocomposite membrane for the separation applications.   

1. Introduction 

Today’s use of polymeric membranes for separation and concentra-
tion of dyes and proteins is given a significant attention [1]. Although 
there are many types of dye treatment and desalination methods such as 
adsorption [2], electrosorption [3], capacitive deionization [4,5], pho-
tocatalysts [6], etc., the membrane separation is considered as the 
preferred type of treatment method in most cases due to its better 

separation performance, environmental-friendly, mild operating condi-
tions, and is less costly as compared to chemical or biological treatment 
techniques [7]. However, there are challenges to overcome on their 
hydrophobicity and fouling tendency of these membranes [8,9]. The 
surface charge, polymer chemistry, pore size, surface roughness and 
morphology of the membrane play a vital role on the membrane per-
formance [10]. 

Various types of membrane separation processes, i.e., 
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microfiltration, ultrafiltration, nanofiltration, and reverse osmosis have 
been developed. Such processes use polymeric membranes mostly made 
up of polymers encompassing polyethersulfone (PES) and polysulfone 
which are prone to fouling [11]. Since during the membrane fouling, the 
corresponding pores are blocked, it can result in decrease of the mem-
brane separation performance and increase of the respective operating 
cost. To address such issue, several approaches have been reported in the 
literature. Namely, Mahmoudi et al. [11] proposed a scheduled clean-
ing. Rana et al. [12] used hydrophilic surface modifying macromolecule 
for improvement of polymeric membranes. Ng et al. [13] modified the 
membrane design, and Rezaei et al. [14] used adjustment of operating 
parameters. Wang et al. [15] employed polymer functionalization, 
Rahimpour [16] inserted hydrophilic monomers onto the membrane 
surface, and Yan et al. [17] embedded nanoparticles for minimizing 
membrane fouling. More details considering all of these approaches 
were presented therein Vatanpour et al. [18]. 

However, among such antifouling methods, modification of mem-
branes using nanomaterials magnetize interest of various researchers. 
Namely, Chong et al. [19] used graphene oxide membranes, Das and 
Prusty [20] reported graphene-based polymer composites, and Leo et al. 
[21] employed zinc oxide (ZnO) nanoparticles blended into polysulfone 
membranes for reducing membrane fouling. Furthermore, various 
studies such as Al Aani et al. [22], and Pendergast and Hoek [23] 
employed a combination of nanomaterials or nanocomposites to mini-
mize fouling and improve membrane selectivity, robustness, and 
permeability. In addition, many nanomaterials were exploited for 
modification of PES membranes such as goethite-tannic acid nano-
particle [24], nano-curcumin [25], copper oxide [26], nanoporous CaCl2 
[27], etc. for modification of PES membrane. Saranya et al. [28] re-
ported the use of zero-valent iron impregnated cellulose acetate mem-
branes in treatment of textile industry effluent. Nevertheless, the use of 
nanomaterials in membranes has been faced several challenges 
including agglomeration of nanomaterials in the membrane matrix, 
which weakens membrane mechanical strength and lowers water flux 
[29–31]. In addition, leaching of nanomaterials from membrane matrix 
reduces membrane performance. 

Various nanoparticles or nanocomposites such as double molybdate 
of erbium and zirconium [32], nickel molybdate [33], boehmite nano-
particles [18], and titanium molybdate [34] have previously been used 
to achieve the desired physiochemical characteristics of a membrane 
while minimizing fouling phenomenon. However, holmium (III) 
molybdate nanofiller has not been used for fabrication of antifouling 
mixed matrix membranes, especially for dye separation. Holmium 
molybdate due to having extra hydroxyl groups on its surface could 
improve membrane hydrophilicity and therefore, enhance the perme-
ability and antifouling properties. 

Indeed, the molybdates such as titanium molybdate [34] or nickel 
molybdate [33] were used in preparation of ion exchange polystyrene 
composite membranes, where the electrical properties of the membranes 
were studied. In this research, we aim to improve the flux and decrease 
fouling of PES membranes through employing Ho2MoO6. The 
morphology and surface topology of the synthesized membranes were 
investigated by SEM and AFM images, respectively. The permeation and 
rejection of bovine serum albumin (BSA) protein and Acid Red 125 dye 
with the azo-structure as a popular dye in the textile industry and leather 
manufacturing [35,36] through the fabricated nanocomposite mem-
branes together with the corresponding antifouling properties were 
measured. 

