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ABSTRACT

A series of dead-end unstirred microfiltration experiments were conducted. Impact of differ-
ent operating conditions (trans-membrane pressure (TMP), temperature, and concentration)
on the specific cake resistance (SCR) using yeast suspension and polyethersulfone mem-
branes of 0.1 μm was systematically studied. The results showed that TMP, temperature,
and concentration have a significant influence on the SCR. The SCR increased with the
increasing concentration and TMP, while decreased with the increasing temperature. The
sequence of average accumulated impact of the operating conditions on the SCR was TMP
(54.6%) > temperature (−24.2%) > concentration (21.1%). The total accumulated impact of
operating conditions on the SCR was 44.5%. This result provides the basis for process
optimization and process modeling.

Keywords: Impact; Operating conditions; Specific cake resistance; Dead-end unstirred;
Multi-regression method

1. Introduction

As the most commonly sold pressure-driving mem-
brane technology, microfiltration (MF) is widely used
in many areas, such as food industry, biotechnology,
medicine, drinking water purification, wastewater
treatment, the petroleum industry, and the metallurgi-
cal industry [1,2]. However, the main obstacle to MF is
the flux decline due to the cake formation at the mem-
brane surface and in the pores [3]. Therefore, the char-
acteristics of cake, such as cake thickness, cake

porosity, the specific cake resistance (SCR), and cake
compressibility play an important role in MF. Among
them, the SCR is the most important factor revealed
the physical characteristics of the cake [4] and its
accurate knowledge is crucial for proper design and
scale-up of the practical MF systems [5].

As well-known, the dead-end MF process is more
common for large-scale MF applications. In this mode,
the SCR is dependent on many factors, such as operat-
ing conditions (trans-membrane pressure (TMP), con-
centration, and temperature) [6,7], particle diameter,
particle shape, cake porosity [8], and suspension prop-
erties including pH [9–11] and ionic strength [10].
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When the suspensions and membrane equipment
were specified, as in the real industrial processes,
operating conditions (TMP, concentration, and temper-
ature) were the only influencing factors on the SCR. A
number of studies are available in the literature that
attempt to describe impact of operating conditions on
the SCR in MF during dead-end mode: The SCR
increases as TMP increased [4,10,12–14], while the
SCR dramatically changes with concentration variation
[7]. Furthermore, the SCR also changes as the temper-
ature varied [12]. However, up to now, only few
quantitative studies about the interactive effects of dif-
ferent operating conditions on the SCR have been
found [12]. Moreover, the total accumulated impacts
of operating conditions on the SCR for dead-end MF
mode have not been well studied yet. So, how to
establish the relationship between the SCR and operat-
ing conditions, and quantificationally estimate contri-
bution of the different operating conditions to the SCR
have a great significance in deeply understanding the
filtration process optimization in dead-end MF.

Recognizing importance of the impact of operating
conditions on cake formation, this study aims to inves-
tigate accumulated effects of the three key operating
parameters, such as TMP, concentration, and tempera-
ture, on the SCR in dead-end MF mode.

2. Materials

Polyethersulfone (PES) MF membrane with nomi-
nal pore sizes of 0.1 μm was used as the filtration
medium from Ande Membrane Separation Technology
Engineering (Beijing) Co. Ltd. The polytetrafluoroeth-
ylene (PTFE) MF membrane with a nominal pore size
of 0.2 μm was the second membrane purchased from
Beijing Chemical Engineering University Liming Mem-
brane Material Corporation (Beijing, China). Before
each experiment, the membranes were soaked in
deionized water for 24 h to remove glycerin, which
was used as a protectant in the membranes.

Yeast suspension was used in the filtration experi-
ments. Mauri instant dry yeast was produced by
Harbin-Mauri Yeast, whose average particle size was
5.1 μm.

Na2HPO4·12H2O and KH2PO4 were used as the prep-
aration of phosphate-buffered solutions (PBS) obtained
from Beijing YILI fine Chemical Engineering, Ltd.

