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Abstract: How to fast and efficiently determinate the fouling behavior of the microfiltration membrane has great 
significance for the industrial membrane application. In this paper, the MF membrane was put on the surface of a gold-
coated quartz crystal of QCM to study the adsorption behavior of protein at different conditions. The adsorbed mass 
increased with the increasing of concentration, ionic strength and temperature while decreased with the increasing of pH. 
Then the BSA adsorption results were compared with the corresponding membrane flux in dead-end cell at the identical 
conditions. Furthermore, the BSA adsorption process can be described by Langmuir and Freundlich isotherms very well. 
These results suggested that directly putting the membrane on the surface of a gold-coated quartz crystal of QCM can 
be used as a rapid and efficient approach to study protein fouling on the membrane surface. This approach using QCM 
and a small piece of the membrane could yield quantitative information for adsorption kinetics investigation and reduce 
the workload in large-scale industrial project. 
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1. INTRODUCTION 

Currently, membrane fouling is an unavoidable 
phenomenon restricting the wide applications of the 
membrane technology for water purification and 
wastewater treatment [1-3].Adsorption has been 
considered to be the most serious and responsible 
factor resulting in membrane fouling [4, 5]. Therefore, it 
is of great significance to study the static adsorption of 
main foulants. As reported, the extracellular polymeric 
substances (EPS) are the major substances for 
membrane fouling in membrane bioreactors (MBR)[6-
11]. However, the complexity of extracted EPS in real 
MBR systems and scarce knowledge of the interactions 
between EPS and membrane materials force 
researchers to use model EPS solutions (BSA, 
Collagen-I and Fibrinogen etc.)[12-17]. 

The optimization of operating conditions is also an 
indispensable part for studying adsorption behavior in 
MBR [18-19]. For example, the amount of BSA 
adsorbed on the membrane surface was increased with 
the decreasing of pH value [20] and the rising of 
temperature [21, 22]. Moreover, the hydrophobic and 
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electrostatic interactions between various sulfonated 
polystyrene microspheres were also investigated [11, 
23]. But the measurement of traditional static 
adsorption experiments was not continuous and time-
consuming [12-16, 20, 21]. Therefore, finding a quick 
and simple method to monitor the fouling behavior of 
protein was urgent. 

Since the first report in 1972 [24, 25], QCM, based 
on the piezoelectric effect [26], has been widely applied 
as a real-time monitor to record the dynamic adsorption 
behaviors of macromolecular proteins such as immune 
globulin [27], albumin[28], fibrinogen and so on[29]. 
And recent attention focuses on the interactions 
between proteins and membrane surfaces [30-32] as 
well as the viscoelastic properties of foulants on the 
membrane surfaces [33, 35]. For example, the 
deposition mass of hemoglobin-octadecyl amine on a 
gold surface of QCM was investigated [36]. The 
thickness of albumin adsorption layer in the Ti-O film 
surface can be obtained [29]. The morphological and 
cytoskeletal changes of cells [37, 38] had a great 
influence on adhesion to the material surface. The 
QCM can also monitor the changes in amount of 
macromolecules on the cell surface [39]. 

However, up to date, the experiments were 
conducted directly on a gold-coated quartz crystal or on 
the surface of the membrane which is coated on a 
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quartz crystal. The quantitative studies about putting 
membrane on the surface of a gold-coated quartz 
crystal of QCM haven’t been reported yet. Therefore, 
this study focuses on putting the membrane on the 
quartz crystal surface of QCM to measure the 
adsorption behaviors of proteins on MF membranes at 
different operating conditions (pH, ionic strength, feed 
concentration and temperature).  