2. Experimental 

2.1. Materials 

The PES polymer was obtained from BASF (Ultrason-S6010, Ger-
many). Holmium (III) nitrate (Ho(NO3)3⋅2H2O), sodium molybdate, 
polyvinyl pyrrolidone (PVP, MW 29000), dimethylacetamide (DMAc) 

and ethanol were purchased from Merck (Germany). BSA were pur-
chased from Sigma Aldrich® Chemical Co. Reactive Red 195 dye was 
purchased from the Khushi Dye Chem (India). 

2.2. Synthesis of nanomaterials 

Ultra-fine particles of holmium (III) molybdate were synthesized by 
addition aqueous solution of Ho3+ (0.1 M) with feeding flow rates of 1.0 
mL min− 1 to the molybdate aqueous solution (0.05 M) under vigorous 
stirring at reactor temperatures of 25 ◦C. After complete mixing of the 
reagents in the reactor, the precipitated holmium (III) molybdate was 
filtered and washed with distilled water three times in order to remove 
the remained soluble ions on the surface of precipitated particles. 
Thereafter, the obtained precipitate was washed with absolute ethanol 
and dried at 80 ◦C for 4 h. 

2.3. Preparation of Ho2MoO6 blended PES membrane 

The flat sheet PES mixed matrix membranes were fabricated by the 
phase inversion via an immersion precipitation technique [37]. In order 
to yield a homogeneous dispersion of Ho2(MoO4)3 in the PES matrix, 
precise amounts of Ho2MoO6 nanosheets (0.1, 0.25, 0.5, 1 and 2 wt% 
related to PES) were added to DMAc as a solvent and dispersed by an 
ultrasonic device for 30 min. After that, 1 wt% PVP and next, 18 wt% 
PES were mixed in DMAc/nanoparticle suspensions and stirred for 24 h 
until complete dissolution of polymer and obtaining homogenous cast-
ing solutions. After degassing of the solutions, they were cast on the glass 
surface using a home-made casting knife by a 150 μm thickness. The 
resulted films were immediately moved to a distilled water bath at room 
temperature without any evaporation. The resulted membranes were 
transferred to fresh distilled water and kept it until testing. Fig. 1 pre-
sented schematic of membrane preparation. 

2.4. Characterization 

Fourier transform infrared (FTIR) spectroscopy (Avatar 360 E S⋅P., 
Nicolet) was used to evaluate the bonding pattern of the synthesized 
Ho2MoO6 nanoparticle. The Ho2MoO6 formations were further estab-
lished by X-ray diffraction (XRD) measurements using a Rigaku rotating 
anode X-ray diffractometer (D/MAX-2500/PC, Rigaku, Japan) from 10◦

to 60◦ equipped with a Cu-Kα radiation source (λ = 0.15418 nm) at an 
accelerating voltage of 50 kV. Field emission scanning electron micro-
scopy (FE-SEM, Hitachi S-4800, Japan) with an accelerating voltage of 
20.0 kV was applied to investigate the morphology of the nanoparticle. 

A Geniometer instrument, Germany was applied to investigate the 
hydrophilic behavior of membrane surface by determining the water 
contact angle. The membranes were fixed on a glass slide onto which a 2 
μL of Milli-Q water was dropped to form a sessile drop. So that achieve 
accurate results, the contact angle was measured within 10 s and for 
each membrane, ten measurements were recorded. To assess the top 
surface and cross-section morphology of bare and nanocomposite 
membranes, the scanning electron microscope (SEM, Zeiss) was applied. 
For cross-section tests, the membranes were frozen in liquid nitrogen for 
60–90 s and fractured. All membranes were gold sputtered. 

An ATR-FTIR spectrometer (Spectrum One; PerkinElmer) was used 
to analyze the functional groups of the membranes surface. The atomic 
force microscope images were captured from the instrument (NOVA, 
version 1.0.26) to investigate membrane surface topology and quantify 
the membranes surface roughness. The images were taken under non- 
contact mode with scan area of 2 × 2 μm. The results were obtained 
in terms of average roughness (Sa), the difference between the highest 
and lowest peaks (Sy) and root mean square of the Z data (Sq). 

