
Full Length Article

Efficient separation of phosphorylated sugars from multi-enzyme
system by ultrafiltration and membrane fouling mechanism

Zhengxin Mao 1, 2, Jiachang Shen 1, 2, Mengxin Liu 3, Yanjie Ji 3, Qinhong Wang 4,
Maohua Yang 1, *, Jianmin Xing 1, 2, *

1 CAS Key Laboratory of Green Process and Engineering, Institute of Process Engineering, Chinese Academy of Sciences, Beijing 100190, China
2 College of Chemical Engineering, University of Chinese Academy of Sciences, Beijing 100049, China
3 Tianjin Juno Biotechnology Company, Tianjin 300308, China
4 CAS, Key Laboratory of Low Carbon Synthetic Engineering Biology, Tianjin Institute of Industrial Biotechnology, Tianjin 300308, China

a r t i c l e i n f o

Article history:
Received 21 June 2025
Received in revised form
31 July 2025
Accepted 3 August 2025
Available online 20 August 2025

Keywords:
Phosphorylated sugars
Multi-enzyme system
Ultrafiltration
Efficient separation
Membrane fouling

a b s t r a c t

Phosphorylated sugars, recognized as central intermediates in carbohydrate metabolism and critical
precursors for enzymatic synthesis of rare sugars, face significant technical barriers in their industrial-
scale production. The multi-enzymatic preparation systems for these compounds inherently accumulate
complex impurities, including protein-based catalysts, residual substrates, and oligosaccharide by-
products, posing persistent challenges in product separation and biocatalyst recycling. To address this
limitation, we conducted a systematic investigation of ultrafiltration-based separation strategies during
the multi-enzyme-catalyzed synthesis of fructose-1,6-bisphosphate (FDP), with particular emphasis on
membrane fouling mechanisms. By screening the ultrafiltration membranes, UE020 showed the best
performance in the model system, achieving significant separation targets: 99.97% retention of bovine
serum albumin, FDP/maltodextrin separation coefficient of 7.41, and FDP recovery of 93.63%. An analysis
of the components of resistance revealed that concentration polarization induced by maltodextrin was
the main factor constituting the resistance, irreversible resistance due to bovine serum albumin was a
secondary effect, and the resistance constituted by FDP was negligible. A mitigation strategy employing
powdered activated carbon for dynamic membrane formation significantly improved system perfor-
mance, reducing irreversible resistance by 59.14% and enhancing flux recovery by 20.85%. In this study,
ultrafiltration was strategically employed to achieve efficient separation of FDP and enzyme recovery.
Significantly, we deciphered the synergistic fouling mechanisms arising from interactions within the
multicomponent system containing phosphorylated sugars, oligosaccharides, and proteins. These
findings provide a mechanistic framework for scaling up multi-enzymatic systems dedicated to phos-
phorylated sugar biosynthesis, effectively bridging the gap between laboratory-scale synthesis and
industrial implementation.
© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

Phosphorylated sugars serve as key intermediate metabolites
in glycolysis, contributing to energy metabolism and regulating
glycolytic flux. These compounds are utilized across multiple
fields, including biomedical research, biochemical analysis, and
food industry. Their use in tumor therapy [1,2], glucose

metabolism marker research, glycolytic pathway studies [3], and
the modulation of the taste and sweetness of foodstuffs are
notable examples. Beyond these roles, phosphorylated sugars hold
significance in multi-enzyme systems, where they act as in-
termediates or substrates for downstream reactions. The field of
multi-enzyme systems has attracted considerable interest due to
its high reaction rate, substrate specificity, adaptable reaction
conditions, and high product selectivity [4]. For example, starch
and its derivatives can be converted to fructose-6-phosphate via a
multi-enzyme cascade. Subsequent addition of various enzymes
and/or coenzymes enables the production of diverse functional* Corresponding authors.
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rare sugars [5], such as fructose [6], mannose [7], fructose-1,6-
bisphosphate [8], tagatose [9], and allulose [10].

The synthesis of rare sugars by multi-enzyme systems has
recently been the focus of numerous research studies [11,12].
Processes such as natural extraction, microbial fermentation or
direct chemical synthesis of sugar products have cheap substrates
and do not involve enzymatic separation. High yields can often be
obtained using conventional separation processes, such as cation
exchange chromatography [13], activated carbon adsorption [14],
membrane separation [15,16], crystallization and precipitation.
Multi-enzyme systems frequently contain target products, multi-
ple enzymes, residual substrates, accumulated intermediates and
other associated components. Membrane separation enables
stepwise separation of enzymes, substrates, and metabolites from
target products, permitting hierarchical recovery and reuse. The
process offers high energy efficiency, high separation selectivity,
simple operation and low maintenance cost. Fructose-
1,6-bisphosphate (FDP) is a derivative of fructose formed by
bisphosphorylation, and its structural specificity (C1 and C6
phosphorylation) determines its central position in cellular
metabolism. Clinically, FDP treats cardiovascular diseases, neuro-
degenerative diseases, ischemic diseases, and other clinical dis-
orders [8]. The conventional production process entails the
utilization of yeast cells for the purpose of enzymatic conversion
[17]. The purification process typically employs a combination of
precipitation, ion exchange, and crystallization techniques. Con-
ventional processes frequently cause enzyme/substrate waste and
higher production costs. The purification cascade comprises:
microfiltration/ultrafiltion (MF/UF) removal of enzymes, oligo-
saccharides, and macromolecules [18]; Electrodialysis/nano-
filtration desalination [19,20]; Ion-exchange resin elimination of
neutral impurities [21]; Final concentration/crystallization to
obtain high-purity product [22].

