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Abstract Pulsed ultrasound-assisted extraction with water
was carried out to extract valuable compounds from purple
sweet potato (PSP). Quality properties and dead-end filtration
of PSP extract were investigated. Solutes concentration in PSP
extract were 118.60 ± 2.83, 599.8 ± 8.28, and 0.72 ±
0.03 μg mL−1 for total protein, total polyphenol, and total
anthocyanin, respectively. Filtration with PES 50 kDa
membrane-augmented polyphenol purity from 83.4 % in ex-
tract to 99.6 %. A protein removal coefficient of 99 % was
achieved. Resistance in series model and Hermia’s model was
applied to quantify filtration resistance and investigate fouling
mechanism during filtration. Gel layer resistance was the most
important for all three used membranes (PES 0.1 μm, PES
100 kDa, and PES 50 kDa). Fitting of experimental data by
Hermia’s model revealed that the most suitable fouling mech-
anism varied, cake layer model for PES 0.1 μm and PES
100 kDa membrane and intermediate blocking model for
PES 50 kDa membrane. For the purpose of more efficient
polyphenol production, advanced filtration modules, such as
cross-flow and rotating disk filtration module, are expected.
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Introduction

Sweet potatoes crops are important for food and feed due to
their richness in dietary fibers, minerals, vitamins, and antiox-
idants (Teow et al. 2007). Purple sweet potato (PSP) contains
a high level of polyphenol and anthocyanin compared to those
of white, yellow, or orange potatoes (Wang et al. 2011). It has
been reported that the concentration of anthocyanin in PSP is
similar to the highest anthocyanin production crops, such as
blueberries, blackberries, cranberries, or grapes (Bridgers
et al. 2010). Recent studies reported that compounds (poly-
phenol and anthocyanin) in PSP extract had many functional
abilities, such as antioxidant (Zhang et al. 2010), hepato-
protection (Hwang et al. 2011), and memory enhancing (Lu
et al. 2012). Moreover, anthocyanins in PSP possess better heat
stability compared to other sources of anthocyanin. Their struc-
tures are identified as mono-acylated or di-acylated forms of
cyanidin and peonidin (Tiwari et al. 2009; Montilla et al.
2011). Since PSP is a low-cost crop, it may be a good source
of natural polyphenol and anthocyanin for industrial production.

Currently, methanol and ethanol are themost commonly used
solvents, for valuable compounds’ (polyphenol and anthocya-
nin) extraction from PSP, due to their high extraction yield (Liu
et al. 2013; Bridgers et al. 2010). However, the use of organic
solvent is also considered toxic and hazardous to the environ-
ment. Thus, it is interesting to investigate anthocyanin and poly-
phenol extraction from PSP with water as solvent using extrac-
tion intensification methods (for example, ultrasound).

Like extracts from other plants (Sant’Anna et al. 2012),
PSP extract contains a lot of impurities (mainly proteins),
apart from target compounds (polyphenol and anthocyanin).
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The existence of impurities restrains the function and applica-
tion of target molecules. Thus, removal of impurities in PSP
extract is important for PSP valorization.

Currently, membrane filtration has beenwidely used for the
separation of valuable molecules from extracts with advan-
tages of low operation cost, low-energy consumption, and
no chemical agent addition (Namvar et al. 2013; Husson
et al. 2013; Fuenmayor et al. 2014; Cassano et al. 2007; Pap
et al. 2010). However, the application of filtration in industrial
scale is limited by membrane fouling, which decreases filtra-
tion flux and restrains the productivity of filtration process
(Zhu et al. 2014). Fouling formation and its effect on filtration
are influenced by various parameters, such as trans-membrane
pressure, solute size and physico-chemical properties, and
feed and membrane characteristics.