The membrane porosity (ε, %) was measured by help of gravimetric 
method which indirectly correlates the membrane porosity to the wet 
membrane weight. Concisely, the membranes were immersed in 
distilled water for 24 h at and wet weight of the membranes (W2) was 
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recorded. The membranes were dried at 80 ◦C and recorded dried 
membrane weight as W1. Overall membrane porosity (%) was measured 
by the following equation: 

ε (%)=
W2 − W1

ρ × A × h
× 100 (1)  

where ρ is the density of water (0.998 g/cm3), h (cm) is the membrane 
thickness and A (cm2) is the effective membrane area. 

Guerout–Elford–Ferry equation (Eq. (2)) was applied to estimate 
mean pore diameter (rm) by of the pure water flux and porosity of 
membranes using the following equation [38]: 

rm =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(2.9 − 1.75 ε) × 8 η l Q

ε × A × ΔP

√

(2)  

where η (8.9 × 10− 4 Pa s) is the water viscosity, ΔP (300 kPa) is the 
operating pressure, Q (m3/s) is the pure water flow rate, h (m) is the 
membrane thickness and ε is the porosity of the membranes. 

For measuring the weight loss of Ho2MoO6 from membrane matrix 
during membrane formation in the nonsolvent gelation bath, the casted 
films containing different amounts of Ho2MoO6 with size of 10 × 20 cm 
and thickness of 150 μm were immersed in 1 L distilled water and the 
concentration of holmium in the gelation bath measured using ICP after 
24 h immersion time. The amount of remained Ho2MoO6 in the mem-
brane matrix was calculated based on its initial amount in the casted film 
and leach outed to the nonsolvent. 

2.5. Filtration experiments 

The performance of the membranes was assessed by a laboratory- 
made dead-end filtration setup [39], containing 4 parallel cells equip-
ped by a compressor for applying pressure. The membrane coupons 
(19.6 cm2) were installed in the cells. First, the membranes were com-
pacted at 4 bar and next, the filtration experiment was performed at 3 
bar with pure water, 250 mg/L BSA solution and 100 mg/L dye solution, 
respectively. The permeation flux, J, is determined as follows: 

J =
ΔV

A. Δt
(3)  

where ΔV is the total volume of the water permeated or the total volume 
of solution (L), A stands for the effective area of the membrane (m2), and 
eventually Δt stands for the permeation time (h). 

The rejection and the permeation flux of BSA (250 mg/L) and 

Reactive Red 125 dye (100 mg/L) solutions were measured after pure 
water flux test every 10 min for 60 min. To obtain a confidence value, as 
a minimum 4 replicates were conducted. 

Dye and BSA rejection, R, is measured by Eq. (4): 

R (%)=

(

1 −
CP

CF

)

× 100 (4)  

so that CP and CF are the concentrations of the dye or BSA in the 
permeate fluid and the feed solution, respectively. 

Molecular weight cut-off (MWCO) of the membranes was measured 
by filtration of different Molecular weight of polyethylene glycol (PEG) 
at pressure of 3 bar. The MWCO value was determined as the molecular 
weight at which the interpolated rejection curve reached a value of 90%. 

2.6. Antifouling tests 

After pure water flux test, a 250 ppm BSA solution in pH = 7.0 was 
quickly changed in the stirred dead-end cell. The flux for BSA solution Jp 
(L/m2 h) was determined at 3 bar. The fouled membranes were brough 
out the cells and rinsed by distilled water and immersed in a distilled 
water bath for 20 min at room temperature, then removed from the bath, 
rinsed again with water, and, reload in the test cells. After that, the 
second water flux of the washed membranes (Jw,2) was measured. To 
assess the fouling-resistant capacity of the Ho2(MoO4)3 embedded 
membranes, the flux recovery ratio (FRR) was applied, which greater 
FRR specified better antifouling characteristics of the membranes. FRR 
was calculated using the following equation: 

FRR (%)=

(
Jw,2

Jw,1

)

× 100 (5) 

To further study the fouling process of the membranes, the fouling 
resistance parameters including intrinsic resistance (Rm) persuaded by 
chemistry, thickness and membrane pore size, cake resistance (Rc) 
induced by the deposited cake layer on the membrane surface, pore 
resistance (Rf) caused by the pore blocking, and total filtration resistance 
(Rt) were measured by following equations: 

Rm =
ΔP

μ Jw,1
(6)  

Rf  = 
(

ΔР
μ  JW, 2

)

 −  Rm (7) 

Fig. 1. The scheme of membrane fabrication and use of it in separation of dye and proteins.  
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Rc  = 
(

ΔР
μ  Jp

)

 −  Rm  −  Rf (8)  

Rt  =  Rm  +  Rf  +  Rc (9)  

3. Results and discussion 

3.1. Characterization of nanomaterials 

The morphologies of the fabricated nanosheets were studied by SEM 
and the results confirmed that the prepared Ho2MoO6 have an average 
thickness of about 25–30 nm and have nanosheet structure (Fig. 2a and 
b). 