Fouling in membrane filtration hinders technological progress,
severely reducing separation efficiency and selectivity. During
filtration, solutes accumulate on membrane surfaces or penetrate
pores, forming filter cakes/gel layers or causing pore blockage. This
results in flux decline and elevated transmembrane pressure
(TMP). In order to describe the fouling phenomenon, researchers
have developed a series of mathematical models, such as series
resistance model [23], Hermia model [24], artificial neural
network model [25], the extended Derja-
guin—Landau—Verwey—Overbeek (XDLVO) model [26], and
computational fluid dynamics model [27]. The series resistance
model and Hermia model have been extensively utilized to
describe fouling phenomena in various membrane separation
processes, owing to their high accuracy and excellent alignment
with experimental data. The former quantifies resistance distri-
bution, while the latter elucidates membrane fouling mechanisms
[28]. Foulant adsorption onto the membrane initiates fouling for-
mation. Subsequently, additional foulants adsorb onto these initial
foulants, forming a fouling layer. Thus, foulant-membrane and
foulant—foulant interactions are crucial for understanding the
fouling mechanism. The XDLVO model quantifies interaction en-
ergy as a function of interparticle separation distance. Recently, it
has been adopted to describe membrane fouling in numerous
studies [29]. In order to alleviate fouling, there have been many
studies on the preparation of modified membrane materials and
new cleaning strategies. Dynamic membrane (DM) technology
mitigates fouling by diverting foulant accumulation to the dy-
namic layer instead of the base membrane. Powdered activated
carbon (PAC) is widely used as a constituent material of DM due to
its excellent adsorption properties. Moreover, in practical appli-
cations, using PAC as the DM material further enhances the
product quality by pre-decolorization.

Optimal membrane candidates were systematically selected
using the FDP multi-enzyme catalyzed solution. Performance
assessment focused on three key metrics: permeate flux, separa-
tion efficiency, and product recovery. Fouling membranes were
analyzed through physicochemical characterization (e.g., surface
morphology, contact angle) while simultaneously modeling
fouling mechanisms via: (1) the series resistance model, (2) Her-
mia model, and (3) XDLVO model. This multi-model approach
revealed the cooperative fouling mechanism between phosphor-
ylated sugars, oligosaccharides, and proteins. Building on the
identified fouling mechanisms, we will employe dynamic mem-
branes mitigating fouling.

2. Materials and Methods

2.1. Materials

Commercial UF membranes with different molecular weight
cut-offs (MWCO) UE010, UE020, UE050 and US020 (relevant pa-
rameters are shown in Table 1) were purchased from Rising Sun
Membrane Technology (Beijing) CO., Ltd., China. D-Fructose 1,6-
bisphosphate trisodium salt octahydrate (98%), bovine serum al-
bumin (96%, BSA) and polyethylene glycol (PEG, molecular weights
of 1, 2, 4, 6, 8, 10, and 20 kDa) were purchased from Shanghai
Aladdin Biochemical Technology Co., China. Maltodextrin (DP
7—11, MW. 1152—1800 Da) was purchased from Dong Xiao
Biotechnology Co., China. Pure water used for all solution config-
urations was obtained from an ultrapurewater machine. 2 L of FDP
(40 g·L− 1), MD (30 g·L− 1) and BSA (5 g·L− 1) solutions were
configured as model solutions. The binary system contained FDP
and MD, and the ternary system contained FDP, MD and BSA.

2.2. UF experiment

The experimental set-up was a homemade device as shown in
Fig. 1. The effective filtration area of the flat membrane was
7.07× 10− 4 m2 and each batch of experiments was performedwith
a new membrane soaked in pure water for 4 h and rinsed several
times with pure water before use. Prior to the filtration of the feed
solution, the membrane was pre-compressed with pure water at a
TMP of 0.3 MPa for 30 min to ensure that the membrane surface
structure remained stable during the filtration process. The feed
solution is transported to the cross-flow filtration membrane cell
(Hangzhou Super filtration Membrane Technology Co., Ltd., China)
via a diaphragm pump (Shanghai Xinxishan Industry Co., Ltd.,
China), and TMP and cross-flow velocity are regulated by bypass
throttle valves and flow meter control valves. Driven by the TMP
difference, part of the feed solution flows back to the stock tank
and the other part passes through the UF membrane to the
permeate tank. The mass of the permeate is measured by an
electronic balance and the data measured by the balance is
transferred to the computer software (iWeight), which records the
change in permeate mass over time. Every 10 min the permeate is
returned to the feed solution tank to ensure that the feed solution
concentration remains stable. Unless otherwise stated, operating

Table 1
Parameters related to UF membranes (data from manufacturer).

Type Material MWCO/kDa Water flux/L·m− 2·h− 1

(25 ◦C, 0.35 MPa)

UE010 Polyethersulfone (PES) 10 150
UE020 PES 20 200
UE050 PES 50 250
US020 Polysulfon 20 280
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conditions were as follows: TMP 0.1 MPa, cross-flow velocity
1.19 m·s− 1, control temperature 25◦C ± 0.2 ◦C.

We employed PAC as a foulant mitigation agent to alleviate
fouling during ultrafiltration. An in situ deposition method was
applied to form a dynamic layer, specifically by dosing the raw feed
solutionwith 0.2 g·L− 1 of PAC powder (400mesh size; particle size
<37 μm) prior to the UF process. The mitigation effectiveness was
characterized through resistance analysis and flux recovery
evaluation.

2.3. Methods for measuring concentration

The concentrations of FDP and MD were determined by high
performance liquid chromatography (HPLC, 1200, Agilent, USA).
Chromatographic conditions were as follows: Sugar Pak I column
(300 mm × 6.5 mm, 10 μm); pure water as the mobile phase,
differential refractive index detector, column temperature of 70 ◦C,
volumetric flow rate of 0.4ml·min− 1, injection volume of 10 μl, run
time of 10 min.

The concentration of BSA was determined according to the
Bradford method [30]. Table 2 shows the standard curves.

2.4. Data process

In the UF experiments, the starting solutionwas collected at the
beginning and the permeate was collected at the end of filtration,

and the retention of FDP, MD and BSA by the UF membrane was
calculated using the following equation:

R=

(

1 −
Cp;i
Cf;i

)

× 100% (1)

where Cf,i and Cp,i are the concentrations of feed and permeate,
g·L− 1, respectively; R is retention. The separation factor indicates
the selectivity of the membrane for different solutes and is given
by the following equation:

α=
1 − R1
1 − R2

(2)

where α is the separation factor; R1 is themembrane retention rate
of small molecule solute, %; R2 is the membrane retention rate of
largemolecule solute, %. If α = 1, it means that the retention rate of
the two solutes is the same, and the membrane has no separation

Fig. 1. Device diagram of cross-flow filtration: (1) device picture including membrane modules and flow systems, (2) detailed schematic diagram of membrane module, (3)
schematic diagram of ultrafiltration device.