Theories have been developed to understand fouling phe-
nomenon and its mechanism in order to prevent fouling and
increase filtration productivity. Previous investigation (de la
Garza and Boulton 1984) proposed an exponential model, as-
suming that the total resistance to filtrate flow was empirically
related to the filtrate volume. This exponential model was suc-
cessfully used in filtration of soluble rice bran fiber, apple juice,
chicory juice, and stevia extract to explain filtration behaviors
(Wan et al. 2012; Zhu et al. 2013; Gokmen and Cetinkaya
2007; Reis et al. 2009). However, detailed information about
fouling resistance and fouling mechanism identification was
not given in this empirical model. For quantifying fouling re-
sistance, a resistance in series model was proposed, assuming
that total filtration resistance consisted of four major factors,
membrane hydraulic resistance (Rm), concentration polariza-
tion resistance (Rc), cake or gel layer resistance (Rg), and ad-
sorption resistance (Ra). The total fouling resistance was obtain-
ed by adding these four factors (Wang et al. 2012). Hermia
(1982) developed a semi-empirical model to describe the foul-
ing mechanism, in which four sub-models (complete blocking
model, standard blocking model, intermediate blocking model,
and the cake layer model) were included. This model permits to
understand the main fouling mechanism.

The aim of this work is to study an ultrasound-assisted
extraction of valuable compounds (such as polyphenols and
anthocyanins) from PSP without adding organic solvent, to
examine the separation of target molecules from PSP extract
impurities, and to investigate filtration behavior and mem-
brane fouling mechanism during filtration process.

Materials and Methods

Extraction

Extraction experiments were carried out at a solid/liquid ratio of
1:20, with 90 g of fresh PSP (purchased from a local market at
Wuhan, China, and milled by a Joyoung cooker, type JYL-

D022, at a rotating speed of 20,000 rpm and a power of
250 W) and 1800 g of distilled water. Extraction tests were
carried out with an ultrasonic processor FS-250N (Sonxi
Ultrasonic Instrument, China) in pulsed mode (every 6 s treat-
ment with a pause of 3 s). The treatment power was set at
150 W, and extraction temperature was set at 58±2 °C. The
duration of extraction process was 1 h. In the extraction test,
hydrochloric acid with a concentration of 4 % was added to
obtain a pH in the extracted solvent of around 1, which is in the
pH range of maximum anthocyanins color stability, in order to
prevent the degradation of those compounds (Lapornik et al.
2005). The extract was centrifuged for 5 min at 6000g and pre-
filtered by a 200-mesh filter (with pore size of 74 μm) to re-
move pulps, then divided into portions, and stored at the tem-
perature of −20 °C until further analysis and use.

Filtration of PSP Extract

Dead-end micro-filtration and ultra-filtration were performed
in a self-fabricated filtration module (effective membrane area
3.03·10−3 m2 and maximal volume 250 mL) (Fig. 1). The aim
was to separate proteins (obtained in retentate) from polyphe-
nols and anthocyanins (obtained in permeate). For each exper-
iment, 100 mL of PSP extract was used, and 60 mL of filtrate
was obtained. Two types of polyethersulfone (PES) micro-
filtrationmembranes (Andemembrane, China) with pore sizes
of 0.3 and 0.1 μm and two types of PES ultra-filtration mem-
branes (Microdyn-Nadir GmbH, Germany) with molecular
weight cutoff (MWCO) of 100 and 50 kDa were used to
purify PSP extract. A new membrane was used for each set
of experiment. Filtration experiments were performed at room
temperature, and the selected trans-membrane pressure (TMP)
was 0.2 and 0.4 MPa. Permeate volume and filtration time
were recorded for analysis.

Resistance in Series Model

In order to quantify membrane fouling, a resistance in series
model was applied in this study. This model has been success-
fully used previously by other researchers in filtration of fer-
mentation broth and enzyme membrane reactor (Wang et al.
2012; Luo et al. 2014a). According to this resistance in series
model (Eq. 1), in dead-end filtration, flux decline can be ex-
plained by the total filtration resistance (Rt) including four
terms: membrane hydraulic resistance (Rm), cake layer resis-
tance (Rg), concentration polarization resistance (Rc), and ad-
sorption resistance (Ra).