2. MATERIALS AND METHODS 

2.1. MATERIALS  

In the static adsorption experiments, 0.1 µm 
hydrophilic polyvinylidene fluoride (PVDF), 
polyacrylonitrile (PAN) and polyether sulfones (PES) 
microfiltration membranes (ANDE Membrane 
Separation Technology & Engineering, Beijing CO., 
Ltd) were used. BSA (Beijing Aoboxing Bio-tech CO., 
Led) with isoelectric point (IEP) in the range of 4.7 - 4.9 
and molecular weight of 67 kDa, Collagen-I (Sigma – 
Aldrich CO., Led) with IEP in the range of 4.6 - 4.7 and 
molecular weight of 161 kDa and Fibrinogen (Sigma – 
Aldrich CO., Led) with IEP in the range of 3.4 - 3.5 and 
molecular weight of 340 kDa were chosen as model 
protein. Na2HPO4·12H2O, C6H8O7 and KH2PO4 (Beijing 
YILI fine Chemical Engineering, Ltd.) were used as the 
preparation of phosphate-buffered solutions (PBS). The 
ionic strengths were controlled with sodium chloride 
(NaCl). All chemicals used in this study were of 
analytical grade. QCM 200 (Stanford Research 
System, Inc., USA) with AT-cut 5 MHz gold-coated 
quartz crystal was used to monitor the protein 
adsorption process.  

2.2. Experimental Procedure 

2.2.1. Membrane Fouling Experiment using QCM 

Before each experiment, all the membranes were 
cut into wafers with effective surface area of 5.72 cm2. 
Then the membrane sample was soaked in DI-water 
for 10 h to remove protectant (glycerin). The 
experiments were conducted as follows: (і) the crystal 
was cleaned by immersed into a solution of 30% 
hydrogen peroxide/25% ammonia/DI-water (1:1: 
5，V/V/V) and then dried; (іі) Membrane sample (the 
smooth side outward) was directly put (not coated) on 
the surface of a gold-coated quartz crystal of QCM and 
then installed the crystal holder head, thus it was 
connected to 5 MHz crystal BNC connector of the 
QCM25 crystal oscillator. Prior to protein adsorption, a 
stable baseline response of a quartz crystal in air was 
established (for every test). The absolute frequency 
was close to 5 MHz; (ііі) immersed this quartz crystal 

into phosphate buffer solution (PBS) to establish initial 
baseline. After a stable baseline of PBS, this quartz 
crystal was immersed into protein solution with certain 
concentration, pH or ionic strength until the adsorption 
equilibrium was reached. QCM system was employed 
to monitor continuously the process of the protein mass 
adsorbed on the surface of the microfiltration 
membrane as a function of operating time. The 
adsorbed mass per unit area (Δm) of protein on the 
membrane surface can be obtained [40, 41]: 

!m = !f "
C

n            (1)  

where C (17.7 ng·cm2·Hz−1 at fn=1 = 5 MHz) was the 
mass sensitivity constant of the quartz crystal and n 
was the frequency overtone number (n = 1, 3, …).  

2.2.2. Membrane Fouling Experiment in Dead-End 
Cell 

Before each experiment, all the membranes were 
cut into wafers with effective area of 24.19 cm2 and 
after that the membrane sample was soaked in DI-
water for 10 h to remove protective agent (glycerin). 
Then, the membrane sample was soaked in protein 
solution for 24 h. After fouling test, the pure water flux 
of the membrane was measured in a dead-end cell at 
temperature of 20 °C and TMP of 0.04 MPa: 

J =
dV

A !dt            (2) 

where J is the pure water flux of the membrane, 
m3/(m2·s); V is the permeate volume of water obtaining 
at time t, m3; A is the effective area of the membrane, 
m2.  

 

Figure 1: Schematic illustration showing the fouling behavior 
of proteins deposited on the membrane surface using QCM 
(put the membrane on the surface of a gold-coated quartz 
crystal).  
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 Therefore, the fouling behavior of proteins on the 
surface of the membrane or a quartz crystal was shown 
in Figure 1. 

