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Abstract: Urea-formaldehyde resin (UFR), a thermosetting resin, is used to prepare ultrafiltration
membranes because of its excellent mechanical properties and filtration performance. Herein, a porous
ultrafiltration membrane is prepared by coating a mixture of UFR and carboxymethylcellulose (CMC)
on the surface of filter paper via a facile acid-curing treatment method. CMC is used as a thickening
agent, and hydrochloric acid is used as a curing agent to accelerate composite membrane formation.
The mesoporous UFR is embedded in the large pores of the paper matrix by coating treatment,
and the presence of CMC can decrease the flowability of the resin. The effects of UFR concentration,
CMC dosage, and hydrochloric acid concentration on the performance of the composite ultrafiltration
membrane are studied. The ultrafiltration membrane demonstrates a rejection rate of 85% and a pure
water flux of 850 L/(m2

·h) with the optimized resin concentration, CMC dosage, hydrochloric acid
concentration, and coating amount at 30%, 20% (resin dry), 12%, and 250 g/m2, respectively.

Keywords: urea-formaldehyde resin; ultrafiltration membrane; rejection rate; pure water flux

1. Introduction

Ultrafiltration membranes have been extensively applied in water treatment to remove bacteria
and macromolecules, colloidal materials, oil droplets, and suspended solids (SS), etc. [1–5].
Ultrafiltration membranes have a pore size of 2–100 nm, corresponding to a molecular weight
cutoff of 1000–500,000 Da in the operating pressure range of 0.1–1.0 MPa [6,7]. The phase
inversion process is an effective method for producing polymer ultrafiltration (UF) membranes.
There are four phase inversion processes: thermally induced phase separation [8], immersion
precipitation [9], dry-casting of a polymer solution [10], and vapor-induced phase separation [11].
However, polymeric ultrafiltration membranes are prone to fouling during long-term operation
because of their intrinsic hydrophobicity and low hydrophilicity. Membrane fouling, caused by the
adsorption and accumulation of contaminants on the external surface and within the channels of the
membrane, not only results in channel blockage and reduces permeate flux, but also significantly
shortens the membrane lifespan. It has been widely acknowledged that membranes with high
hydrophilicity are less susceptible to fouling.

Thermoplastic polymers, such as polyvinyl chloride [12,13], polyamide [14,15],
cellulose acetate [16,17], and others [18–21], are widely used as membrane separation materials.
However, thermoplastic polymer membranes are subject to a high degree of fouling, so it is
imperative to improve their hydrophilicity [22–25]. Water-soluble resins are more hydrophilic
than thermoplastic polymers. UFR, a water-soluble thermosetting resin, has received extensive
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attention because of its hydrophilicity, decent mechanical strength, superior physical and chemical
stabilities, and low cost [26–30]. Thermosetting UFR has very good compressive strength, so the
prepared membrane material can have strong compressive strength. The membrane can be used in
high-operating-pressure conditions because of its good filtering speed. Thermosetting resins have
higher temperature resistance than conventional thermoplastic resins, enabling stable ultrafiltration
at higher temperatures. However, high temperatures have a negative effect on the performance of
thermosetting membranes during preparation process. High temperatures are unfavorable for the
porosity ratio of the membrane as the water content is decreased, which leads to a low porosity ratio.

In general, toxic reagents such as N,N-dimethylformamide (DMF) and N-methylpyrrolidone are
used in membrane production [31–34]. Although the excellent properties of polymer membranes
in various applications have been widely recognized, they result in environment issues during the
production and disposal stages of their life cycle. The sustainability of thin membranes can be further
improved by replacing the present non-renewable polymeric materials from petrochemical resources
with naturally occurring polymers like cellulose [35–39]. Cellulose, as the most common organic
polymer in the world, has the potential to reduce environmental pressure [40–43]. For instance,
Varanasi et al. [32] reported that cellulose nanofiber composite ultrafiltration membranes are readily
recyclable as a feed stock for the conventional papermaking process. Wang et al. [44] proposed a
method to prepare paper-based ultrafiltration membranes via paper coating technology.

In this project, water-soluble UFR was used as a precursor; a UFR solution was gelation-cured by
adding an appropriate amount of acid. By controlling the process conditions of gel curing, a UFR-based
ultrafiltration membrane with a three-dimensional network structure was successfully prepared. In this
project, the thickener plays an important role in making the porosity of the membrane uniform in the
system. The mechanism of UFR gel curing was analyzed and discussed. This process is also suitable
for other thermosetting phenolic resin, melamine resin, and epoxy resin membrane filtration material
preparation, thus greatly expanding the ultrafiltration membrane raw material fields and scope.

