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a b s t r a c t
Cocoon cooking wastewater contains waste silkworm proteins including sericin, which is a valuable
raw material for many industries including cosmetics and pharmaceuticals. Sericin can be recovered via
nanoﬁltration (NF) with high efﬁciency; however the process conditions need to be optimized to maximize separation. In this study, the effect of solution pH on NF performance was investigated for separation
of silkworm proteins towards sericin enrichment. Solution pH (3.5–9.0) slightly inﬂuenced sericin rejection, which was higher than 80% in all cases. On the other hand, solution pH signiﬁcantly inﬂuenced
transmission of contaminant proteins, which was highest (0.52) at pH 3.5 and lowest (0.06) at pH 9.0.
Increased transmission of contaminant proteins at acidic pH was attributed to possible effects of concentration polarization and increased ionic strength. Although acidic conditions (pH 4.5) favored sericin
enrichment, the instantaneous purity of sericin in the retentate remained at 0.48–0.52 at pH 3.5–9.0. Furthermore, working at acidic pH caused severe fouling problems; more than threefold increase occurred in
ﬂux decline; with an increase of ﬂux decline from 20% to 69% and fouling resistance from 3.8 × 1013 m−1 to
15.5 × 1013 m−1 (almost fourfold) when pH was reduced from 6.4 to 4.5. The contribution of fouling resistance to total resistance increased from 32–40% (pH 6.4) to 70% and 53% in acidic and alkaline conditions,
respectively. Concentrating the wastewater at pH 4.5 had adverse impacts on rejection performance of
NF membrane; rejection of sericin and contaminant proteins decreased from 78% to 52% and from 33% to
9%, respectively, as volume reduction factor increased from 1.00 to 1.70. Correspondingly, sericin purity
in the retentate decreased from 0.59 to 0.55. The pH adjustment had no beneﬁt for separation of sericin
from contaminant proteins, and hence it was decided not to apply pH adjustment in NF stage. Instead,
a two-stage process, NF (at original pH of 6.4) plus ethanol-induced precipitation were adopted, which
enabled enrichment of sericin 1 from 80.0% to 92.9%. The product was considered to be of high quality as
it contained greater than 90% sericin.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Membrane technology has been widely used for separation
and recovery of proteins in several industries such as food and
dairy. Some examples are lactose, egg white, dietary amino acids,
whey proteins, silk proteins and soy proteins. Membrane systems have advantages such as high selectivity, high surface area
per unit volume and potential for controlling the level of contact and/or mixing between two phases [1]. In processing of
biological molecules, membranes are considered very suitable
since they operate at relatively low temperatures and pressures. In addition, they minimize the extent of denaturation,
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deactivation, and/or degradation of biological products as they
involve no phase changes or chemical additives [2]. Ultraﬁltration (UF) and nanoﬁltration (NF) are commonly adopted
membrane processes for protein separation and recovery purposes.
Protein separation is strongly affected by operating and physicochemical conditions, and hence the process needs to be very
precisely “ﬁne-tuned” to obtain effective separation of proteins
[3].
In recent years, there has been a growing interest in recovery
of silk proteins for a range of end-uses including cosmetics, pharmaceutical, food and textile industries. In natural silk production,
sericin protein is secreted by the silkworm Bombyx mori during
spinning of the cocoon. It provides the ﬁbroin ﬁber with a sticky
coating and acts as cement by sticking silk ﬁbers together. In textile industry, sericin is removed from the silk yarn through cooking
and degumming processes so that a soft and shiny appearance is
obtained prior to dyeing. Regarding the recovery of sericin protein from silk efﬂuents, membrane processes have been tested
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either alone [4,5] or coupled with other processes such as low