Rt ¼ Rm þ Rg þ Rc þ Ra ¼ ΔP

μJ
ð1Þ

where J is the permeate flux (m3/m2s), △P is the trans-
membrane pressure (TMP, Pa), and μ is the dynamic
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viscosity of permeate (Pa·s). All resistances (Rm, Rg, Rc

and Ra) are in m−1.
To determine all the resistances, the following procedure

was adopted: First, the membrane hydraulic resistance Rmwas
calculated by measuring the flux of distilled water through a
clean membrane (J0). In this situation, Rc, Rg, and Ra were 0.
Eq. (1) could be written as:

RmP

μJ 0
ð2Þ

The PSP extract was filtrated, and the permeate flux (J) was
recorded during the whole process. According to Eq. (1), Rt
could be calculated during this process. Then, the feed PSP
extract was replaced by distilled water, and the water flux in
this situation, Jpore, was recorded. At this point, concentration
polarization could be assumed to be 0 (Rc=0) and Rm was
already determined, so we have the sum of Rg and Ra:

Ra þ Rg ¼ ΔP

μ0 J pore
−Rm ð3Þ

Then, the gel layer was removed by flushing the membrane
with distilled water, and the water flux Jirr was measured. At this
point, the concentration polarization resistance Rc and the gel or
cake layer resistance Rg could be assumed to be 0. Therefore,

Ra ¼ ΔP

μ0 J irr
−Rm ð4Þ

After obtaining the value ofRa, Rg could be calculated from
Eq. (3). Thus, all membrane resistances can be quantified by
Eqs. (1)–(4).

Hermia’s Model

Apart from quantification of membrane fouling by resistance
in series model, identification of fouling mechanism provides
another comprehensive method for understanding the flux de-
cline. Hermia developed a semi-empirical model for dead-end
filtration based on constant pressure condition in order to pre-
dict the fouling mechanism that governs the flux decline dur-
ing the filtration. According to Hermia’s model (Hermia 1982;
Vela et al. 2008), there are four basic types of fouling: com-
plete blocking model, intermediate blocking model, standard
blocking model, and cake layer model. In Hermia’s model
(Eq. 5),

d2t

dV 2
¼ k

dt

dV

� �n

ð5Þ

where t is filtration time (s), V is permeate volume (m3), k is
constant, and n can have different values, depending upon
different types of fouling: n=2 for the complete blocking
model, n=1.5 for the standard blocking model, n=1 for the
intermediate blockingmodel, and n=0 for the cake layer mod-
el. By integrating Eq. (5), four linear equations can be obtain-
ed as follows:

For n=2:

lnJ ¼ lnJ 0−Kct ð6Þ

For n=1.5:

1

J 0:5
¼ 1

J 0:50

þ Kst ð7Þ

For n=1:

1

J
¼ 1

J 0
þ Kit ð8Þ

For n=0

1

J 2
¼ 1

J 20
þ Kgt ð9Þ

where J is the permeate flux (Lm2 h−1), t is the filtration
time (min), J0 is the initial permeate flux when t=0, and
Kc, Ks, Ki, and Kg are the model constants. The most
likely fouling mechanisms can be deduced by fitting the
experimental flux data using Eqs. (6)–(9) and comparing
their regression coefficients.

Fig. 1 Schematic diagram of the filtration setup
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Analysis of Extract and Filtrate

Total Polyphenol Content

Total polyphenol content (TP) was determined by Folin–
Ciocalteu assay (Singleton et al. 1999). Folin–Ciocalteu re-
agent was prepared by our laboratory. Standard solutions of
different concentrations from 0 to 0.1 mg/mL were made up
using gallic acid. Portions of 1 ml sample, 1 mL Folin–
Ciocalteu reagent, and 1.5 mL 20 % (w/v) Na2CO3 were
added successively to a glass tube, then distilled water was
added to increase the volume to 10 mL. The solution was
placed in the dark for 2 h at room temperature. The last absor-
bance was measured at 760 nm. Total polyphenol (TP) was
expressed as gallic acid equivalent (GAE).

Total Protein Content

The concentration of protein (TC) in extract and permeate was
determined by Bradford method (Bradford 1976). One milli-
liter of sample and 5 mL of prepared Coomassie Brilliant Blue
G-250 solution were added successively to a glass tube, then
distilled water was added to increase the volume to 10 mL.
After 5 min at room temperature, the last absorbance of solu-
tion was measured at 595 nm. Bovine serum albumin (BSA)
was used as standard.