3. The preparation of solution/suspension

3.1. The preparation of phosphate-buffered solution (PBS)

PBS were prepared by dissolving 0.03M Na2H-
PO4·12H2O and 0.03M KH2PO4 in 1 L deionized and

pre-filtered water. Then, the buffer solutions were
filtered using a PTFE MF membrane of 0.2 μm at a
low pressure (0.01MPa) to eliminate large or
suspended particles.

3.2. The preparation of yeast suspension

Mauri instant dry yeast was dissolved into 800mL
deionized water which was pre-filtered through a
0.2 μm PTFE membrane at 25˚C for 30min with con-
stant stirring. After rehydration, the yeast suspension
was centrifuged (LD5-10 model centrifuge, Beijing
medical centrifuge factory company) at a speed of
2,500 rpm for 10min, and then, the supernatant was
removed. The above washing process was repeated up
to three times. After washing, the yeast was dried at
80˚C for 6 h in an oven (WG2003 model Miniature,
Chongqing Sida experimental instrument Co. Ltd),
and weight of dry yeast was measured. The mass was
measured again after 6 h to make sure no weight
change had been occurred. Then, a specific amount of
this yeast was dissolved into a particular amount of
PBS firstly at constant stirring for 20min and then
processed ultrasonically (Ultrasonic generator 235,
Academy of science, acoustics graduate school) for 20
min to achieve the desired concentration. In this
study, all concentrations of yeast suspensions were
referred to the concentrations of the dry washed yeast
and the fresh yeast suspensions were prepared daily
and generally used within 24 h.

4. Apparatus and method

A dead-end stirred cell with an effective mem-
brane area of 28.0 × 10−4m2 was used in the experi-
ments, and the schematic diagram of the system
operation is shown in Fig. 1. The MF cell consists of a
cylindrical vessel, equipped with a porous support on
which the membrane has been placed.

Fig. 1. Schematic diagram of the dead-end MF experimental
set-up.
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The feed suspensions were introduced into the fil-
tration cell. MF experiments were performed under
constant TMP by applying compressed nitrogen gas.
The permeate weight was measured during filtration
process with an electronic balance (Ohaus Corp Pine
Brook. NJ with precision of 0.0001 g). The weights
were converted to volumes using density correlations.
The temperature of permeate was measured to deter-
mine its viscosity and density. The ranges of various
operation conditions were chosen at TMP of 0.04–0.12
MPa, concentration of 0.3–2.0 g L−1, and temperature
of 20–45˚C, respectively. The experimental data were
recorded after each 30 s.

The MAF-5001 model Malvern laser particle diam-
eter distribution instrument (Britain) was used to get
the particle distribution of the feed suspensions, and
the modified bubble-point method was used to obtain
the pore size distribution of the membrane.

5. Theory and methods

5.1. Fouling mechanism

The blocking law, first proposed by Herman [15],
was commonly used to determine the fouling mecha-
nism. In this study, the linear relationship of t=V (fil-
tration time/the total volume of permeate) versus V
(the total volume of permeate) was used to determine
cake filtration mechanisms.

5.2. Determination of the SCR

Based on cake filtration mechanism, the experi-
mental data from dead-end filtration tests under con-
stant TMP can also be used to evaluate the average
SCR (�a) by plotting t/V versus V [16,17].

t

V
¼ Rml

AmDP
þ �a

lC0

2A2
mDP

V (1)

where t is filtration time (s), V is the total volume of
permeate (m3), Am is the membrane area (m2), and
C0 is the concentration of feed of yeast suspension
(g L−1).

Eq. (1) showed that the slope of the line was
obtained through plotting t/V vs. V, and then, further,
it can be used to calculate the average SCR (�a).

5.3. Impact of operating conditions on the SCR

The relationship between the average SCR (�a) and
the operating conditions (concentration, temperature,
and TMP) was calculated using multiple regressions
and expressed by the following formula:

�a ¼ fðCÞ þ uðPÞ þ xðTÞ (2)

where C is the concentration of feed suspensions
(g L−1),P is TMP (Pa), and T is the temperature (˚C).