Table 2
Standard curves.

Equation Concentration
range/g·L− 1

Correlation
coefficient

FDP y = 252628x+2889.4 0.05—0.3 0.9997
MD y = 146679x—1291.2 0.05—0.3 0.9956
BSA y = 0.6256x+0.2971 0.05—0.5 0.9955
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effect on the two solutes; if α > 1, it means that the membrane has
some separation effect on the two solutes, and the larger α is, the
better the separation effect is.

Pore size distributions of pristine and fouling membrane were
determined using the methods [31,32] described.

2.5. Characterization of foulant and fouling membrane

Zeta potential and mean particle size of FDP, MD and BSA were
determined using a nanoparticle size potentiometer (Zetasizer
Nano 90, Malvern, UK), respectively. The morphological charac-
teristics of the membrane surface were observed using a scanning
electron microscope (SEM, S4800, Hitachi, Japan). The membrane
surface was observed using an atomic force microscope (AFM,
MultiMode 8, Bruker, Germany) and the roughness was calculated
by NanoScope Analysis 1.8. The contact angle of the membrane
was determined using a contact angle meter (DSAHT17C, Kruss,
Germany). The viscosity of the solution was determined using a
viscosity densitometer (DMA5000M-Lovis2000ME, Anton Paar,
Austria). The concentration of PEG was measured using a total
organic carbon analyzer (TOC-V CPH, Shimadzu, Japan). The mo-
lecular weight distribution of MD was determined using gel
permeation chromatography (GPC-20A, Shimadzu). Each sample
was measured at least three times.

2.6. Fouling model

2.6.1. Series resistance model
The series resistance model is an expression based on Darcy's

law which is used to describe the change in permeate flux during
the filtration process and at any time during the filtration process
the permeate flux can be expressed by the following equation:

J=
ΔP

μ·Rt
(3)

where J is the permeate flux, L·m− 2·h− 1; ΔP is TMP, Pa; μ is the
viscosity of the solution, Pa·s; and Rt is the total resistance, m− 1.
The total resistance consists of the following components:

Rt=Rm + Rre + Rir (4)

where Rm is intrinsic membrane resistance, m− 1; Rre is reversible
resistance, m− 1; Rir is irreversible resistance, m− 1.

The fouling resistance component is calculated as follows: Rm
can be calculated by determining the pure water flux before
filtration in each experiment, Rt can be calculated by determining
the flux of the model solution when the filtration process reaches
the steady stage, and Rir can be calculated by determining the pure
water flux after cleaning the membrane when the filtration is
completed.

2.6.2. Hermia model
Hermia proposed a universal classical model to describe the

relationship between the permeate flux and filtration time in
constant pressure dead-end filtration. The general formula is:

dJ
dt

= − KJ2− n × J (5)

where t is thefiltration time, h;K is the blocking constant; the change
in the value of n indicates different forms of fouling, fromwhich four
fouling mechanism models are proposed (shown in Table 3): com-
plete blocking model (CBM, n = 2), standard blocking model (SBM,
n = 1.5), intermediate blocking model (IBM, n = 1) and cake for-
mation model (CFM, n = 0). CBM assumes that the foulant particles

completely block the membrane pores, there is no particle accu-
mulation and the fluid cannot pass through the membrane pores;
this fouling is usually due to the foulant particle diameter being
similar to or slightly larger than the membrane pore diameter. SBM
states that the foulant particle diameter is smaller than the mem-
brane pore diameter, the foulant enters the membrane pore and
gradually accumulates, reducing the effective membrane pore
diameter and increasing the filtration resistance. The formation of
this fouling is usually the result of a few medium-sized particles
adsorbing and accumulating in the membrane pores. CFM considers
that the foulants cover the membrane surface to form a gel/cake
layer and the formation and thickening of the cake layer increases
the filtration resistance and leads to a reduction in permeate flux.
This type of fouling occurs in most filtration processes. IBM is a form
of fouling between CBM and CFM where there is both membrane
poreblockage and cake formation,which together result in increased
resistance. A schematic of the model blockage is shown in Fig. 2.

The classical model is available for dead-end filtration under
constant pressure conditions, but the continued use of the classical
model introduces a large deviation in cross-flow filtration due to
the presence of a non-negligible tangential flow. Therefore, the
steady state flux (Jss, L·m− 2·h− 1) was introduced to correct the
classical model and the mass transfer model was obtained with
the following general formula:

dJ
dt

= − KJ2− n(J − Jss) (6)

2.6.3. XDLVO model
The XDLVOmodel asserts that the total interfacial energy (ΔGTOT,

mJ·m− 2) between the solute and the membrane surface consists of
the acid-base interaction energy (ΔGAB, mJ·m− 2), van der Waals
interaction energy (ΔGLW, mJ·m− 2), and electrostatic double layer
interaction energy (ΔGEL, mJ·m− 2), which is given in Eq. (11):

ΔGTOT=ΔGAB + ΔGLW + ΔGEL (11)

When the total interfacial energy is positive, the two sub-
stances repel each other; when the total interaction energy is
negative, the two substances attract each other. The interfacial
interaction energy is a function of the interaction distance h (m)
and is calculated as follows:

ΔGAB(h)=2πrΔGABh0 exp
(
h0 − h

λ

)

(12)

ΔGLW(h)=2πrΔGLWh0
h0

2

h
(13)

ΔGEL(h)=πε0εrr

[

2ξmξf ln

(
1+e− κh

1− e− κh

)

+
(

ξm
2
+ξf

2
)

ln
(
1− e− 2κh

)
] (14)

Table 3
Mass transfer expression for the Hermia model.