2.2.3. Thermodynamic Equation of Adsorption 

In the adsorption process, thermodynamic 
parameters such as enthalpy change (ΔrHθ), entropy 
change (ΔrSθ) and free energy change (ΔrGθ) were 
obtained at different temperatures. Then the activation 
energy (Ea) can be calculated. 
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where K is equilibrium constant. Ce is the equilibrium 
concentration of BSA in aqueous solution (mg/L), ΔrGθ 
is the standard Gibbs free energy (J/mol), ΔrHθ is the 
standard enthalpy (J/mol) and ΔrSθ is the standard 
entropy (J/(mol·K)).  

3. RESULTS AND DISCUSSION 

3.1. The static Adsorption of BSA at Different 
Operating Conditions (put the Membrane on the 
Surface of a Quartz Crystal of QCM) 

As an indicator of membrane fouling, the 
fundamental understanding of static adsorption mass of 
protein on the membrane surface at different operating 
conditions is essential [42]. The pH [43], ionic strength 
[44], BSA concentration [45] and temperature [46] 
played an important role in the adsorption process. 
Therefore, a series of experiments of the static 
adsorption of BSA on the PVDF membrane surface 
with pore size of 0.1 µm at different operating 
conditions were conducted. The adsorbed mass curve 
declined quickly in the initial followed by a slower drop 
and then kept stable finally. The initial rapid decline 
might attribute to concentration polarization and its 
further reduction caused by the accumulation of the 
BSA on the membrane surface [47]. A steady stage 
was reached finally because of further deposition 

and/or the consolidated layer [48]. The adsorbed mass 
increased with the increasing of feed concentration, 
ionic strength and temperature while decreased with 
the increasing of pH value. 

The overall tendency of adsorbed mass (Δm) at 
different pHs was Δm pH=3 (1.71 µg/cm2) > Δm pH=4.92 

(0.90 µg/cm2) > Δm pH=6.24 (0.09 µg/cm2) (Figure 2(a)). 
This means that the largest adsorption mass was 
observed at pH 3.0. This could be explained by 
electrostatic interaction between the membrane surface 
and BSA molecules [49-51]. The electrostatic repulsion 
at pH =6.24 resulted in lower adsorbed mass (Δm) [52] 
while the electrostatic attraction at pH = 3.0[53] resulted 
in higher adsorbed mass (Δm).  

The sequence of the adsorbed mass (Δm) at 
different ionic strengths was ΔmI=0.1 (1.25 µg/cm2) > 
ΔmI=0.01 (1.10 µg/cm2) > ΔmI=0 (0.09 µg/cm2) ( Figure 
2(b)). The reason may be following: when pH value is 
close to isoelectric point (IEP), more adsorbed mass on 
the membrane was observed due to the fact that 
protein is an amphoteric electrolyte with the least 
electrostatic repulsion and solubility at IEP [41].  

The sequence of adsorbed mass at different BSA 
concentrations (Δm) was ΔmC=2000 mg/L (2.71 µg/cm2) > 
ΔmC=1000 mg/L (2.28 µg/cm2) > ΔmC=800 mg/L (1. 90 µg/cm2) 
> ΔmC=500 mg/L (1.08 µg/cm2) (Figure 2(c)). In addition, 
the increasing of BSA concentration created stronger 
interactions between BSA solution and the PVDF 
membrane surface and higher viscosity [54]. This will 
result in more adsorbed mass on the membrane and 
more serious membrane fouling. 

The sequence of adsorbed mass (Δm) at different 
temperatures was ΔmT=310K (6.34 µg/cm2) > ΔmT=300K 

(3.32 µg/cm2) > ΔmT=290K (0.90 µg/cm2) (Figure 2(d)). 
The unfolding structure of BSA molecule at higher 
temperature weakened the electrostatic repulsion 
between BSA molecules and the membrane surface 
[55] and strengthened the hydrophobic interactions 
between BSA molecules [56]. Consequently, the 
process of BSA absorption on the membrane surface 
was accelerated. Consequently, a higher rate of 
aggregation occurred.  