While the divergence between the experimental
data and model-predicted values was quantitatively
evaluated in terms of the relative error as expressed
by formula (3) as follows:

E ¼ 100� �aM � �aEj j
�aE

(3)

where �aM is model-predicted average SCR (m kg−1)
and �aE is experimental average SCR (m kg−1).

Impact of operating conditions on the average SCR
(�a) can be defined by the following formula (4):

Ix ¼ @�a
@x

¼ w0ðxÞ (4)

where x is operating condition, such as TMP, concen-
tration, and temperature, respectively.

5.4. The accumulated impact of operating conditions on the
SCR

The accumulated impact of each operating condi-
tion x (Ax) on the average SCR (�a) in the range of x1 ≤
x ≤ x2 can be expressed by formula (5) as follows:

Ax ¼
Z x2

x1

Ixdx ¼
Z x2

x1

w0ðxÞdx ¼ wðx2Þ � wðx1Þ (5)

where Ax reflects the accumulated impact of each
operating condition x on the average SCR (�a) in the
range of x1 ≤ x ≤ x2.

The total accumulated impact of different operat-
ing conditions (C, TMP, and T) on the average SCR (�a)
in the range of C1≤C ≤ C2, TMP1≤ TMP ≤ TMP2, and
T1≤ T ≤ T2 can be expressed using formula (6) as
follows:

A ¼ AC þ AP þ AT ¼
Z C2

C1

ICdCþ
Z P2

P1

IPdPþ
Z T2

T1

ITdT

(6)

where A reflects the total accumulated impact of dif-
ferent operating conditions (C, TMP, and T) on the
average SCR (�a) in the range of C1≤C ≤ C2, TMP1≤
TMP ≤ TMP2, and T1≤ T ≤ T2.
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If A > 0, it means that the total accumulated impact
of these operating conditions on the average SCR (�a)
in the joint space is positive, and the average SCR (�a)
increased with increasing concentration, temperature,
and TMP. In contrast, A < 0 means that total accumu-
lated impact of these operating conditions on the aver-
age SCR (�a) in joint space is negative, and the average
SCR (�a) decreases with increasing concentration, tem-
perature, and TMP.

5.5. The average contribution of different operating
conditions on the average SCR

The average contribution of the different operating
conditions (concentration, temperature, and TMP) on
the average SCR (�a) can be expressed by the following
formula (7):

P% ¼ AiP
Ai

¼ Ai

APj j þ ATj j þ ACj j � 100% (7)

where i represents concentration, temperature, and
trans-membrane pressure, respectively.

5.6. Determination of compressibility of the yeast cakes

For most compressible cakes, the relation between
the specific resistance of the cake and ΔP is repre-
sented by formula (8) as follows:

a ¼ a0DP
n (8)

where a is the SCR, a0 is a constant, and n is the
compressibility of the cake which can be calculated
from the slope of line between ln α and ln ΔP. Using
above Eq. (8), the compressibility exponent, n, was
determined to be 0.36 for yeast suspensions in the
present dead-end MF. Hence, the yeast cake was
compressible.

6. Results and discussion

6.1. The filtration characteristics

The filtration capacity of the membrane was
revealed useful information of the mechanism and the
status of the membrane fouling. A series of the experi-
ments were conducted under different operating con-
ditions (concentration, TMP, and temperature) using
yeast suspensions with PES membrane of 0.1 μm. One
arbitrary result of them is shown in Fig. 2.

It can be seen from Fig. 2(a), the membrane flux
decays gradually with time due to membrane fouling

[17]. Because the mean size of the yeast particles
(5.1 μm) (Fig. 3(a)) is much larger than the nominal
membrane pore size of the PES membrane (0.1 μm)
Fig. 3(b), so the particles cannot enter the pores but
can be responsible for the cake formation at the mem-
brane surface. This is also approved by a linear rela-
tionship of t=V versus V as shown in Fig. 2(b), after
the first few seconds, the cake filtration model could
be applied up to the end of the run. Nearly, all experi-
mental data could be described by the cake filtration
model. However, cake filtration is the predominant
mechanism in this situation, and this is also found in
good agreement with that result, presented in our pre-
vious report [18].