Model n Mathematical equation Code

CBM 2 dJ/dt = —Ka(J—Jss) (7)
SBM 1.5 dJ/dt = —Kb(J—Jss)J0.5 (8)
IBM 1 dJ/dt = —Kc(J—Jss)J (9)
CFM 0 dJ/dt = —Kd(J—Jss)J2 (10)
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where r is the radius of solute particles, nm; λ is the decay length of
the polar force in water, which takes the value of 0.6 nm; ε0 is the
vacuum permittivity, 8.85 × 10�12 F·m�1; εr is the relative
permittivity of aqueous solution, which takes the value of 81; ξm
and ξf are the values of zeta potentials of the membrane surface
and the foulants, mV, respectively; κ is the reciprocal of the Debye
shielding constant, which takes the value of 0.104 nm�1. The
cohesive free energy (ΔGsis) of the substance can be calculated
when its molecules are in contact in an aqueous solution. ΔGAB

h0
; Δ

GLW
h0

and ΔGEL
h0

are the interfacial interaction energies when the

interaction distance between the two substances is the minimum
(h0 = 0.158 nm), mJ·m�2; and the calculation formula is as follows:

ΔGAB
h0

= 2
�
γ+
l

)0:5
[

�
γ�
m

)0:5
+

�
γ�
f

)0:5
�

�
γ�
l

)0:5
]

+2
�
γ�
l

)0:5

[
�
γ+
m

)0:5
+

�
γ+
f

)0:5
�

�
γ+
l

)0:5
]

�2
[

�
γ+
mγ�

f
)0:5

+
�
γ+
f γ�

m
)0:5

]

(15)

ΔGLW
h0

=2
(

γLW
l � γLW

m

)0:5(
γLW
f � γLW

l

)0:5
(16)

ΔGEL
h0

=
ε0εrκ
2

(
ξm

2
+ ξf

2
)

[

1 � coth(κh) +
2ξmξf

ξm
2ξf

2 csch(κh)

]

(17)

where the subscripts m, l and f denote the membrane, solution and
pollutant, respectively; where γ+, γ�, γLW and γAB denote the elec-
tron acceptor parameter, the electron donor parameter, the nonpolar
property parameter and the polar property parameter of the corre-
sponding substances, respectively. By determining the contact angle
of the liquid on the membrane surface with the known surface
tension parameter and combining with Young's Eqs. (18)—(20), the
surface tension components of the membrane can be calculated.

γTOT = γLW + γAB (18)

γAB =2(γ+γ�)
0:5 (19)

0:5γTOT
l (1+ cos θ) =

(
γLW
l γLW

s

)0:5
+

�
γ+
l γ�

s
)0:5

+
�
γ�
l γ+

s
)0:5

(20)

where γ+
l ; γ�

l and γLW
l are the surface tension parameters of the

probe liquid, mJ·m�2; γ+
s ; γ�

s and γLW
s are the surface tension

parameters of the pollutant ormembrane, mJ·m�2; θ is the contact
angle, (◦).

3. Result and Discussion

3.1. Efficient separation of FDP

3.1.1. Selection of TMP
UE010, UE020, UE050 and US020 were selected for UF of the

ternary model solution. By keeping the cross-flow velocity con-
stant (1.19 m·s�1), the variation of permeate flux with TMP was
analyzed to determine the appropriate operating conditions. In
1995, Field et al. [33] first introduced the concept of ‘critical flux’,
which is important to minimize irreversible fouling on the mem-
brane surface while maintaining a high flux. The critical flux is the
irreversible fouling threshold below which only reversible fouling
occurs and above which irreversible fouling begins to occur
[34,35]. The limiting flux is themaximumflux that can be achieved
as the TMP increases. Using the ternary system as a reference, the
flux change results are shown in Fig. 3 when TMP increase from
0.1 MPa to 0.4 MPa. The relationship between TMP, solution os-
motic pressure and osmotic flux follows the transport equation
[11]:

J= Lp(TMP� σΔπ) (21)

Δπ = ΔciRT (22)

where Lp is the pure water permeability coefficient (Table 4); σ is
the reflection coefficient; Δπ is the osmotic pressure; σ [0,1] in-
dicates the retention capacity of the membrane for solutes. The
larger σ is, the higher the retention rate is, and when σ = 1, it in-
dicates complete retention; Δci is the concentration difference
between the two sides of the membrane.

Under conditions of constant solution composition and TMP,
solute flux is governed exclusively by membrane permeability and
the reflection coefficient. Consistent with the Donnan-steric pore
model with dielectric exclusion [36], solute retention increases
with flux until a critical flux threshold is attained. Beyond this
threshold, retention plateaus, exhibiting no further increase.
Meanwhile, the reflection coefficient stabilizes, thereby main-
taining a constant solute flux. No critical pressure point was
observed in Fig. 3 between 0.1 and 0.4MPa, indicating amembrane
critical pressure below 0.1 MPa, probably resulting from the sys-
tem's high solute concentration. Under lower pressures, solutes
adsorb rapidly onto the membrane surface, blocking pores and

(a(a(a))) (((b))) (((c))) (((d)))

Fig. 2. Schematic diagrams of the Hermia model: (a) CBM, (b) IBM, (c) SBM, (d) CFM.
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leading to immediate irreversible fouling. Increasing TMP results
in a slow flux rise and further accumulation of irreversible fouling
until the limiting pressure is reached, at which point permeate flux
stabilizes. Limiting pressure of UE010, UE020, UE050 and US020
membranes are 0.35, 0.30, 0.20 and 0.35 MPa, respectively, and
their limiting fluxes are 24.25, 23.33, 27.80, and 26.41 L·m�2·h�1.
Once TMP reaches the limiting pressure and increases further,
concentration polarization (CP) intensifies. The thickening fouling
layer and resulting steep rise in resistance counteract the
increasing TMP, leading to flux stabilization. Although higher
treatment efficiency is ideally achieved below the critical pressure,
irreversible fouling occurs even at 0.1 MPa in this system due to
the high solute concentration (70 g·L�1 sugar, 5 g·L�1 protein).
Consequently, an operating TMP range of 0.1—0.2MPawas selected
to ensure practical treatment efficiency.