In summary, the adsorbed mass of BSA on the 
PVDF membrane surface (put on the surface of a 
quartz crystal of QCM) increased with the increasing of 
BSA concentration, ionic strength and temperature 
while decreased with the increasing of pH value. 
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3.2. The Static Adsorption of Different Proteins on 
Different Microfiltration Membranes (put the 
Membrane on the Surface of a Gold-Coated Quartz 
Crystal of QCM) 

In order to validate the conclusion obtained in 
above, the other microfiltration membranes (0.1 µm 
PAN and PVDF flat-sheet membranes) and the other 
proteins (Collagen-I and Fibrinogen) were selected to 
study the protein fouling behavior on the membrane 
surface (C = 300 mg/L; I = 0 M; T = 290 K). 

Firstly, the absorbed mass of Fibrinogen had a rapid 
increase trend than that of BSA and Collagen-I (Figure 
3(a)). The sequence of adsorbed mass (Δm) was 
ΔmFibrinogen (3.43 µg/cm2) > ΔmCollagen-I (0.89 µg/cm2) > 
ΔmBSA (0.75 µg/cm2). This may be attributed to the fact 
that fibrinogen has a higher activity at the solid-liquid 
interfaces than that of other proteins [57, 58] . The 
adsorbed mass of BSA is less than that of Collagen-I 
might due to the difference in their molecular size [59].  

Secondly, the sequence of BSA adsorbed mass 
(Δm) on the surface of different microfiltration 
membranes was ΔmPES (0.75 µg/cm2) > ΔmPVDF (0.69 
µg/cm2) > ΔmPAN (0.25 µg/cm2) (Figure 3(b)). This 
because the adsorbed mass of BSA on the membrane 
surface was inversely proportional to the hydrophilic of 
the membrane [60, 61] and the higher hydrophobicity of 
the membrane surface caused the more serious fouling 
[62]. As measured, the contact angle of PES, PVDF 
and PAN was 77.3 ± 4.85º, 69.6 ± 2.24º and 63.9 ± 
3.32º, respectively. Therefore, the sequence of 
adsorbed mass (Δm) was ΔmPES > ΔmPVDF > ΔmPAN.  

Based on the above discussion in the section 3.2, 
we can draw the conclusion that the static adsorption 
behavior of 0.1 µm PVDF, PAN and PES MF 
membranes using BSA, Collagen-I and Fibrinogen 
were kept a similar trend when the tested membrane 
was put on the surface of a quartz crystal of QCM. 

 

Figure 2: The variation of △m during the exposure of the PVDF membrane (put on the surface of a quartz crystal) to PBS and 
then BSA solution at different operating conditions.  
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3.3. The Validation Experiments of Protein 
Adsorption on a Quartz Crystal Surface of QCM or 
on the Membrane Surface in Dead-End Cells 

Firstly, the absorbed mass on a quartz crystal 
surface had a similar but relatively gentle trend with 
that when membrane was put on the surface of a 
quartz crystal (Figure 3(c)). The variation of adsorbed 
mass (Δm) was ΔmpH=3 (0.35 µg/cm2) > ΔmpH=4.92 (0.24 
µg/cm2) > ΔmpH=6.24 (0.18 µg/cm2). This might mainly 
result from the electrostatic interaction force between 
BSA and a quartz crystal was weaker. 

Secondly, the pure water flux (PWF) of PVDF 
membranes fouled with BSA solution for 24 h were 
tested in dead end cell. PWF of the membrane 
decreased with the decreasing of pH value (Figure 
4(a)). The more BSA mass was adsorbed, the lower 
PWF was [63]. Therefore, the corresponding variation 
of PWF (J) was JpH=6.24 (1.59 m3/(m2·s)) > JpH=4.92 (1.37 
m3/(m2·s)) > JpH=3 (0.18 m3/(m2·s)).  