6.2. Effect of operating conditions on the average SCR

In order to determine the contribution of the different
operating conditions to the average SCR (�a), it is

Fig. 2. The filtration characteristics of the PES membrane
and determination of the membrane fouling mechanism.
Experimental condition: yeast 6 g L−1, PES 0.1 μm, 25˚C,
0.08MPa. (a) The fluxes of the membrane with time for
PES membrane of 0.1 µm. (b) Determinationof the cake
formation mechanism.
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important to establish the multiple regressions to model
the experimental data. A series of the experiments of
yeast suspension using PES of 0.1 μm were carried out
and five different equations, such as linear equation, log-
arithmic equation, polynomial, power function, and
exponential function, were used to fit experimental data,
respectively, and the results were shown in Table 1.

By comparing the correlation coefficient of deter-
mination (R2) and significance level (p) of multiple
regressions in Table 1, the most suitable mathematical
expressions were selected for different conditions,
respectively, and were used to predict experimental
data as shown in Fig. 4.

As presented in Fig. 4(a), �aC initially increases to a
maximum with respect to concentration before falling
back to a lower value. This can be explained by the
reason that before the concentration reaches a certain
value, the cake porosity would decline due to the less
solute particles preferentially entering into cake [19],
which would leads to increase �aC. When the concen-
tration exceeds a certain value, the increase in both
bridge of particles and cake porosity caused the reduc-
tion in �aC. The most suitable second-order univariate

polynomial agreed well with the experimental data,
and it can be expressed by the formula (9) as follows:

�aC ¼ �2:121� 1014C2 þ 5:683� 1014Cþ 1:404� 1014ðR2

¼ 0:8807; p ¼ 0:119Þ ð9Þ

It can be seen from Fig. 4(b), �aP increases sharply with
increasing TMP. The reason is that, although rising
TMP can elevate and increase the permeate flux, it
also enhance the convective flow of particle toward
the membrane surface, which subsequently enhances
the deposition of particle at membrane surface and in
pores. Moreover, the rising TMP can also accelerate
the growing rate of cake deposition and result in the
cake compactness due to the rearrangement and trans-
mutation of solid particles [20] or the fracture of coac-
ervate. The most suitable second-order univariate
polynomial agreed well with the experimental data,
and it can be expressed by the formula (10) as follows:

�ap ¼ 5:136� 1016P2 � 3:797� 1015Pþ 3:548� 1014ðR2

¼ 0:8905; p ¼ 0:109Þ ð10Þ

As shown in Fig. 4(c), in most cases, �aT decreases with
increasing temperature . The reason is explained as
follows: As temperature increases, the higher perme-
ate flux will be obtained at higher temperature due to
lower value of the viscosity and higher mass-transfer
coefficient according to the film model [20,21]. More-
over, these facts make the drag force for solute parti-
cles to increase and the bridge phenomena become
insignificant. As a result, solute particles deposit
uneasily on the membrane surface and the formed
cake will be lost. So therefore, temperature is inversely
proportional to the �aT in most cases. However,
extremes of temperature can also make cake harder
[22] and cause the increase in �aT. The most suitable
second-order univariate polynomial again agreed well
with the experimental data, and it can be expressed
by the formula (11) given as follows:

�aT ¼ 4:813� 1011T2 � 3:755� 1013T þ 1:087� 1015ðR2

¼ 0:9558; p ¼ 0:044Þ ð11Þ

6.3. Quantitative analysis of total accumulated effect of
operating conditions on the average SCR

The previous studies showed that the average
SCR (�a) changed nonlinearly with the operating
conditions (concentration, TMP, and temperature) as

Fig. 3. Particle diameter distribution of yeast suspension
(a) and pore size distribution of PES membrane (b).
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the second-order univariate polynomial. So, in order
to provide the basis to optimize the membrane filtra-
tion process, we will express the total accumulated
influence of operating conditions on the average SCR
(�a) by the second-order univariate polynomial as given
in the following formula (12):