3.1.2. Selection of UF membranes
Operating conditions: TMP 0.1 MPa, cross-flow velocity

1.19 m·s�1. The retention rates of FDP, MD and BSA by the four
membranes are shown in Table 5 and Table 6. The changes in
permeate fluxes are shown in Fig. 4.

Table 5 and Fig. 4(a) and (b) represent the changes in retention
and permeate flux of the binary system UF experiments, respec-
tively. The steady-state fluxes of UE010, UE020, UE050 and US020
were 24.90, 32.10, 39.77 and 39.09 L m�2·h�1, respectively. From
UE010, UE020 to UE050, An increase in the MWCO of the mem-
branes correlated with increased membrane pore size and flux,
alongside decreased retention of FDP and MD and a lower sepa-
ration factor. Compared to US020, the flux of UE020 was lower and
the retention rate was higher, which might be due to the better
hydrophilicity of polysulfone material. The effect of TMP on the
retention rate and flux was investigated for UE020 as an example,
as shown in Fig. 4(b). Higher pressure increased flux, but mem-
brane fouling limited its effectiveness: a 0.1 MPa pressure rise
improved steady-state flux by merely 12%. Despite polymerization

degree (7—11) and molecular weight (1152—1800 Da), Table 5
shows all four membranes retained some MD, with UE010
achieving remarkably high retention (72.96%). This contradicts the
primary UF retention mechanism of size sieving, wherein reten-
tion implies the solute (MD) is larger than the membrane pores. As
towhether intermolecular agglomeration of MD occurs in aqueous
solution or its own size is larger, further study is still needed.
Therefore, wemeasured themolecular weight distribution (MWD)
of MD solutions with different concentrations, and the results are
shown in Fig. 5.

From Fig. 5, we can see that the retention time of the MWD
curves of MD were basically the same at concentrations of 5, 20
and 50 g·L�1, which indicated that the MWD of MD was inde-
pendent of its concentration. This means that MD did not undergo
intermolecular agglomeration in aqueous solution. In addition, we
can find that theMWD ofMD has a ‘bimodal’ shape, with the peaks
falling around 2200 and 19700. The ratio of the peak areas of the
two peaks is approximately 3:7. This is similar to the MWD of MD
from other sources in the literature [37]. The high content (~70%)
of high molecular weight polymers (19.70 kDa) is a key factor in
the high retention of MD.

Table 6 and Fig. 4(c) and (d) show the changes of the retention
rate and permeate flux of the ternary system, respectively. The
steady-state fluxes of UE010, UE020, UE050 and US020 were 13.76,
16.67, 25.49 and 24.62 L·m�2·h�1, which were consistent with the
trend of the binary system. The molecular weight of BSA is about
66 kDa, which is higher than MWCO of the four membranes.
Therefore, the retention rate of BSA can reach more than 99.5% for
all of them, and it can be considered that all four membranes can
achieve good retention of BSA. Furthermore, BSA addition signifi-
cantly increased the retention of higher-molecular-weight MD,
while minimally affecting the retention of smaller FDP. Conse-
quently, the separation factor between FDP and MD improved
substantially. However, in the UF experiments of the three-
component system, an interesting result appeared: the retention
rate of UE020 for FDP and MD was higher than that of UE010,
which may be related to the fouling occurring on both membrane
surfaces. When the diameter of the pollutant particles is close to
the membrane pore diameter, the solutes are more likely to block
the membrane pores to form a cake layer, resulting in higher
retention rates. Increasing TMP to 0.2 MPa resulted in a 45% in-
crease in steady-state flux. Flux remained relatively stable over the
6-h filtration period, showing no significant decay trend. This

Table 4
Pure water permeability coefficient (L·m�2·h�1·MPa�1).

UE010 UE020 UE050 US020

Lp 804.0 ± 31.8 1184.7 ± 31.2 2064.3 ± 45.8 2543.9 ± 54.8

0.0 0.1 0.2 0.3 0.4 0.5
0

10

20

30

TMP/MPa

Fl
ux

/L
·m

–2
·h

–1

UE010
UE020
UE050
US020

Fig. 3. Trends in permeate flux with TMP.

Table 5
Retention of binary system.

UE010 UE020 UE050 US020 UE020①

FDP/% 8.51 ± 0.70 3.83 ± 1.41 1.63 ± 0.17 �2.60 ± 1.25 1.93 ± 1.07
MD/% 72.96 ± 1.07 63.31 ± 1.22 41.33 ± 2.75 44.48 ± 2.82 57.99 ± 0.29
α 3.38 2.62 1.68 1.85 2.33

① TMP is 0.2 MPa, other conditions remain unchanged.

Table 6
Retention of ternary system.

UE010 UE020 UE050 US020 UE020①

FDP/% 4.59 ± 0.57 6.37 ± 0.62 4.37 ± 0.47 �3.05 ± 0.17 �0.91 ± 0.35
MD/% 83.92 ± 0.67 87.37 ± 0.61 49.34 ± 2.33 41.31 ± 3.89 46.92 ± 2.68
BSA/% 100.05 ± 0.25 99.97 ± 0.13 99.52 ± 0.07 99.73 ± 0.14 99.74 ± 0.10
αF-M 5.93 7.41 1.89 1.76 1.90

① TMP is 0.2 MPa, other conditions remain unchanged.
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marked difference from the two-component system is likely due to
reduced membrane fouling.

3.2. Fouling behavior under the joint control of MD and proteins

3.2.1. Characterization of fouling membrane
Based on separation efficiency and permeate flux performance

against the FDPmulti-enzymemodel solution, UE020was selected
as the primary UF membrane for further investigation. Morpho-
logical characterization and pore size distribution analyses were
conducted on both pristine and fouling membranes. The fouling
samples were prepared by filtering the ternary model solution for
2 h, followed by gentle rinsing and room-temperature vacuum
drying overnight. Characterization tests were performed on at
least three randomly selected locations per sample. The SEM im-
age, AFM image and pore size distribution of the pristine and
fouling membrane are shown in Figs. 6—8, respectively.