Thirdly, when achieving BSA adsorption equilibrium 
at different ionic strengths (I = 0, 0.01 and 0.1) in dead-
end cell, the corresponding PWF increased with the 
decreasing of ionic strength (Figure 4(b)) as reported 
by other researchers [63]. The corresponding variations 
of J was JI=0 (1.15 m3/(m2·s)) > JI=0.01 (1.08 m3/(m2·s)) > 
JI=0.1 (0.89 m3/(m2·s)).  

In summary, it was clear that the adsorption 
behavior of BSA on the membrane surface (put on the 
surface of a gold-coated quartz crystal) (Figure 2a) is 
more serious than that only on the surface of a quartz 
crystal (Figure 3c) at different pH levels. And the result 
of Figure 2(a) and Figure 2(b) is consistent with PWF 
(J) obtained from dead-end filtration experiments 
(Figure 4). Therefore, QCM (putting the membrane on 
the surface of a gold-coated quartz crystal) can be 
used to monitor the actual static adsorption behavior of 
BSA on the surface of PVDF membrane at different 
ionic strengths. 

 

Figure 3: The variation of △m during the exposure of membrane to PBS and then protein solution using QCM.  
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3.4. Isotherm Models and Thermodynamic 
Parameters 

It is also important to select the most appropriate 
isotherm model for the equilibrium curve to evaluate 
the applicability of the sorption process of BSA on the 
membrane surface. Four different adsorption isotherms 
in Table 1 were used to describe the experimental 

result at 290 K. The nonlinear error functions in Table 2 
(R2, SSE, RMSE, and Chi-Square) were discussed to 
gauge the goodness-of-fit.  

Comparatively speaking, the sequence of R2 values 

were 0.99 (Langmuir and Freundlich) > 0.97 (BET) > 
0.96 (Langmuir) > 0.94 (Freundlich). On the contrary, 
the value of SSE, RMSE, and Chi-Square for Langmuir 

 

Figure 4: The comparison of BSA adsorbed mass at equilibrium on the PVDF membrane surface using QCM with the 
corresponding PWF obtained in dead-end cell.  

Table 1: The Presentation of Four Different Isotherms and their forms 

No Name Isotherm Model Description for Constants and Parameters 

1 Langmuir 
isotherm 
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! is the adsorption capacity at equilibrium (µg/g); KL is constant associated 
with the energy of adsorption; Qm is the maximum adsorption capacity of 
BSA on PVDF membrane (µg/g); Ce is the equilibrium concentration of BSA 
in aqueous solution (mg/L) 
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KBET1 and KBET2 are constants. 

 
Table 2:  Nonlinear Regression Parameters for fit of BSA Adsorption (put the Membrane on the Surface of a Gold 

Coated Quartz Crystal, pH=4.92, I=0, T=290K) 

Isotherms R2 RMSE Chi-Square SSE 

Langmuir 0.96 14.33 4.22 1026.4 

Freundlich 0.94 17.79 6.36 1583.1 

Langmuir and Freundlich 0.99 3.07 0.16 47.02 

BET 0.97 12.90 3.59 832.3 
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and Freundlich adsorption isotherms was smallest 
(47.02, 3.07, and 0.16, respectively). In addition, 
Freundlich was validated as the most unsuccessful 
prediction with the highest values of SSE, RMSE and 
Chi-Square (1583.1, 17.79, and 6.36, respectively). 
Therefore, Langmuir and Freundlich isotherms were 
the most suitable to fit the experimental data for the 
adsorption of BSA on the membrane surface at 290 K. 
The best-fitting model curve presented in Figure 5, a 
steep rise in the initial period was observed and then it 
became gentle. Therefore, the curves were considered 
as the L-type. Besides, the similar result had been 
acquired about the adsorption behavior of BSA on the 
surface of hydrophilic polyether sulfone (PES) MF 
membrane [21] and of anion polyacrylamide on the 
PVDF UF membrane surface [64].  