XRD analyses is a powerful technique to evaluate the composition 
and purity of the samples. Thus, XRD analysis of the prepared nano-
structures, were performed to study their composition and purity 
(Fig. 2c). The results show relative strong peaks in a smooth baseline and 
the diffraction peaks were found to be fully compatible with a mono-
clinic structure for Ho2MoO6 as compared to the library of the PC-APD 
diffraction software (00-025-0376) [40]. The robust peaks appeared at 
2θ ~29.2◦, 32.6◦, 34.8◦, 47.6◦ and 49.8◦ can be evidently reflected to 
the crystal facets denoted by the Miller indices {hkl} of (1 2 3), (0 4 0), (0 
0 6), (1 4 5) and (0 4 6), respectively. 

FTIR spectra of Ho2MoO6 samples is presented in Fig. 2d. The FTIR 
spectrum obtained for the sample contains several wide absorption 
bands at 714, 853, 911, 1634, and 3440 cm− 1. The bands at 3440 and 
1634 cm− 1 were attributed to the stretching and bending vibrations of 
the O–H and H–O–H bonds present in the surface absorbed water, 
respectively. Whereas the stretching modes (υ1 and υ3) of Ho2MoO6 
structure were appeared at the range of 450–1000 cm− 1. The absorption 
bands appeared in FTIR spectrum at 853 and 911 cm− 1 are corresponded 
to the symmetric stretching of υ1 mode of MoO bonds in the molybdate. 
The appeared broad bands at 714 cm− 1 are attributed to υ3 internal 

mode which are responsible for the asymmetric stretching vibrations of 
Mo–O–Mo bonds in the structure of MoO6 [41–43]. 

Fig. 2e shows the EDX analysis of the synthesized Ho2MoO6 nano-
sheets. As shown, holmium, molybdenum and oxygen element peaks are 
appeared without any other element peaks. 

3.2. Characterization of prepared membranes 

3.2.1. Surface chemistry 
Fig. 3 shows the ATR–FTIR spectra of the pristine PES membrane and 

the nanocomposites membrane with 2 wt% of Ho2MoO6 membranes. 
The figure only is depicted the ATR–FTIR spectra in the region of 
1500–4000 cm− 1 which have significant differences. According to 
Fig. 2d, the nanocomposites membranes show some extra absorption 
bands at 3000–3500 cm− 1 which is assigned to the stretching vibration 
of hydroxyl groups (both separated and hydrogen bonded) [44]. In 
addition, stronger absorption band about 1650 cm− 1 in 2 wt% of 
Ho2MoO6 membranes, is related to bending vibration of hydroxyl 
groups of water. Hydroxyl groups, is capable to form hydrogen bonds 
with water molecules, therefore it can play an significant role in 
improving the wettability property of the membrane [45]. This char-
acter (having a lot of hydroxyl groups on NPs) afford a hydrophilic 
surface of membrane which is modified by prepared nanoparticles [46]. 

Also, the percent of remained Ho2MoO6 nanofiller amount on the 
membrane matrix were analyzed by measuring the leach out of the 
nanosheets during phase inversion and the results showed that by in-
crease of the Ho2MoO6 amount in the casting solution, the leach out of 
the nanomaterial is increased. In low amounts of the nanofiller, the 
remained amount is close to the added amount (0.096, 0.244 and 0.477 
wt% for 0.10, 0.25 and 0.50 wt% membranes), which could be related to 
interaction of hydrophilic nanoparticle and the polymer chains, leading 
to remaining in the matrix. However, in 1 and 2 wt% Ho2MoO6/PES 
membranes, the remained amount of the nanosheets (0.87 and 1.67 wt 
%) is lower than the added amounts (1.0 and 2.0 wt%). This could be 

Fig. 2. (a, b) FESEM images, (c) XRD patterns, (d) FTIR spectrum and (e) EDX of Ho2MoO6 nanosheets prepared via chemical precipitation.  
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related to leach of some nanoparticles from the membrane body during 
the phase inversion process. 