�a ¼ a1C
2 þ a2Cþ b1P

2 þ b2Pþ c1T
2 þ c2T þ d (12)

After multiple regressions, the following total accumu-
lated equation between average SCR (�a) and operating
conditions (R2 ¼ 0:7907, p ¼ 0:004) can be expressed
by formula (13) as follows:

�a ¼ 7:403� 1014 � 2:121� 1014C2 þ 5:683� 1014C

þ 5:136� 1016P2 � 3:797� 1015Pþ 4:813� 1011T2

� 3:755� 1013T ð13Þ

The relative error between the predicted values by Eq.
(13) and calculated values by Eq. (1) is shown in
Table 2. It can be seen from Table 2, the relative errors
lie in the range from 4.8% to 16.6%, and the average
absolute error is less than 10%. This result demon-
strates the reliability of the Eq. (13).

As illustrated in Fig. 5, the influencing degree of
single concentration (C), TMP (P), and temperature (T)
on the average SCR (�a) can be expressed as follows:
IC ¼ �4:242� 1014Cþ 5:683� 1014, IP ¼ 1:027� 1017P�
3:797� 1015, and IT ¼ 9:626� 1011T � 3:755� 1013,
respectively.

It can be seen from Fig. 5, IC decreases from
4:41� 1014 to �2:80� 1014 g/L with increasing concen-
tration from 0.3 to 2.0 g L−1. The variation extent of IC
was7:21� 1014 g/L. The contribution of concentration
to the average SCR (�a) is positive firstly, and then, it
became negative. In other words, �a increases with
increased concentration until 1.3 g L−1, but this trend
became weaker and weaker gradually. In contrast, the
average SCR (�a) decreases with increasing concentra-
tion, when concentration is higher than 1.3 g L−1, then,
this trend becomes more strong. Similarly, IP increases
from 0:31� 1015 to 8:53� 1015 MPa with increasing
TMP from 0.04 to 0.12MPa, and the variation extent of
IP is 8:22� 1015 MPa, the contribution of TMP to the
average SCR (�a) is positive and the average SCR (�a)
increases with increasing TMP. Whereas IT changes
from �1:83� 1013 to 0:58� 1013 �C with increasing tem-
perature from 20 to 45˚C, the variation extent of IT is
2:41� 1013 �C. The contribution of the temperature to
the average SCR (�a) is negative firstly, and then, it
became positive. In other words, the average SCR (�a)
decreases with increasing temperature until 39˚C, but
this trend became weaker and weaker gradually. In
contrast, the average SCR (�a) increases with increased
temperature when temperature is greater than 39˚C,
and this trend became stronger.

Fig. 4. Validation of the most suitable mathematical
expressions with yeast suspension under different concen-
tration (C), TMP and the temperature (T). (a) The average
SCR (�a) as function of feed concentration (C). (b) The aver-
age SCR (�a) as function of the TMP. (c) The average SCR
(�a) as function of the temperature (T).
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6.4. The average accumulated impact of the operating
conditions on the average SCR

In the concentration range 0.3–2.0 g L−1, the accu-
mulated impact of concentration (AC) on the average
SCR (�a) is 1:37� 1014 m kg−1, this means that the con-
tribution of C to the average SCR (�a) is positive. Simi-
larly, in TMP range 0.04–0.12MPa, AP = 3:54� 1014 m
kg−1, the contribution of TMP to the average SCR (�a)
is positive. In the temperature range 20–45˚C,
AT =�1:57� 1014 m kg−1, the contribution of T to the
average SCR (�a) is negative. The absolute rations of
AP, AT, and AC are 2.6: 1.1.1, and the average contribu-
tions of the concentration, temperature, and TMP to
the average SCR are 21.1, −24.2, and 54.6%, respec-
tively, as shown in Fig. 6. Therefore, the sequence of
average accumulated impact of different operating
conditions on the average SCR (�a) is AP >AT >AC.