Total Anthocyanin Measurement

Total anthocyanin (TA) was determined according to a pH
differential method based on color change of anthocyanin
with pH (Lee et al. 2005). For each sample, the absor-
bance was measured at pH 1.0 and pH 4.5. The observed
absorbance difference was proportional to anthocyanin
content. TA content was calculated according to the fol-
lowing equation:

TAC mg=Lð Þ ¼ Abs

εL
�MW� D� 1000 ð10Þ

with

Abs ¼ A541nm−A700nmð ÞpH1:0− A541nm−A700nmð ÞpH4:5 ð11Þ
where TA is the total anthocyanin content expressed as
cyanidin-3-glucoside equivalent (CGE) (mg CGE/L), A541

and A700 are absorbances at 541 and 700 nm, respectively,
MW is cyanidin-3-glucoside molecular weight (449.2 g/
mol), D is the dilution factor, ε is cyanidin-3-glucoside
molar absorptivity (26,900 L/mol/cm), L is the measure-
ment cell path length (1 cm in the present study), and 103

is the conversion factor from g to mg.

Estimation of Filtration Efficiency and Data Analysis

Concentrations of protein (Cpr), polyphenol (Cph), and antho-
cyanin (Can) were measured in extract and filtrate samples. In
order to evaluate the purification efficiency of filtration pro-
cess, a modified purity towards protein (Ppr) was defined as:

Ppr %ð Þ ¼ Cpr

Cpr þ Cph þ Can
� 100 ð12Þ

Purity towards polyphenol (Pph) was defined as:

Pph %ð Þ ¼ Cph

Cpr þ Cph þ Can
� 100 ð13Þ

Purity towards anthocyanin (Pan) was defined as:

Pan %ð Þ ¼ Can

Cpr þ Cph þ Can
� 100 ð14Þ

The purification efficiency of PSP extract was estimated
using the value of relative removal of protein (Rpr) defined as:

Rpr ¼ Cpr

Cpr0

ð15Þ

where Cpr0 is the initial concentration of protein in PSP
extract.

Polyphenol selectivity (S) of filtration was calculated as

S ¼ TCph

TCpr
ð16Þ

where TCph and TCpr are transmission coefficient of polyphe-
nol and protein, respectively. They are defined as:

TC ¼ C f

Cr
ð17Þ

where Cf and Cr are polyphenol and protein concentration in
filtrate and retentate, respectively. The value of Cr was esti-
mated as:

Cr ¼ C0V 0−CfV
� �

= V 0−V fð Þ ð18Þ

where C0 is the initial concentration of polyphenol (or pro-
tein),V0 is the initial feed volume, and Vf is the filtrate volume.

Coefficients of rejection of proteins, RCpr, anthocyanins,
RCan, and polyphenols, RCph, were estimated using the equa-
tion

RC ¼ 1−
C f

Cr
ð19Þ

where Cf and Cr are solute (anthocyanins, polyphenols, or
proteins) concentrations in the filtrate and retentate,
respectively.
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The recuperation yield of polyphenols (Yph) was calculated
as:

Y ph ¼ Cph � V f

C0 � V 0
ð20Þ

Statistical Analysis

All the experiments were repeated, at least three times, and
mean values and standard deviations were calculated. In the
following figures, the values of error bars are equal to mean
standard deviations.

Results and Discussion

Analysis of Extract Composition

The contents of total protein, total polyphenol, and total an-
thocyanin in the extract were 118.60±2.83, 599.8±8.28, and
0.72±0.03 μg mL−1, respectively. These results confirmed
that protein was the main impurity in PSP extract, where poly-
phenol and anthocyanin are target molecules. It should be
noted that the yield of anthocyanin was only 1.44 mg/100 g
fresh PSP, lower than anthocyanin extraction yield (~50 mg/
100 g fresh PSP) from current applied extraction process with
acidified ethanol solution (Puertolas et al. 2013). Other effec-
tive extraction intensification methods, such as pulsed electric
fields and microwave treatment (Pap et al. 2012), are expected
to realize efficient anthocyanin extraction without organic sol-
vent for environmental protection and cost reduction.
However, investigation of PSP extract obtained in this study
is also considered interesting in view of polyphenol purifica-
tion and understanding membrane fouling mechanism.