3.2.2. The morphology of Ho2MoO6/PES membranes 
The surface and cross-sectional morphology of prepared membranes 

were studied by scanning electronic microscopes (Fig. 4 and Fig. 5). As it 
can be seen from surface SEM images of the fabricated membranes, the 
bare membrane surface is rougher than the nanocomposite membranes. 
Surface images of high loading nanosheets membranes (Fig. 4e and f) 
display some agglomerates of the nanomaterials. 

Fig. 5 shows the cross-section morphologies of the bare and nano-
composite membranes. All the prepared membranes displayed the nor-
mally asymmetric morphology involving of a porous thick sublayer by 
finger-like pores and dense thin top layer [47]. Porous thick sublayer 
is responsible for membrane strength while the dense top layer is 
responsible for rejection and permeation of the filtration solutions from 
the membranes [48]. 

The pore size and the membrane porosity increased with NPs 
loading. Indeed, introducing of hydrophilic Ho2MoO6 in the PES struc-
ture, raise the rate of solvent and non-solvent (water) exchange and 
produces porous membranes. Consequently, the pore size and porosity 
of the nanocomposites membranes increases as the amount of NPs in-
creases (Table 2). 

Average pore size, MWCO and porosity of the prepared Ho2MoO6/ 
PES membranes with various amounts of nanosheets are reported in 
Table 1. As can be seen, the modified membranes containing hydrophilic 
Ho2MoO6 have bigger average pore radius and MWCO and are more 
porous in comparison with the unmodified PES membrane. In addition, 
the average pore size and porosity of the nanocomposite membranes 
improved by adding the amount of Ho2MoO6 up to 0.2 wt%. 

3.2.3. Hydrophilic property of membranes 
The hydrophilicity of a membrane is one of the most effective 

parameter on its performances such as antifouling and flux property 
[49]. Hydrophilicity of prepared membranes was studied by the static 
contact angle analyze and the result are shown in Fig. 6. As can be seen, 
the contact angles of the modified membranes with Ho2MoO6 are 
smaller than the pristine membrane. Actually, higher hydrophilic sur-
face has smaller contact angle. Therefore, the contact angles results 

show that the Ho2MoO6/PES membranes are more hydrophilic in 
comparison with the unmodified PES membrane. Furthermore, the re-
sults also showed a trend which adding amount of the nanoparticle in 
the casting solution leads to more hydrophilic nanocomposite mem-
brane. The 2.0 wt% Ho2MoO6 membrane showed the least contact angle 
(50.2◦) and compared to the bare membrane (60◦) is much enhancement 
value (about 17%). The hydroxyl groups of Ho2MoO6 are responsible for 
modification of the hydrophilicity characteristic of nanocomposites 
membranes. As above mentioned, the hydroxyl groups can change the 
surface hydrophilicity and wettability of the PES membrane with 
establishing hydrogen bonds with water molecules. 

In addition, it has been reported by several researcher that the sur-
face roughness also can affect the contact angle value of membrane [50, 
51]. 

3.2.4. AFM images of the prepared membranes 
The AFM analysis was used for further studying of the surface 

morphology of the obtained membranes. Three and two dimension AFM 
images of the bare and nanocomposite membranes containing various 
contents of the prepared nanosheets are showed in Fig. 7. As can be seen, 
by addition Ho2MoO6 to the PES membrane the average surface 
roughness decreased (Table 2). As a trend, the average surface rough-
ness was declined by adding Ho2MoO6 content in membrane matrix. 
Average surface roughness decrement can be attributed to the viscosity 
growth. Generally, by decreasing surface roughness, the pollutants has 
less chance to agglomerate in the surface valleys of the membrane, 
consequently the antifouling properties of the polymeric membranes 
improved [52,53]. Whereas, higher surface roughness, owing to higher 
surface area, cause an increment in the membrane flux [54]. 