2. Materials and Methods

2.1. Materials

Filter paper (100 g/m2) was obtained from Quzhou Kaile Co. Ltd., Quzhou, China.
Urea-formaldehyde resin (43 wt%) was obtained from Langfang Senbang Co. Ltd., Langfang,
China. Hydrochloric acid (37 wt%), sodium carboxymethylcellulose, and anhydrous alcohol were
purchased from Nanjing Chemical Regent Co. Ltd., Nanjing, China. All chemicals were used as
received without further purification.

2.2. Preparation of the Composite Membranes

Solid sodium carboxymethylcellulose (CMC) was wetted by a small amount of anhydrous alcohol.
Then, a 1 wt% CMC solution was obtained by dissolving CMC in distilled water and stirring for 4 h at
60 ◦C. The obtained solution was maintained at room temperature for 24 h. Then, a set concentration
of UFR was prepared, followed by the addition of a set amount of CMC and hydrochloric acid into the
UFR solution with mechanical stirring at 55 ◦C. The mixed UFR solution was further treated with a
sonicator (Q125, Qsonica, New York, NY, USA) for 10 min to remove bubbles.

A bar-coating method was employed to coat the as-prepared mixture coating solution onto the
filter paper [45]. First, the paper was fixed on a glass plate and 2 mL of coating solution was added
to the paper. Next, the solution was coated on the papers by wiping with a No. 20 coating rod
(SG80QZ, RK PrintCoat Instruments Ltd., Royston, UK). The coated filter paper was placed in a drying
oven for heat treatment. The composite ultrafiltration membrane was prepared successfully by the
gelation-solidification of UFR.
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2.3. Determination of Porosity

Membrane samples were placed in the drying oven at 105 ◦C for 5 h before measuring the dry
weight (m1). The membrane maintained in ethanol for 12 h was weighed (m2) after removing superficial
ethanol solution with filter paper. From the two weights (dry sample weight and wet sample weight),
the porosity of membrane can be calculated according to Equation (1). Porosity is defined as:

Pr =
m2 −m1

V × ρ
× 100% (1)

Porosity is the percentage of the volume of open pores to the total volume. In the equation, Pr (%)
is the porosity of the membrane, m1 (g) is the bone dry weight of the membrane, m2 (g) is the wet
membrane weight after adsorption of ethanol, V (m3) is the volume of the membrane (V = A × l,
where A is the area of the membrane and l is the thickness of the membrane), and ρ is the density of
ethanol (0.79 g/mL).

2.4. Determination of Pure Water Flux

This experiment was conducted using the standard pure water permeation detection method [46,47].
The prepared composite membrane was cut into an appropriate size and placed in an ultrafiltration cup.
The composite membrane flux was determined by measuring the permeate volume under an operation
pressure of 0.1 MPa at 25 ◦C. The water flux Jw (L/(m2

·h)) was calculated using the Equation (2):

Jw =
V

A∆t
(2)

where V (L) is the volume of permeated water, A (m2) is the membrane area, and ∆t (h) is the
permeation time.

2.5. Determination of Rejection Ratio

The rejection ratio was measured by filtrating bovine serum albumin solution (BSA, in 0.15 mol/L
of NaCl buffered solution). The rejection can be calculated using the turbidimetric method [48,49].
After 30 min of filtration, the BSA concentrations in the feed solution and permeation solution were
measured. The rejection ratio was calculated using Equation (3):

R =
C f −Cp

C f
× 100% (3)

where Cp is the BSA concentration (g·L−1) of the permeation solution and Cf is the initial BSA
concentration (g·L−1). The concentrations of the initial and permeation solution were analyzed on a
UV-vis spectrophotometer (Evolution 201, Thermo Scientific, Waltham, MA, USA) with adsorption at
280 nm [50].

2.6. Morphological Study Methods

The morphology and structure of the composite membranes were observed by taking scanning
electron microscope (SEM) images from the top surface and cross-section of the membrane samples.
The membrane sample was immersed in liquid nitrogen for quick-freezing to obtain the cross-section
morphology. All samples were freeze-dried and sputtered with gold prior to detection. The membranes
were examined by field emission scanning electron microscopes (FE-SEM, JSM-7600F, JEOL, Tokyo,
Japan). The pore size distribution of the membrane was determined by a specific surface area and pore
structure analyzer (V-Sorb 2800P, GAPP, Beijing, China).
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3. Results and Discussion