Filtrate Quality Analysis

Concentrations of proteins, polyphenols, and anthocyanins in
the PSP extract and filtrate with different membranes were
determined and presented in Fig. 2a. It is obvious that all three
concentrations decreased with membrane pore size reduction
due to molecule rejection caused by membrane and deposited
layer. Concentration of protein decreased more significantly
compared to that of polyphenol and anthocyanin. Thus, filtra-
tion may provide an efficient method for separation of protein
from polyphenol and anthocyanin in PSP extract. The effect of
TMP on solute concentration variation is also presented in
Fig. 2. TMP increase led to solute concentration decrease, fast
for protein concentration, and slowly for polyphenol and an-
thocyanin concentration; this may be explained by denser
fouling layer formation at higher TMP. Also, it should be
noted that the TMP-induced concentration difference was

small for membranes with low MWCO (for example,
50 kDa). For the purpose of well understanding concentration
evolution, the coefficients of rejection for proteins, anthocya-
nins, and polyphenols were calculated and are presented in
Table 1. As expected, membranes with smaller pore sizes led
to higher coefficients of rejection for all three investigated
solutes. Moreover, with the same membrane, higher TMP
resulted in higher coefficient of rejection due to denser fouling
layer. It should be noted that, with 50 kDa membrane, coeffi-
cients of rejection for proteins were bigger than 99 %,
evidencing the purification function of membrane filtration.

For the purpose of comparing filtration efficiency in solute
separation, the purities of solutes in filtrate were calculated
and are presented in Fig. 2b. As expected, protein purity

Fig. 2 a Evolution of concentration of proteins, polyphenols, and
anthocyanins with membrane pore size or molecular weight cutoff
(MWCO) at TMP of 0.2 MPa (solid lines) and 0.4 MPa (dashed lines).
b Purity of protein (Ppr), polyphenol (Pph), and anthocyanin (Pan) after
filtration with different membrane at TMP of 0.4 MPa
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decreased, from 16.5 to 0.3 %, with membrane pore size re-
duction, while that of polyphenol increased (from 83.4 to
99.6 %) and anthocyanin (with a molecular weight of
~1 kDa; Lu et al. 2011) remained a purity of ~0.1 %. Based
on membrane separation mechanism, we could assume that,
although molecular size distribution is wide for each solute, in
PSP extract, most proteins have larger molecular size than
polyphenol and anthocyanin. Thus, the goal for separating
protein and polyphenol in this study is confirmed by the re-
sults of Fig. 2. However, the recuperation yield of polyphenols
in this study was not desirable due to small volume reduction
ratio (2.5) and strong fouling; for example, Yph was only 34.41
±1.62 % with a membrane of 50 kDa and a TMP of 0.2 MPa.
Higher recuperation yield may be achieved by application of
dia-filtration in cross-flow mode.

The effect of membrane pore size on relative removal of
protein is presented in Fig. 3a. The value of relative removal
percentage of protein augmented with membrane pore size
reduction. This result was in accordance with the protein con-
centration evolution during filtration with different mem-
branes. Figure 3a shows that the influence of TMP on protein
removal was not significant for membranes with small
MWCO. Especially when a PES 50 kDa membrane was used,
no difference of protein removal could be observed for filtra-
tion at 0.2 and 0.4 MPa. This may be explained that the po-
rosity and the fouling layer, which dominate the filtration pro-
cess of 50 kDa membranes, were similar for filtrations under
these two TMP. However, the dependence of polyphenol se-
lectivity (S) on membrane pore size and TMP in Fig. 3b con-
firmed that both membrane pore size reduction and TMP in-
crease enhanced polyphenol selectivity. It is interesting to note
that, unlike protein removal, for a 50-kDa membrane, TMP
increase (from 0.2 to 0.4 MPa) still enhanced polyphenol se-
lectivity, facilitating purification of polyphenol in PSP extract.

Filtration Behavior and Membrane Fouling Analysis

Filtration Behavior Analysis

Filtrate volume versus filtration time is presented in Fig. 4.
Since the filtration with PES 0.3 μmmembrane was too fast to

allow us to accumulate sufficient data, filtration behavior anal-
ysis was only carried out for filtration with 0.1 μm and 100
and 50 kDa membrane. The effect of TMP was positive for
50 kDa membrane (Fig. 4a). For example, 13,000 s was re-
quired to obtain 30mL of filtrate at 0.2MPa, while 2000 s was
sufficient when TMP increased to 0.4 MPa. However, the
positive effect of TMP was slight for 100 kDa and 0.1 μm

Fig. 3 a Relative removal of proteins during filtration and b variation of
polyphenols selectivity during filtration with different membranes