SEM characterization of UE020 reveals distinct surface
morphology changes following fouling (Fig. 6). While the fouling
layer partially covers the membrane surface, substantial effective
filtration area remains accessible. Magnified views further indi-
cate: (i) Dark deposits partially occluding membrane pores; (ii)
Uniformly sized white particles irregularly distributed across the
surface matrix. Crucially, the absence of particle agglomeration
and lack of dense gel/cake layer formation indicate minimal
fouling occurred. AFM characterization of pristine and fouling
membranes (Fig. 7) demonstrates color gradients corresponding to

surface topography: lighter regions denote elevated features
(membrane peaks or adsorbed particles), while darker areas
represent depressions or pores. Height profiles measured at three
randomly selected locations revealed ranges of �8.5 to 7 nm
(pristine) versus �23 to 24 nm (fouling), indicating no statistically
significant surface height alteration. Three-dimensional re-
constructions confirmed SEM observations, showing sparse par-
ticle deposition and minimal roughness change (Ra: 1.46 nm
pristine → 2.10 nm fouled). Collectively, these analyses verify: (i)
Limited surface coverage by foulants; (ii) Retention of substantial
accessible pore networks; (iii) Preservation of solvent transport
pathways.

Compared to the dense fouling layers formed by poly-
saccharides [38] and proteins [39] in other studies, the system
under investigation in this study resulted in only minor contami-
nation of the membrane surface. This suggests that the formation
of gel/cake layer was not the primary cause of the contamination.
Consequently, membrane fouling likely originated from the
ingress of small-molecule pollutants (MD or FDP) into the mem-
brane pores and their adsorption onto the pore walls. This process
reduces the effective pore size and increases filtration resistance.
To quantify this pore size change, the pore size distributions of
pristine and fouled membranes were analyzed (Fig. 8). Retention
rate experiments using PEG tracers of varying molecular weights
were performed. The results showed that MWCO of the pristine
UE020 membrane was 22.0 kDa. After fouling, MWCO decreased
significantly to 6.6 kDa. Similarly, the average membrane pore size
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Fig. 4. Flux changes in the binary/ternary system: (a) and (b) FDP/MD system, (c) and (d) FDP/MD/BSA system.
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declined from 5.89 nm to 2.69 nm. This demonstrates that pol-
lutants entered the membrane pores, adsorbed onto the walls, and
accumulated over time, leading to substantial pore constriction.

Preliminary results from SEM, AFM and pore size distribution
tests indicate that the formation of fouling is primarily attributable
to pore blockage. In the following, the series resistance model and
Hermia mass transfer model will be employed to fit the flux data,

describe the fouling process and validate the conclusions obtained
from the characterization.

3.2.2. Distribution of fouling resistance
Resistance distributions were examined for both the FDP/MD

system and the FDP/MD/BSA system. Using the UE020 membrane
as an example, resistance distribution was analyzed across
different operating pressures (Fig. 9). Across the membrane series
(UE010 to UE050), increasing MWCO and pore size correlated with
decreasing irreversible resistance and total resistance. Comparing
membranes of identical MWCO (UE020 and US020), reversible
resistance values were similar. However, US020 exhibited lower
irreversible resistance, attributable to the enhanced hydrophilicity
of its polysulfone material. This hydrophilic character reduces
protein adsorption propensity and consequently decreases fouling
layer formation. Irreversible resistance arises primarily from so-
lute adsorption within or blockage of membrane pores. Its
magnitude depends on solute-membrane interaction strength and
the solute radius-to-pore diameter ratio. Overall, the data reveal a
clear trend: larger membrane MWCO corresponds to smaller
irreversible resistance [40].

For the FDP/MD binary system, reversible resistance is themain
factor constituting the total resistance, accounting for 62%, 72%,
94% and 92%, respectively. The molecular weights of both FDP and
MDwere lower than that of MWCO of UE020, so further discussion
is still needed for the irreversible fouling formed on their mem-
brane surfaces. For the ternary system, the irreversible resistance
was significantly increased due to the addition of BSA, which
accounted for 46%, 41%, 37%, and 17%, respectively. BSA could not
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Fig. 5. Molecular weight distribution curves of different concentrations of MD.

Fig. 6. SEM images of UE020: (a) and (c) pristine membrane, (b) and (d) fouling membrane.
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Fig. 7. AFM characterization of UE020: (a) and (c) pristine membrane, (b) and (d) fouling membrane.

Fig. 8. Retention test of PEG (a) and pore size distribution (b) before and after UE020 fouling.
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pass through the membrane pores due to its hydrophobicity and
molecular size, but only adsorbed on the surface of the membrane,
and it was difficult to be removed by pure water rinsing. Next, we
carried out a study of the fouling process of UE020 on a single
component, as shown in Fig. 10.

The three fractions exhibited distinctly different fouling per-
formances. FDP exhibited the lowest total resistance due to its
smallest molecular size, but it was found that the percentage of
irreversible resistance increased significantly with increasing
concentration. We hypothesized that FDP enters the membrane
pores and adsorbs onto the pore walls, reducing pore size. This
effect may arise from electrostatic interactions. We measured the
zeta potential of FDP across a range of pH values (Fig. 11(a)). FDP
was found to be electrically neutral near pH 4.4. The flux decline of
FDP solutions was subsequently tested at pH 4.5, 6.5, and 9.5
(Fig. 11(b)). The results show essentially identical flux decay pat-
terns across these different pH conditions. This strongly suggests
that the fouling behavior of FDP is independent of its surface
charge, contradicting an electrostatic fouling mechanism. Addi-
tionally, we compared the fouling propensity of neutral sugars

(sucrose and maltose) with molecular weights similar to FDP
(Fig. 11(c)). The results demonstrate that when the solute molec-
ular weight is significantly below MWCO, membrane fouling be-
comes independent of solute charge. Instead, fouling is governed
solely by molecular size/dimensions, consistent with a size-
exclusion mechanism where the solute radius-to-pore diameter
ratio dominates. These findings indicate that all three small-
molecular-weight sugars induced pore clogging during UF with
UE020. The sugars penetratedmembrane pores and adsorbed onto
the pore walls, thereby reducing the effective pore diameter. The
molecular weight of MD showed a bimodal distribution, as shown
in Fig. 5, with peaks falling at 2.2 and 19.7 kDa (near to theMWCO),
respectively. The MD with low degree of polymerization (DP)
passed through the membrane, and the high DP was rejected. A
high proportion of reversible fouling was observed during ultra-
filtration. Given the absence of significant fouling layers in SEM
and AFM analyses, CP is indicated as the primary fouling mecha-
nism for MD. This effect intensified with increasing MD concen-
tration, consistent with CP's dependence on bulk solute
concentration. The fouling of BSA is mainly irreversible fouling.