 

Figure 5: The best-fitting adsorption isotherm (Langmuir and 
Freundlich) for BSA adsorption on the surface of the PVDF 
membrane using QCM. The test condition of: CBSA = 500, 
800, 1000 and 2000 mg/L; pH = 4.92; I = 0 M; T = 290 K. 

 

Figure 6: Van't Hoff plots of BSA adsorption on the PVDF 
membrane surface for different temperatures using QCM. 
The condition of BSA solution: T = 290, 300 and 310 K; CBSA 
= 300 mg/L; pH = 4.92; I = 0 M. 

The values of standard Gibbs free energy (ΔrGθ) at 
290, 300 and 310 K were 23.40, 21.69 and 19.99 
kJ/mol, respectively. These values were all positive, 
which indicates that the process of BSA absorption on 
the membrane surface was feasible but not 
spontaneous. In addition, the ΔrGθ value decreased as 
the temperature increased. This means that the 
increasing of temperature would accelerate the process 
of BSA absorption. The values of ΔrHθ

 and ΔrSθ were 
also obtained from the slope and intercept of the plot of 
ln (K) versus 1/T (Figure 6). The value of ΔrHθ

 was 
72.72 kJ/mol, the positive value manifested that the 
process of BSA absorption was endothermic [65]. 
Here, the positive activation energy (Ea=72.72 kJ/mol) 
also indicated that the process of BSA absorption was 
endothermic [22]. The value of ΔrSθ was 170 J/(K·mol), 
the positive value reflects that the distribution of the 
adsorption of BSA on the PVDF membrane surface 
was more chaotic than that in the aqueous solution, 
maybe this is due to the interaction between the 
membrane and BSA molecules[66]. 

CONCLUSION 

In this paper, the fouling behaviors of different 
proteins on the different microfiltration membranes (put 
on the surface of a gold-coated quartz crystal of QCM) 
were systemically studied at different operating 
conditions (pHs, ionic strengths, concentrations and 
temperatures). The protein adsorbed mass increased 
with the increasing of protein concentration, ionic 
strength and temperature while decreased with the 
increasing of pH value. And the best-fitted adsorption 
isotherm model was Langmuir and Freundlich for the 
process of BSA adsorption, which was endothermic 
and not spontaneous. The obtained adsorption mass 
was also compared with that obtained only on the 
surface of a gold-coated quartz crystal and the 
corresponding permeate flux of the membrane at the 
identical operating condition in dead-end cell. The 
experimental results show that the fouling behaviors of 
different proteins on other 0.1 µm microfiltration 
membranes keep the similar trend. Therefore, QCM 
provide an easy, fast and effective way for monitoring 
protein adsorption on the membrane surface which is 
directly put on the surface of a gold-coated quartz 
crystal of QCM. This approach using a small piece of 
the membrane would decrease the work load as well 
as the energy consumption in industrial process.  
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NOMENCLATURE 

A  the effective area of the membrane (m2) 

C  the mass sensitivity constant of the quartz crystal 

Ce  the equilibrium concentration of BSA in aqueous solution 
(mg/L) 

Ci  the using concentration of BSA in aqueous solution (mg/L) 

Ea  activation energy(kJ/mol) 

Δf  frequency shift (MHz) 

ΔrGθ standard Gibbs free energy (J/mol) 

ΔrHθ standard enthalpy (J/mol) 

I the ionic strength of the protein solution 

J the pure water flux (m3/ (m2·s)) 

KBET constant 

KF constant which represents adsorption capacity 

KL constant associated with the energy of adsorption 

KLF constant 

Δm adsorbed mass per unit surface  

n  the frequency overtone number 

n parameter which indicates adsorption intensity 

Qm the maximum adsorption capacity of BSA on PVDF 
membrane (µg/g) 

ΔrSθ standard entropy (J/(mol·K)) 

T the temperature of the protein solution 

V the permeate volume of water obtaining at time t (m3) 

!  the adsorption capacity at equilibrium (µg/g) 
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