Table 1 Coefficients of rejection (RC) of solutes at different filtration conditions

RC (%) Membrane pore size (or MWCO) and TMP

0.3 μm 0.1 μm 100 kDa 50 kDa

0.2 MPa 0.2 MPa 0.4 MPa 0.2 MPa 0.4 MPa 0.2 MPa 0.4 MPa

RCpr 28.21±0.90 70.06±2.52 84.74±3.98 89.23±3.75 94.33±2.74 99.53±3.68 99.61±4.28

RCan 20.41±0.84 41.48±1.78 43.10±1.34 39.82±1.23 47.72±2.20 75.08±3.30 70.47±2.89

RCph 23.54±0.82 30.14±0.75 31.80±1.18 51.41±1.49 53.44±1.87 65.03±2.15 63.11±2.65

RCpr coefficient of rejection of proteins, RCan coefficient of rejection of anthocyanins, RCph coefficient of rejection of polyphenols
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membrane (Fig. 4b, c). The same tendency was also observed
for initial flux of filtration at investigated conditions (Table 2).
This may be explained by the rise of resistance and driving force
when TMP increases. According to Bacchin et al. (2006), there
exists an anti-fouling effect during unstirred filtration: Brownian
diffusion (back diffusion of rejected particles into the bulk,
mainly due to the resulting concentration gradient). The
Brownian diffusion coefficient is inversely proportional to par-
ticle size (Belfort et al. 1994). When applied TMP is under the
required TMP for threshold flux of membrane, the polarized
layer on membrane is dynamic and most rejected particles near
membrane surface are floating, inducing an almost constant fil-
tration resistance. Thus, the driving force will increase when
TMP rises. However, for another used membrane, if TMP ex-
ceeds the required value for threshold flux, more retained

particles may assemble together, leading to a more compacted
fouling layer. The Brownian diffusion of aggregated particles
seriously decreases, and more particles accumulate and deposit
on the membrane, causing a significant augmentation of fouling
resistance, which overcomes the benefit of driving force caused
by TMP increase. According to Luo et al. (2014b), the threshold
flux decreased with membrane pore size augmentation. Thus,
for a 50-kDa membrane, TMP increase acted as driving force,
while for 100 kDa and 0.1 μm membranes, fouling resistance
augmentation was more important when TMP increased.

Resistance in Series Analysis

In order to analyze resistances that lead to flux decline during
the filtration process, a resistance in series model was applied

Fig. 4 Filtrate volume versus filtration time for membranes of 50 kDa (a), 100 kDa (b), and 0.1 μm (c)

Table 2 Initial flux of filtration (J0) at different conditions

Initial flux Lm−2 h−1 Membrane pore size (or MWCO) and TMP

0.1 μm 100 kDa 50 kDa

0.2 MPa 0.4 MPa 0.2 MPa 0.4 MPa 0.2 MPa 0.4 MPa

J0 138.91±4.55 179.47±6.42 99.67±4.37 111.88±4.52 8.51±3.78 44.68±2.69

J0 was defined as average flux to accumulate the first 2 mL permeate
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in this study. Fouling resistances for different membranes are
presented in Table 3. As expected, the membrane hydraulic
resistance of PES 50 kDa membrane was the most important
compared to other two membranes. Filtration resistance anal-
ysis showed that formation of gel layer and concentration
polarization were two major reasons for flux decline. Since
filtration processes were carried out without stirring, gel layer-
induced cake resistance was the most important. It should be
noted that the ratio Rg/Rt increased with membrane pore size,
37 and 54 % for PES 50 kDa and PES 0.1 μm membranes,
respectively, while the ratio Ra/Rt decreased when membrane
pore size increased. Two explanations may be applicable for
this result. The one is that foulants in membranes with bigger
pores were easier to be cleaned up by the Bwashing^ effect of
higher water flux, and the other is that the pores are less ac-
cessible due to the gel layer formation.