temperature crystallization [6], enzymatic hydrolysis and drying [7]. Solution pH and ionic strength generally affect protein
separation performance of membranes, and hence these parameters need to be adjusted properly to achieve the desired product
quality.
In our previous work [5,6], we have determined membranebased process trains for sericin recovery from two different
wastewater streams, that is cocoon cooking wastewaters and silk
degumming wastewaters. The former contains several silkworm
proteins including sericin whereas the latter contains single protein, namely sericin, and soap (sodium salt of fatty acids). For
cocoon cooking wastewaters, NF achieved sericin recovery greater
than 90% at the original pH of 5.8–6.2, which is very close to the
iso-electric point (pI) of sericin (5.0–6.0) [5]. In that study, solution pH was deliberately maintained at its original value in order
not to denaturate the protein. However, it was found that NF-DK
and NF-90 membranes were able to separate sericin from other
silkworm proteins to some extent at the original pH of 5.8–6.2,
where sericin was retained in the feed side and contaminant proteins were transmitted to the permeate side to a great extent.
Hence, separation was inadequate and the ﬁnal product was a
protein mixture (sericin + other silkworm proteins) unless dialysis
was adopted following NF [8]. Similarly, UF was not able to completely separate sericin protein from fatty acids in silk degumming
wastewaters. Hence, UF coupled with low temperature crystallization was required for sericin recovery greater than 90% from silk
degumming efﬂuents [6]. In this process, sericin rejection increased
as pH was reduced from alkaline to acidic levels as a result of minimized solubility of sericin. Moreover, solution pH and foulant type
(sericin + fatty acids versus sericin alone) had signiﬁcant effect on
fouling behavior of UF membranes.
The isolation and puriﬁcation of a protein is a challenging task,
taking into account both economical and technical aspects. For
example, the puriﬁcation steps for an enzyme can account for
70–90% of the total production costs [9]. The puriﬁcation of a protein from a fermented medium usually involves a combination of
techniques; where the most used techniques are based on chromatographic processes that are very speciﬁc and allow obtaining
very pure fractions. However, these processes present low yields,
and are difﬁcult to scale-up, increasing ﬁnal product costs [9].
Therefore, economic and effective downstream processing methods are required for cost minimization. In commercial production,
membrane separation processes are considered an economic alternative as they can attain high productivity and purity at the same
time. They also offer advantages of lower cost and ease to scale-up
as compared to chromatographic methods [9].
Our former studies showed that recovery and isolation of sericin
protein from silk processing efﬂuents could be achieved by multistage processes such as NF + dialysis and UF + low temperature crystallization. In biotechnological separation processes, obtaining the
target product at the desired quality is essential; however the economy of the overall process is also important. It is clear that the production cost increases with increasing number of unit operations
and processes. In this regard, there is a need to optimize the overall
process scheme towards the simplest and cheapest one. Although
we had shown that NF achieved very high rejection rates (greater
than 90%) for sericin in cocoon cooking wastewaters; the conditions for separating sericin from other silkworm proteins towards
its enrichment/isolation has not been determined yet. To this end,
this study particularly aims to investigate the effect of solution pH
on performance of NF for enrichment of sericin protein in cocoon
cooking wastewaters. The rationale of this study was to achieve
sericin recovery with a process suitable to industrial application,
where membranes are particularly well suited for concentrating
large volumes of protein solutions. Post ethanol precipitation was