Fig. 9. Resistance distributions of multi-component systems: (a) binary, (b) ternary, (c) different TMP.

Fig. 10. Resistance distributions of one-component systems: (a) FDP, (b) MD, (c) BSA.

Fig. 11. Impacts of FDP chargeability on fouling behavior: (a) zeta potentials at different pH, (b) normalized fluxes at different pH, (c) resistance distribution of different
disaccharides.
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There are more studies related to it, so the fouling behavior of BSA
will not be discussed in depth.

3.2.3. Analysis of fouling mechanism
To elucidate the effects of membrane materials and feed sys-

tems on fouling mechanisms, permeate flux data were fitted using
the Hermia mass transfer model. The type of fouling was deter-
mined by comparing the correlation coefficients of the fitted
regression equations, taking UE020 as an example, as shown in
Fig. 12, and other fitting results are shown in Tables 7 and 8. It
can be seen that CBM, IBM, and CFM are the main fouling mech-
anisms for UE010, and all four types of fouling occurring on US020
membranes are present. The most dominant fouling mechanism
for UE020 and UE050 is SBM. The correlation coefficient reached
more than 0.98. For UE010, large solutes cannot penetrate the
pores due to size exclusion. This causes initial pore blockage, fol-
lowed by solute accumulation that develops into cake formation.
As for UE020 and UE050, due to the large pore size, solutes and
particles preferentially entered the membrane pores and adsorbed
on the pore wall, which reduced the pore size and led to the
decrease of permeate flux. The ternary system exhibited similar
fitting results as the binary system.

The results of the series resistance model and the Hermia mass
transfer model revealed that, MD-induced reversible fouling
(concentration difference polarization) is an important factor in
the formation of fouling. The effect of irreversible fouling is also
more significant for UE020, where a small amount of BSA is
deposited on the surface of the membrane, and FDP enters the
membrane pores resulting in a reduced pore size.

3.2.4. Interaction between foulant and membrane
Membrane fouling initiates when foulants contact the mem-

brane surface and adsorb, forming an initial layer. Subsequent
foulants deposit onto this layer, increasing its thickness and
fouling severity. To fundamentally analyze foulant-membrane in-
teractions, interfacial forces must be examined. The XDLVO theory
quantifies interaction energies between solid surfaces, making it

suitable for modeling foulant—foulant and foulant—membrane
interactions―key drivers of fouling. Here, we apply XDLVO the-
ory to evaluate interfacial interactions between themembrane and
FDP, MD, BSA, and their ternary mixture, providing mechanistic
insights into UE020 fouling behavior. Before modeling, feedstock
solution andmembrane characteristics were determined (Table 9).

Water contact angles measured 76.68◦, 71.49◦, and 70.42◦ for
FDP, MD, and BSA, respectively, confirming their hydrophilic na-
ture. Hydrophilicity decreased in the order: BSA > MD > FDP.
Additionally, the zeta potential of UE020 was �22.95 mV, and the
potentials of all three components were also negative. It can be
hypothesized that the effect of electrostatic repulsion between
solutes might have some alleviating effect on membrane fouling.
Using the surface tension data of three probe liquids and contact
angle measurements on fouling membranes, we calculated the
interfacial tension parameters of foulants and pristine membranes
via Eqs. (18)—(20). Results are presented in Table 10.

From the data in Tables 10 and it can be seen that the nonpolar
component of the UE020 membrane is 48.78 m·m�2, which is 37.5
times of the polar component (1.30 mJ·m�2), indicating that
UE020 is a nonpolar surface. In the polar action energy of pollut-
ants, the electron acceptor tension component (γ—) is greater than
the electron donor tension component (γ+), and the electron
acceptor property dominates. And the van der Waals interaction
energy is stronger than the acid-base interaction energy, and the
van der Waals interaction energy is dominant. The cohesion free
energy of the three pollutants was negative, indicating that the
three pollutants showed attraction among themselves. From the
size of the free energy value, it could be determined that the order
of the strength of the action was FDP > MD > BSA. The cohesion
free energy of the ternary system was �39.12 mJ·m�2, which was
lower than that of any single substance, indicating that the mixed
pollutants weakened the interaction between solutes. According
to the interfacial tension parameters of pollutants and the pristine
membrane, the interfacial interaction energy at the minimum
equilibrium distance (h0 = 0.158 nm) can be calculated by
substituting into Eqs. (12)—(14), and is shown in Table 11. The

Fig. 12. Fitting results of Hermia mass transfer model for UE020: (a) binary system and (b) ternary system.

Table 7
Mass transfer model fitting results R2 for binary systems.

CBM SBM IBM CFM

UE010 0.9506 0.871 0.9444 0.9375
UE020 0.9016 0.9874 0.8904 0.8787
UE050 0.7683 0.9803 0.7515 0.7348
US020 0.8579 0.8683 0.8562 0.8544

Table 8
Mass transfer model fitting results R2 for ternary systems.