3.3. Membrane performance 

3.3.1. Pure water flux 
The PWF values for the prepared membranes are shown in Fig. 8. 

Based on the outcomes, by adding Ho2MoO6 NPs a significant 
improvement in the PWF acquired. The modified membrane by 2.0 wt% 
Ho2MoO6 shows highest flux (194.7 L/m2 h) which compared to the 
pristine membrane flux (94.8 L/m2 h) is a 220% improvement. This 
considerable enhancement is produced by the increase in pore size, 

Fig. 3. ATR-FTIR spectra of the PES membrane and 2 wt% Ho2MoO6 membranes.  
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Fig. 4. Surface SEM image of the bare membrane and modified membranes with different Ho2MoO6 weight ratios.  
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porosity and hydrophilicity which all together weaken the filtration 
resistance. These results are consistent with outcomes of pore size, 
porosity and contact angle analysis (Table 2 and Fig. 6). The leaching 
out results and pure water flux showed that even after leaching, the 
amount of nanoparticle is increased linearly and are consistent with 
pure water flux increasing. 

3.4. Protein separation capability of the membranes 

Fig. 9 represented the antifouling potential of the prepared mem-
branes against BSA filtration. It has been well documented that, the 
hydrophilicity properties of a polymeric membrane have a crucial ef-
fects on its permeate flux and antifouling property [55,56]. Generally, 
hydrophilic surface of membrane is less prone to fouling with microor-
ganisms, charged inorganic particles and organic substances, because of 
lower interaction between the membrane surface and the foulants. Ac-
cording to Fig. 9, all nanocomposites due to better surface hydrophilicity 
(enhanced antifouling performance) and higher porosity membranes 
display more BSA rejection and higher BSA solution flux. These out-
comes are in good agreement with the above explained results of the 
pure water flux and contact angle tests. The BSA rejection of the pristine 
membrane was 97.36% which is a bit lower than the modified mem-
branes by Ho2MoO6. This highlighted this point that introduction of the 
prepared nanosheets does not have deteriorate effect on membrane 
body. Comparing the result of BSA solution flux with pure water flux, 
shows a decreasing in former value which it can be attributed to pour 
blockage and forming cake layer by protein particles. 

The isoelectric point of BSA is about 4.9 [31], and the used BSA 
solution pH was 7. Hence, BSA molecules were negatively charged in 
this state. Meantime, the surface functional groups of Ho2MoO6 and PES 
are also negatively charged at pH 7 [38] due to dissociation. Therefore, 
an electrostatic repulsion force between both negatively charged 
membrane surface and BSA molecules is one important reason for 
improving the BSA rejection and antifouling property enhancement. 
Furthermore, the hydrophilicity increasing of membranes prepared from 
hydrophilic Ho2MoO6 causes formation of a water layer on the mem-
brane surface, which is another reason for preventing proteins attach-
ment on the surfaces of nanocomposite membranes. 

3.4.1. Antifouling performance 
The most valuable parameter to evaluate antifouling performance of 

Fig. 5. Cross-sectional SEM pictures of the PES blended membranes using 
various concentrations of Ho2MoO6. 

Table 1 
Porosity, mean pore size and MWCO of the membranes.  

Membrane Name Porosity (%) Mean pore size (nm) MWCO (Da) 

Bare PES 62.4 ± 1.3 6.41 ± 1.0 889 ± 65 
Ho2MoO6 0.1 wt% 66.0 ± 1.5 7.02 ± 0.7 924 ± 57 
Ho2MoO6 0.25 wt% 70.5 ± 0.9 6.87 ± 0.8 936 ± 45 
Ho2MoO6 0.5 wt% 72.2 ± 1.8 7.12 ± 0.9 956 ± 58 
Ho2MoO6 1 wt% 72.8 ± 1.9 7.49 ± 1.1 978 ± 37 
Ho2MoO6 2 wt% 75.0 ± 2.1 7.53 ± 0.8 998 ± 44  

Fig. 6. Contact angle of the prepared membrane.  
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Fig. 7. AFM images of the fabricated nanocomposites membranes.  
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a membrane is flux recovery ratio (FRR). Membranes with better anti-
fouling performance should have higher FRR numbers [57]. The FRR 
value of the prepared membranes were measured by measuring flux of 
the BSA solution (250 mg/L) after 90 min filtration of pure water and are 
shown in Fig. 10. As it is shown, the FRR of the pristine membrane was 

obtained 75.2%, while FRR of 2.0 wt% Ho2MoO6 membranes was the 
most (92.3%), which possessed the smallest contact angle (50.2◦). 
Therefore, it can be concluded that the flux recovery ratio has improved 
by improved surface hydrophilicity of the nanocomposite membranes. 

In addition, the improvement in antifouling properties could be 
related to decreasing of surface roughness of the prepared nano-
composite membranes as presented in Fig. 7 and Table 2. By decreasing 
of the membrane surface roughness, the organic fouling of the mem-
branes reduces [26,52,57]. 