Hermia’s Model Analysis

Hermia’s models were used to investigate the fouling mecha-
nism of each membrane during filtration by fitting experimen-
tal data with experimental data. Figure 5 represents the fitting
of experimental data to four types of Hermia’s models accord-
ing to Eqs. (6)–(9). Table 4 showed all corresponding corre-
lation coefficients (R2), and an asterisk on R2 values indicated
the besting fitting model. Results showed that experimental
data of PES 100 kDa and PES 0.1 μm membranes were best
fitted to the cake layer model, showing that cake layer forma-
tion was the dominant fouling mechanism. In this situation,
molecules bigger than membrane pores accumulated on the
membrane surface and formed a permeable cake layer.
However, the fouling of PES 50 kDa was dominated by inter-
mediate blocking mechanism. In this situation, molecules that

Table 3 Fouling resistance for
different membranes Membrane Resistance (×1013 m−1) (%)

Rt Rm Rc Rg Ra

PES 0.1 μm 10.3 0.03 (0.50) 4.62 (44.85) 5.60 (54.37) 0.04 (0.5)

PES 100 kDa 10.8 0.31 (2.85) 4.33 (40.09) 5.62 (52.04) 0.54 (5.00)

PES 50 kDa 14.1 2.01 (14.26) 4.72 (33.48) 5.22 (37.02) 2.15 (15.25)

Fig. 5 Fitting of experimental data to the complete blocking model (a), standard blocking model (b), intermediate blocking model (c), and cake layer
model (d)
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reached the pore entrance blocked the pore, but not all mole-
cules reaching membrane surface could seal separate mem-
brane pores. Different fouling mechanisms confirmed that
foulants in big membrane pores could be wiped off by filtra-
tion flux, as mentioned in BResistance in Series Analysis.^
Also, results of Table 4 are consistent with those of Table 2,
showing that adsorption resistance of PES 50 kDa membrane
(15 %) was greater than that of PES 100 kDa (5 %) and PES
0.1 μm membrane (1 %).

Although best fittings of each membrane for four fouling
mechanisms were indicated, we should also note that for PES
50 kDa membrane, the value of R2 was greater than 0.9 for
different fouling mechanisms. This may be caused by the
complex influence of multiple factors (feed composition, in-
teraction between membrane pore size and molecular in feed,
and membrane material), leading to combined fouling mech-
anism during filtration (Bolton et al. 2006). This assumption
could be evidenced by the fitting of experimental data with

Hermia's model using d2t
dV 2 ¼ k dt

dV

� �n
(Fig. 6). As shown in

Fig. 6, the value of n were 1.48, 0.81, and 0.96 for 50 kDa,
100 kDa, and 0.1 μm membrane respectively. These results
confirmed the combined fouling during filtration of PSP extract.

Conclusions

Purple sweet potato (PSP) extract was prepared by ultrasound-
assisted extraction with water as solvent. Dead-end filtration

without stirring was applied to separate impurity (protein) and
target molecules (polyphenol and anthocyanin) in PSP extract.
Extract and filtrate analysis revealed that compared to PSP ex-
tract (with a proteins purity of 16.5% and polyphenols purity of
83.4 %), the purity of protein decreased to 3.2 %, while that of
polyphenol increased to 99.6 % after filtration using a PES
50 kDa membrane at 0.4 MPa. Anthocyanin purity remained
at a level of ~0.1 %. However, due to low anthocyanin concen-
tration (0.72 μg mL−1) in the extract, separation of polyphenol
and protein by filtration seemed more important in this study.
Other effective extraction intensification methods, such as
pulsed electric fields and microwave treatment, are expected
to realize efficient anthocyanin extraction without organic sol-
vent. The results of protein removal and polyphenol selectivity
revealed that membrane pore size reduction had a positive in-
fluence on protein removal and polyphenol purification. The
investigation of filtration behavior showed that the effect of
TMP on filtrate rate was more significant for the PES 50 kDa
membrane than PES 0.1 μm and PES 100 kDa membranes.
Resistance in series model and Hermia’s model was applied
to quantify fouling resistance and investigate fouling mecha-
nism during filtration. For all three studied membranes (PES
0.1 μm, PES 100 and PES 50 kDa), the resistance caused by
formation of gel layer accounted for most of filtration resis-
tance. However, the most suitable fouling mechanism was in-
termediate blocking for PES 50 kDa membrane and cake layer
for PES 0.1 μm and PES 100 kDa by fitting of experimental
data with Hermia’s model. More efficient filtration with satis-
factory filtrate purity can be expected if cross-flow and rotating
disk filtration modules are applied.
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