3.1. Preparation of Paper-Based UFR/CMC Composite Ultrafiltration Membrane and Its Formation Mechanism

Figure 1a shows a schematic of our strategy for the preparation of this composite ultrafiltration
membrane. First, we introduce UFR to cellulose filter paper by a coating method. To control the
gelation process of UFR and to make up for the defects of large pores in the membrane, a thickening
agent was added to the system. Thickeners are generally water-soluble macromolecules, whose long
chain structures facilitate the crosslinking reaction. CMC is a good dispersant and film-forming
agent. Because of its superior water-retaining performance, CMC is also conducive to improving the
porosity of the membrane. Therefore, CMC was selected as the thickener for the composite membrane.
The addition of thickener will moderately block contact between the adhesive molecules and the acid
solution, causing the film-forming liquid to slowly gel. The increased viscosity also has a good effect
on the uniformity of the pore size.
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Figure 1. (a) Schematic illustration of preparation of the UFR/CMC composite ultrafiltration membrane
(b) morphological images of the UFR/CMC composite ultrafiltration membrane (c) photos of filter
paper and the composite ultrafiltration membrane (d) pore diameter distribution of the composite
ultrafiltration membrane (e) changes in UFR gel degree over time with the addition of hydrochloric acid.

The morphology of the composite membrane top surface and cross-section was observed using
FE-SEM, as shown in Figure 1b. During the fabrication process, resin fills the pores of the cellulose fiber
network and cover the fiber surfaces. The results show that a porous resin layer with a thickness of
232 ± 4 µm was formed on porous filter paper. Compared with the raw filter paper, more narrow pores,
which may help to retain BSA, were formed on the surface of the coated filter paper. The composite
membrane cross-sections showed a typical asymmetric morphology, including dense small-pore
structures in the membrane.

Nitrogen adsorption was used to estimate the pore size distribution of the membrane. As shown
in Figure 1d, the membrane has a bimodal peak distribution below 10 nm, which suggests the presence
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of mesopores. The pore size distribution result is in good agreement with that of FE-SEM. It was
concluded that the composite membrane fabricated in this project could be considered to be an
ultrafiltration membrane.

As shown in Figure 1e, after adding hydrochloric acid to the aqueous solution of UFR, the resin
undergoes a slow gelation process. Cured resins with different porosities can be obtained by controlling
the speed of the gelation. We found that the gelation rate of UFR is slow without heating treatment.
The efficiency of membrane production is low. In this case, heating treatment could shorten the gelation
process of UFR. After optimization experiments, 55 ◦C was chosen as the heating temperature for UFR.
Without the addition of thickening agent, the gelation of the resin was not uniform. The probability of
macroporous defects in the prepared composite membrane was very high. The addition of CMC has
positive effects on the production of a uniform porous resin ultrafiltration membrane.

3.2. Effects of CMC Content and UFR Concentration on the Performance of the Composite Membrane

In this experiment, urea-formaldehyde resin (UFR) solution with a concentration of 30% was
prepared, and 0%, 5%, 10%, 15%, 20%, 25%, or 30% CMC (1 wt%) relative to the resin content was added
to the solution. Then, hydrochloric acid (12 wt%) was used as a curing agent. Different composite
membranes were prepared according to the amount of CMC added. The performance test results
for the composite membrane are shown in Figure 2a. The addition of CMC to the resin membrane
induced a decrease in water flux in comparison with that of the pure resin membrane: the water flux
decreased with increasing CMC contents in the range of 0–30%. When the amount of CMC reached
30%, the water flux of the composite membrane was 400 L/(m2

·h). However, the composite membrane
showed a higher rejection ratio with the addition of CMC in comparison with that of the pure resin
membrane. The rejection ratio increased from 52% to 92% with increasing CMC contents in the range
of 0–30%. This can be explained as follows: the addition of CMC can result in the formation of a dense
skin layer, thus providing fewer water transport pathways to limit water flux. CMC can also make the
network structure denser, resulting in an increase in the rejection rate.

UFR aqueous solutions with concentrations of 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, and 50%
were prepared. Membrane solutions were prepared by mixing 20% CMC and hydrochloric acid
(12 wt%) with the resin aqueous solution. Figure 2b shows the water flux and rejection ratio of
the prepared composite membrane with different UFR concentrations. The pure water flux of the
composite film decreased rapidly with an increase in resin concentration. When the UFR concentration
reached 50%, the pure water flux of the composite membrane approached 470 L/(m2

·h). It is obvious
that the rejection ratio increased from 30% to 92% with an increase in resin concentration in the
range of 10–50%. This can be explained as follows. A higher resin concentration can result in dense
crosslinking, thus providing fewer water transport pathways and limiting water flux. A higher resin
concentration can also make the network structure denser, resulting in an increase in the rejection ratio.
Considering the application of the composite membrane, a resin concentration of 30% was selected
for further experiments. With this concentration, the pure water flux of the composite membrane is
approximately 800 L/(m2

·h), and the rejection ratio is approximately 90%.