To investigate the membrane fouling in more details, all membrane 
resistances including: fouling (pore) resistance (Rp), intrinsic membrane 
resistance (Rm), cake resistance (Rc) and total filtration resistance (Rt) 
were calculated. The cake layer created on the membrane surface which 
considered as reversible fouling is showed by Rc while the Rp shows the 
fouling resistance caused by irreversible fouling of the membrane sur-
face and pore plugging. The Rm reveals the membrane intrinsic resis-
tance. Reversible fouling unlike the irreversible type can be mostly 
omitted by hydraulic cleaning [58]. Concentration polarization (CP) 
denotes to the phenomenon of concentration gradient at the mem-
brane/solution interface owing to the selective permeability of the 
membrane. Membrane fouling and CP all prevent mass transfer in the 
membranes. Fouling increase profile during filtration mostly was caused 

Fig. 8. Pure water flux of the Ho2MoO6/PES membranes at 3 bar.  

Fig. 9. The BSA flux and rejection for the fabricated Ho2MoO6/PES membranes.  

Fig. 10. Flux recovery ratio comparison of the Ho2MoO6/PES membranes.  
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by the CP when the rejected solutes or foulant concentrations at the 
vicinity of the membrane surface is greater than that in the feeding, 
formation of the gel or fouling layer. In this study, the stirred cells were 
applied, however, the cake resistance was also observed. 

Fig. 11 represented the all membrane resistance features. As it is 
expected, the unmodified membrane owing to the lowest hydrophilicity 
and flux had the highest membrane resistances. While, all resistance 
parameters considerably decreased by introduction of the nanosheets 
into the structure of PES membrane, which can be ascribed to hydro-
philicity enhancement of the modified membranes. By adding Ho2MoO6 
content, the nanocomposite membranes showed lower resistances. The 
2.0 wt% Ho2MoO6 membranes exhibited the lowest total resistance. 

Fig. 11 suggested that the main resistance parameter that affect the flux 
of the modified and the unmodified membranes is intrinsic resistance 
(Rm). 

To unravel the influence of Ho2MoO6 nanosheets on the antifouling 
properties of the nanocomposite membranes, the surface SEM images 
were taken from the bare PES and 2 wt% Ho2MoO6/PES membrane after 

Fig. 11. Fouling parameters of the fabricated Ho2MoO6/PES nanocomposite membranes.  

Fig. 12. Surface SEM images of the BSA fouled membranes.  

Fig. 13. (a) The permeate flux of Acid Red 125 dye solution and (b) rejection of 
the fabricated membranes. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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BSA filtration. As shown in Fig. 12, the surface of the bare PES is more 
polluted by the foulant, however, the 2 wt% Ho2MoO6 membrane sur-
face is relatively clean. These SEM images show that the attachment of 
BSA protein on the membrane surface is reduced by addition of 
Ho2MoO6 nanosheets. 

3.4.2. Dye separation 
To study the separation performances of the modified membranes by 

Ho2MoO6 the rejection of Acid Red 125 dye in neutral pH, an usual dye 
in industry, was investigated by a dead-end filtration system through 90 
min. Fig. 13a shows the permeate flux of dye solution of prepared 
membranes, as it is clear dye solution of modified membrane also is 
higher than the pristine membrane. Moreover, dye solution flux trend of 
prepared membranes is similar to their PWF and BSA flux trends. But 
dye solution flux of fabricated membranes is lower than their PWF, 
which can be attributed to polarization phenomenon caused by gath-
ering of rejected dye molecules on the membrane surface and absorption 
of dye molecules inside of membrane pores [59,60]. 

The dye removal of different membranes is presented in Fig. 13b. The 
nanocomposites membranes have higher dye rejection than the bare PES 
membrane. As the diagram suggested, the dye rejection has improved 
from 88.3% in the PES membrane to 95.1% in 2 wt% Ho2MoO6 mem-
brane. It can be attributed to enhancement of membrane hydrophilicity 
which has already shown by the corresponding contact angle results in 
Fig. 6. Moreover, by introducing the Ho2MoO6 NPs into the PES matrix, 
hydrophilic groups like hydroxyl were created on the membrane surface 
which cause a repulsion between the dye and membrane surface which 
resulted in improvement of the dye rejection. 