If considering operating conditions in joint space
0.3–2.0 g L−1, 0.04–0.12MPa, and 20–45˚C, the average
total accumulated impact of operating conditions on
the average SCR (�a) was found 3:34� 1014 m kg−1, this

means that the average SCR (�a) increases with
increased concentration, temperature, and TMP. Fur-
thermore,

A
�aMAX��aMIN

¼ APþATþAC
�aMAX��aMIN

¼ 3:34�1014

8:4099�1014�0:8960�1014
¼ 44:5%, this

means that the average impact of operating conditions
on average SCR (�a) is 44.5%, or we can say that the
average SCR (�a) could be changed 44.5% by changing
these operating conditions.

Conclusion

The effect of total accumulated interactions of vari-
ous operating conditions on the average SCR (�a) in
dead-end unstirred MF cell at different operating con-
ditions (concentration, TMP, and temperature) using
PES of 0.1 μm was analyzed. The following results
were obtained:

(1) Concentration (C), TMP (P), and temperature
(T) were all the influential factors for the
average SCR (�a), and �a was changed with these
operating conditions as �a ¼ 7:403� 1014�

Table 2
The relative error calculated by Eq. (3) using the predicted values by Eq. (13) and corresponding calculated values by
Eq. (1)

C (g L−1) P (MPa) T (˚C) �a (by Eq. (13)) (1014m kg−1) �a (by Eq. (1)) (1014m kg−1) E (%) Average (%)

0.4 0.05 20 3.14 2.88 8.2 9.8
1 0.08 25 4.84 4.15 16.6
2 0.10 45 4.47 4.95 9.7
1.6 0.11 30 6.17 5.89 4.8

Fig. 5. Influencing degree of different operating conditions
on the average SCR (�a) in dead-end unstirred mode. Influ-
encing degree of feed concentration IC (1014mL kg−1 g), of
TMP IP (1014m L kg−1 g) and of temperature IT (1012m
kg−1 ˚C).

Fig. 6. The average accumulated impact of different oper-
ating conditions on the average SCR (�a) and the average
contribution of the different operating conditions to the
average SCR (�a).
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2:121� 1014C2 þ 5:683� 1014Cþ 5:136� 1016P2

�3:797� 1015Pþ 4:813 �1011T2 � 3:755 �1013T.
(2) Both contributions of concentration and TMP to

the average SCR (�a) were found positive. In
contrast, the contribution of temperature to the
average SCR (�a) was negative. The sequence of
impact of the operating conditions on the aver-
age SCR (�a) was obtained in the order as TMP
(54.6%) > temperature (−24.2%) > concentration
(21.1%). Therefore, the average total accumu-
lated impact of operating conditions on the
average SCR (�a) in joint space of the operating
conditions was 44.5%. This means that the
operating conditions could be used to control
the average SCR (�a) and it can be used to pro-
vide the basis to process optimization and
modeling for membrane rinsing process.
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Nomenclature

A — the total accumulated impact of operating
conditions on the average SCR (m kg−1)

Am — the effective area of the membrane (m2)
Ax — the accumulated impact of each operating

condition x on the average SCR (m kg−1)
C — feed concentration (g L−1)
C0 — feed concentration (g L−1)
E — relative error (%)
F — test statistic
I — the impact of operating condition on the SCR
J — membrane permeate flux (m s−1)
J0 — the pure water flux of the membrane (m s−1)
Dp — TMP drop (MPa)
p — significance level
T — temperature (˚C)
t — filtration time (s)
R2 — the coefficient of determination
Rm — intrinsic membrane resistance (m−1)
x — operating conditions
V — the accumulated permeate volume (m3)

Greeks

�a — the average SCR (m kg−1)
�aC — average SCR as function of feed concentration

(m kg−1)
�aE — experimental average SCR (m kg−1)
�aM — model predicted average SCR (m kg−1)

�aP — average SCR as function of TMP drop (m kg−1)
�aT — average SCR as function of temperature (m kg−1)
f — function of feed concentration
/ — function of TMP drop
x — function of temperature
w — function of operating conditions
l — permeate viscosity (Pa s)
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