3.3. Effects of Acid on the Performance of the Composite Membrane

The gelation time of the composite ultrafiltration membrane prepared with different amounts of
hydrochloric acid as curing agent is shown in Figure 3.
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Figure 2. Effects of (a) CMC content and (b) urea-formaldehyde resin concentration on the pure water
flux and rejection ratio of the composite membrane.
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Figure 3. Effect of hydrochloric acid concentration on the gelation time of the composite membrane.
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The gelation time of the composite ultrafiltration membrane prepared with different amounts of
hydrochloric acid as curing agent is shown in Figure 3. The gelation time decreased with increasing
hydrochloric acid concentration in the range of 6% to 14%. When the hydrochloric acid concentration
is low, the gelation time of the resin is long. The increase in acid concentration in the resin membrane
induces less water flux and a higher rejection ratio. This can be explained as follows. A small amount
of acid is not enough to solidify the resin completely, resulting in a sparse network structure and poor
rejection rate. If the concentration of hydrochloric acid is high, the resin gelation speed is too fast
to control. Therefore, the ideal concentration of hydrochloric acid for fabrication of the composite
membrane based on the comprehensive consideration of the pure water flux and rejection ratio is 12%,
as shown in Figure 4a.
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Figure 4. Pure water flux and rejection ratio of the composite membrane by acid-curing and heat-curing,
respectively (a) Effect of hydrochloric acid concentration on the membrane performance (b) Effect of
temperature on the membrane performance.

Figure 4b shows the effect of temperature on the permeability and rejection ratio of UFR composite
membranes prepared by heat curing. The composite membrane prepared at 100 ◦C has a porosity ratio
of 14.7%, a pure water flux of 2270 L/(m2

·h), and a rejection ratio of 11.4% for bovine serum albumin
(BSA). With an increase in temperature, the water flux is slightly decreased and the rejection ratio
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shows an inverse tendency. A water flux of 1898 L/(m2
·h) and rejection ratio of 17.6% were achieved

when the temperature was increased to 140 ◦C. Because water evaporates easily at high temperatures,
the porosity and rejection ratio of the composite membrane are maintained at a low level. The resin
itself cross-links and solidifies, leading to a decrease in porosity. Furthermore, because of the excessive
evaporation of water in the process of heat-curing, the membrane layer is brittle and easy to crack
under high pressure, resulting in a large pure water flux and small rejection ratio.

3.4. Effect of Coating Weight on the Membrane

The optimal ratio was selected to prepare the membrane solution, the dosage was controlled,
and the resin membrane layer was coated on the surface of the paper. Different composite membranes
were prepared with different amounts of coating. The pure water flux and the rejection performance of
BSA solution were tested. Figure 5 shows that the amount of resin used for the membrane influences
the rejection performance of the membrane significantly. As the coating weight increased, the thickness
of the film also increased. A denser membrane layer can result in a higher rejection ratio and less
water flux. Controlling the appropriate amount of coating is essential for improving the membrane
performance and controlling costs.
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3.5. Comparison of the Prepared Membranes with Those in the Literature

A comparison of the water flux and rejection ratio for our composite membrane with ultrafiltration
membranes from the literature is shown in Table 1. In general, the UFR composite membrane shows
a higher water flux than other UF membranes, with a desirable rejection ratio for BSA. It indicates
clearly that the UFR can be suitable for potential use in wastewater treatment.

Table 1. Comparative water flux and rejection ratio of composite membranes.

Membrane Water Flux (L/m2
·h) Rejection (%) Reference

PVDF/GO 243 77.2 [51]
PVDF/PFSA 460 87.7 [52]
PVDF/PFSA 587 93.9 [52]
PAN-PF127 391 95 [53]
PAN-SiO2 234.3 99.3 [54]
PES-CA 63.3 84.6 [55]

PES-CA-Ag2O 92.88 88.8 [55]
UFR 850 85 This work
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4. Conclusions

This is the first time that a UFR-based ultrafiltration membrane was prepared successfully. In this
research, filter paper was used as a template, water-soluble UFR was used as a precursor, a UFR solution
was gelation-cured by adding hydrochloric acid. The addition of thickener can help make the pore size
of the membrane uniform. The membrane property of the composite membrane prepared by acid-curing
is much better than that prepared by heat-curing. The paper composite ultrafiltration membrane
prepared under optimal conditions (UFR concentration of 30%, CMC dosage of 20% (resin dry),
hydrochloric acid concentration of 12%, heating temperature of 55 ◦C, approximately 250 g/m2 of
coating) exhibited a rejection ratio of 85% and a pure water flux of 850 L/(m2

·h).
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