CBM SBM IBM CFM

UE010 0.9471 0.8538 0.9418 0.9349
UE020 0.8576 0.9271 0.8433 0.8291
UE050 0.8602 0.8934 0.8567 0.8528
US020 0.1659 0.1931 0.1628 0.1597
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electrostatic double layer interaction energy is small and can be
neglected. The results of the interfacial interaction energy at the
minimum equilibrium distance are consistent with the adhesion
interaction energy, demonstrating that the rate of formation of
membrane fouling by various foulants on the UE020 is
FDP > MD > BSA. Fig.13 shows the trends of interaction energies of
single component and ternary systems with UE020 at different
separation distances. The formation of membrane fouling always
starts from a shorter interaction distance, and the proximity
interaction can describe the membrane fouling behavior more
precisely [41]. Taking the ternary system as an example, the acid-
base interaction energy is much larger than the van der Waals
interaction energy in the range of 0.158—3.75 nm between the
membrane and the pollutant, which is an important factor causing
membrane fouling and plays a dominant role. The van der Waals
interaction energy shows a long-range effect, which is consistent
with the trend of the total interaction energy in the long-range
range, i.e., the van der Waals interaction energy dominates in the
long-range range.

3.3. PAC as DM for fouling mitigation

Primary fouling mechanisms in the FDP/MD/BSA system
involve CP by MD and BSA adsorption on membrane surfaces. To
mitigate membrane fouling, PAC was deposited as an engineered
barrier layer on pristine membrane surfaces (Fig. 14). This inter-
layer disrupts BSA-membrane interactions, thereby reducing
specific filtration resistance despite PAC's inherent contribution to
hydraulic resistance.

The PAC functional layer significantly changed the resistance
distribution structure, with a reduction of 18.33% in total

Table 9
Characteristic parameters of feed solution and UE020.

Zeta potential/mV Contact angle/(◦)

Pure water Diiodomethane Glycerol

FDP �6.2 ± 1.70 76.68 ± 0.61 30.57 ± 0.08 68.45 ± 0.67
MD �9.9 ± 2.75 71.49 ± 0.19 24.82 ± 0.26 59.04 ± 0.16
BSA �7.7 ± 2.14 70.42 ± 0.23 32.52 ± 0.14 62.71 ± 0.20
Ternary �4.6 ± 1.27 73.01 ± 0.76 30.50 ± 0.41 68.69 ± 0.25
UE020 �22.95 ± 0.50 78.31 ± 0.21 16.30 ± 0.37 68.71 ± 0.06

Table 10
Interfacial tension parameters and free energy of adhesion of pollutants (mJ·m�2).

γLW γ+ γ— γAB γTOT ΔGsis

FDP 43.98 0.0033 7.81 0.32 44.31 �52.75
MD 46.22 0.1962 7.66 2.45 48.67 �51.12
BSA 43.15 0.0589 10.94 1.60 44.75 �40.72
Ternary 44.01 0.0568 11.69 1.63 45.64 �39.12
UE020 48.78 0.0691 6.12 1.30 50.08 �60.05

Table 11
Interfacial interaction energy at the minimum equilibrium distance (mJ·m�2).

ΔGAB
h0

ΔGLW
h0

ΔGEL
h0

ΔGTOT
h0

FDP �47.32 �9.08 �6.81185 × 10�7 �56.40
MD �45.58 �9.85 �7.46344 × 10�7 �55.43
BSA �41.45 �8.79 �1.12726 × 10�6 �50.23
Ternary �40.41 �9.09 �1.21809 × 10�6 �49.50

Fig. 13. Comparisons of interfacial interaction energies between different pollutants and UE020: (a) FDP, (b) MD, (c) BSA, (d) ternary system.
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resistance and 59.14% in irreversible resistance. This indicated that
the interaction between BSA and the membrane was significantly
reduced, thereby improving BSA adsorption onto the membrane.
Furthermore, reversible resistance increased by 93.84%, poten-
tially due to PAC preventing BSA adsorption on the membrane
surface and driving it into the boundary layer. This shift enhanced
CP within the boundary layer. The flux recovery also increased by
20.85% due to the significant increase in the reversible resistance
percentage. Although PAC addition requires its subsequent
removal as an extraneousmaterial during product recovery, its use
during UF confers dual advantages. Since activated carbon is
already necessary for post-treatment decolorization, integrating
PAC at the UF stage simultaneously mitigates fouling and achieves
preliminary decolorization, streamlining the process.

4. Conclusions

In the present study, a brief attempt was made to separate the
simulated solution of FDP multi-enzyme system by UF. All four of
the membranes selected were found to have some degree of sep-
aration effect, and the fouling behavior of the separation process
was explored in depth, and the following conclusions were
obtained.

1) In the ternary system, the retention rate of UE020 on BSA could
reach 99.97%, and α(FDP/MD) reached 7.41, the yield of FDP was
93.63%, which realized the high efficiency of separation of the
target product FDP from BSA and MD.

2) It was found by analyzing the single component fouling pro-
cess: the fouling formed by FDP was mainly intra-pore
adsorption, narrowing the pore size, but contributes the least
to the total system resistance; MD mainly formed CP and then
increased the filtration resistance, which was the key factor
constituting the total resistance; BSA adsorbed on the mem-
brane surface to form an irreversible resistance.

3) Analysis of the UF process by series resistance model and
Hermia model found that: CP is the main factor constituting
resistance in FDP/MD system (>60%), and the addition of BSA
increases the irreversible resistance (>40%). MD enrichment in
the boundary layer contributes to increased CP, whereas BSA
adsorption occurs directly on the membrane surface. FDP en-
ters the pore and adsorbs on the pore wall, so that the average
pore size of the membrane also decreases from 5.89 nm to
2.69 nm. Both the polar and van der Waals interaction energies
between the foulant and the membrane showed attraction

effect, and the total interfacial energy showed attraction in the
full range of distance.

4) The addition of PAC as a functional layer significantly changed
the resistance distribution structure, reducing the irreversible
resistance by 59.14% and the total resistance by 18.33%.

Fouling mechanism analysis demonstrated that CP remains the
predominant flux-limiting factor, with PAC-derived functional
layer showing limited efficacy in CP mitigation (total resistance
reduction <20%). Notably, the PAC-mediated interface primarily
translocated resistance components from the membrane surface
to the boundary layer, resulting in marginal flux improvement.
Future research should integrate colloidal interaction modeling
with mass transfer simulations to decode the functional layer-
pollutant flux nexus.
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