also considered in order to obtain the protein in powder form,
which would enable product storage in industrial scale application.
2. Calculations
2.1. Transmission
The observed transmission of a solute (Tr ) is the ratio of its concentration in the permeate (Cp ) to its concentration in the retentate
(Cr ) [10]
Tr =

Cp
Cr

2.2. Rejection
Rejection of a protein (R) is calculated as follows
R(%) = (1 − Tr ) × 100 =

Cr − Cp
× 100
Cr

2.3. Selectivity
The membrane selectivity (S, dimensionless) is focused on the
target protein (sericin) and deﬁned as the ratio of sericin transmission (Trsericin ) to the contaminant protein (other silkworm proteins)
transmission (Trothers ) according to [10]
S=

Tr − sericin
Tr − other protein

2.4. Purity
When a mixed solution containing two proteins A and B is
nanoﬁltered, the instantaneous purity (P) (based on the protein
content) of protein A is deﬁned as [10]
P(%) =

Cp A
Cp A + Cp B

2.5. Membrane and fouling resistances
Membrane and fouling resistances were calculated using
Darcy’s equation as follows
Rt = Rm + Rf = Rm + Rp + Rc =

TMP
J

where Rt is the total hydraulic resistance, Rm is the membrane resistance, Rf is the fouling resistance, Rp is the pore blocking resistance,
Rc is the cake layer resistance,  is dynamic viscosity, and J is the
membrane ﬂux.
The experimental procedure to get each resistance value was as
follows [11]: (1) Rm was estimated by measuring the ﬂux of ultra
pure water; (2) Rt was evaluated by the ﬂux of cocoon cooking
wastewater and (3) the membrane surface was then ﬂushed with
ultra pure water and cleaned with a brush to remove the cake layer.
After that, ultra pure water ﬂux was measured again to get the resistance of Rm + Rp . The pore blocking resistance (Rp ) was calculated
from steps (1) and (3) and the cake resistance (Rc ) from (2) and (3).
3. Materials and methods
3.1. Sample preparation
Cocoon cooking process was simulated in the laboratory
in order to obtain the sample for ﬁltration. For each run of
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Fig. 1. Simulation of cocoon cooking process (a) before cooking, (b) after cooking for 90 min and (c) after removal of cocoons.

nanoﬁltration (NF) experiments, 400 g of dry cocoon was weighed
and put in a boiler containing 10–11 L of ultra pure water (Fig. 1(a))
and then boiled for about 90 min. After removing the cocoons from
the boiler (Fig. 1(b)), the wastewater was left for cooling. In this
way, approximately 8 L of sample was obtained (Fig. 1(c)), which
was immediately subjected to microﬁltration (MF) prior to NF. MF
through glass ﬁber media having a pore size of 1 m (Whatman
GF/B) had previously been determined as a suitable pre-treatment
method for cocoon cooking wastewaters [5]. Hence, a conventional
vacuum ﬁltration apparatus (Millipore) providing dead-end ﬁltration under a vacuum of 73 kPa was used to remove particulate
impurities from the simulated cocoon cooking wastewaters.

mV
Detector A:230nm
250
200
150
100
50
0
0.0

3.2. Sample characteristics
Sericin content of simulated cocoon cooking wastewaters after
MF was determined as 2079–3109 mg L−1 by the help of HPLC analysis (Table 1). The concentrations of contaminant proteins was not
determined (due to the lack of calibration standards), however the
total areas of peaks belonging to the contaminant proteins were
used in rejection, transmission and purity calculations. In other
words, silkworm proteins other than sericin were regarded as a
single solute. In addition to sericin rejection, presence or absence
of contaminant proteins in feed and permeate samples (detected
by HPLC analysis) was taken as the criterion for evaluating the NF
performance.
HPLC analyses of standard sericin solution and simulated cocoon
cooking wastewater are depicted in Figs. 2 and 3, respectively. As
seen from Fig. 2, sericin elutes as a broad peak between 6.5 min and
10.5 min. It is a family of proteins with a broad range of molecular
weights (MW) between 6 kDa and 300 kDa [12,13]. Contaminant

1

2

3

4

Experimental conditions
Total recycle mode
TMP = 490 kPa
Temperature = 17–19 ◦ C
pH = 6.4–3.5
Total recycle mode
TMP = 490 kPa
Temperature = 16–18 ◦ C
pH = 6.4–9.0
Total recycle mode
TMP = 490 kPa
Temperature = 17–18 ◦ C
pH = 4.5
Concentration mode
TMP = 490 kPa
Temperature = 16–22 ◦ C
pH = 4.5

Sericin concentration
in NF feed (mg L−1 )

5.0

7.5

10.0

12.5

15.0 min

Fig. 2. HPLC chromatogram of standard sericin solution (concentration = 2.5 mg mL−1 , stationary phase: nucleogel aqua OH-40-8, mobile phase: 0.05 M
phosphate buffer containing 0.3 M NaCl, temperature = 30 ◦ C, wavelength = 230 nm,
and ﬂow rate = 1 mL min−1 ).

silkworm proteins elute as a sharp peak between 11.0 min and
13.0 min (Fig. 3).
3.3. Nanoﬁltration
NF experiments were carried out in total recycle and concentration modes of ﬁltration; in the former the feed quality and
volume were kept constant via recycling the retentate and permeate into the feed tank, whereas in the latter the permeate
was collected separately and the feed volume was reduced with
time. The experimental conditions are given in Table 1 and the
set-up is presented in Fig. 4. A plate-and-frame (DSS LabStak
M20) module was used where the feed and retentate pressures
were kept at 500 kPa and 480 kPa, respectively, maintaining a
trans-membrane pressure of 490 kPa across the membrane in

Table 1
Experimental conditions and sericin concentrations in NF feed.
Run no.