3.5. Comparison with literature data 

Table 3 display a comparison outcome of this study with some 

reported research’s that have been done on nanocomposite membranes. 
By now numerous nanoparticles have been employed to modify the ul-
trafiltration membranes with the purpose of enhancing the resistance 
against to foulants and better dye removal. The comparison table 
highlights that Ho2MoO6 nanosheets are highly effective for improving 
membrane properties specifically fouling mitigation and flux improve-
ment. This could be related to extra hydroxyl groups on Ho2MoO6 sur-
face, which could improve membrane hydrophilicity and therefore, 
enhance the permeability and antifouling properties. Also, the Ho2MoO6 
by increase of membrane porosity and its nature adsorbent properties, 
could enhance the adsorption capacity of the membranes and could 
enhance the dye rejection. 

4. Conclusion 

In this study, Ho2MoO6 nanosheets were synthesized and charac-
terized. The obtained nanomaterial was employed to modifying poly-
ethersulfone ultrafiltration membrane. Regarding, various amounts of 
Ho2MoO6 from 0.1 wt% to 2 wt% was introduced to the casting solution 
of PES. The hydrophilicity of the fabricated nanocomposite membranes 
was enhanced by adding the Ho2MoO6 amount owing to the presence of 
hydroxyl groups on the membrane surface. The outcomes also showed 
that by increasing amount of Ho2MoO6 to the PES matrix, the mean pore 
radius and porosity increased, which can be ascribed to the enhanced 
solvent/nonsolvent exchange rate in the presence of hydrophilic nano-
particles. All of the nanocomposite membranes displayed greater flux 
and better antifouling properties compared to the bare PES membranes. 
The 2 wt% Ho2MoO6/PES membrane displayed the highest FRR value 
and the smallest water contact angle. The fabricated nanocomposite 
membranes displayed better Acid Red 125 dye and BSA rejection. 
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Table 2 
Surface roughness parameters of the prepared Ho2MoO6/PES membranes.  

Membrane Surface roughness parameters 

Sa Sq Sz Sy 

Bare PES 7.48 9.31 24.3 48.9 
0.1 wt% NPs 6.7 8.59 28.5 49.8 
0.25 wt% 5.76 7.27 28.1 56.1 
0.5 wt% 5.42 6.97 23.6 47.4 
1 wt% 4.79 6.13 28.6 57.4 
2 wt% 4.42 5.55 28.3 57.0  

Table 3 
Comparison of the performance of the Ho2MoO6 modified membrane with reported nanocomposite NF membranes.   

Polymer/ 
dosage (wt%) 

Nanomaterial type/ 
dosage (wt%) 

Pore former/ 
dosage (wt%) 

Contact angle 
(degree) 

Pure water 
flux (L/m2h) 

FRR 
(%) 

Applied 
pressure (bar) 

Dye Dye 
removal 
(%) 

Ref. 

PES/20 Fe3O4@SiO2–NH2/1 PVP/1 53.8 62 83.5 4 Methyl red 95 [61] 
PVDF/22 Halloysite nanotubes/ 

0.66 
PVP/1 58.5 42.0 96.2 3 Direct Red 28 94.9 [62] 

PS/20 Sulfated -TiO2 
/2 

– 62.2 6.37 93.0 6 Methylene 
Blue 

90.4% [63] 

PES CCa–Fe3O4/1 PVP/0.5 53.2 36 (kg/m2h) 91.7 4 Red 16 99 [64] 
PES/16 Ag3PO4/CuZnAl NLDH/ 

0.5 
PEG 42 269.5 62.3 0.5 – – [65] 

PES/21 TiO2/0.1 PVP/1 54.2 32.5 (kg/m2h) 87.4 3 Reactive Blue 
21 

73 [66] 

PES/21 rGO/TiO2/0.1 PVP/1 56.3 43.5 (kg/m2h) 96.8 3 Reactive Blue 
21 

82 [66] 

PES/21 Fe3O4-MDA/1 PVP/1 37.18 185.7 86.4 3 Reactive 
Green 19 

98 [67] 

PVC/15 TETA-MWCNT/1 PEG/1 51.6 80.0 76.1 2 Lanasol blue 
3R 

85.8 [68] 

PES/18 Ho2MoO6 PVP/1 50.2 194.7 92.3 3 Acid Red 125 95.1 This 
study 

a: Carboxymethyl chitosan Fe3O4. 
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