2.5

mV
Detector A:230nm
1000
750

3109

500
2620

250
0

2230

0.0

2079

2.5

5.0

7.5

10.0

12.5

15.0 min

Fig. 3. HPLC chromatogram of sericin and contaminant silkworm proteins in microﬁltrated cocoon cooking wastewater (sericin elutes between 6.5 min and 10.5 min,
other silkworm proteins elute between 11 min and 13 min, conditions are the same
as in Fig. 2).
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Fig. 4. Experimental set-up for membrane ﬁltration tests.

total recycle mode of ﬁltration experiments. Sample was pumped
into the module at a ﬂow rate of 22.2 m3 h−1 . NF-DK membrane
supplied by Osmonics is a polymeric ﬂat thin ﬁlm composite membrane in which a polyamide selective layer is supported on a
polysulfone layer [14–16]. NF-DK membrane has been reported
to have a MgSO4 rejection of 98%, MWCO of 150–300 Da (GE
Water and Process Tech.) and pI of 4.0 [17]. The membrane was
composed of two pairs, with a total effective area of 0.036 m2 .
Same pair of NF-DK membrane was used in all runs, provided
that mechanical and chemical cleaning was applied between the
runs.
During NF, clean water and wastewater ﬂuxes were monitored
with respect to time. When the ﬂuxes were stabilized, permeates were collected and analyzed for silkworm proteins. The ﬂux
declines were calculated by measuring the ﬂuxes in four stages:
(1) clean water ﬂux of clean membrane, (2) wastewater ﬂux,
(3) clean water ﬂux of fouled and mechanically cleaned membrane and (4) clean water ﬂux of chemically cleaned membrane.
Mechanical cleaning was performed by brushing the membrane
surface with a sponge and ﬂushing with water. Chemical cleaning was performed by soaking the membrane into 0.5 M NaOH
solution containing 200 ppm chlorine for 20–30 min. Membranes
were stored in 0.25% sodium bisulﬁte solution to avoid bacterial
growth.
Separation performance of NF membrane was evaluated in two
ways: (1) HPLC analysis; the areas under the peaks obtained for
sericin and other proteins in the feed and permeate samples were
compared. The area of sericin and other proteins were divided by
the total area of all peaks (sericin + other proteins) at each pH. In
this way, the effect of solution pH on separation efﬁciency of NF
membrane and sericin purity was determined. (2) Protein identiﬁcation by LC–MS/MS analysis enabled quantiﬁcation of each protein
in recovered samples directly.
3.4. Protein identiﬁcation by LC–MS/MS analysis
Protein identiﬁcation analysis was performed in Genetic
Engineering and Biotechnology Institute of The Scientiﬁc and

Technological Research Council of Turkey, Marmara Research Center (TUBITAK MAM). The proteins were solubilized with 0.2%
RapiGest SF acid-labile surfactant (Waters) in 50 mM ammonium
bicarbonate and desalted with C18 ZipTip pipette tips (Millipore).
Proteins were reduced with 10 mM ﬁnal concentration of dithiothreitol (DTT) (Sigma–Aldrich) and methylated with 20 mM ﬁnal
concentration of iodoacetamide (Sigma–Aldrich). Samples were
digested at a protein:tripsin ratio of 50:1 at 37 ◦ C for 16 h. The peptides were separated with 1D-reverse phase chromatography by
applying a 60 min 3–35% acetonitrile gradient. ESI-MS/MS analysis was performed with a SYNAPT QTOF mass spectrometer. Raw
data was processed with ProteinLynx Global Server (Waters, PLGS)
using Uniprot Bombyx mori protein data bank.
3.5. Ethanol-induced precipitation
Sericin concentrate obtained by NF at the original pH of 6.4
was precipitated in cold ethanol, where cold ethanol was added
slowly into sericin solution until a ﬁnal ethanol concentration of
75% (v/v) was obtained. Samples were kept at 4 ◦ C overnight and
centrifuged at 1469 × g for 10–20 min to have the sericin as a pellet.
After decanting the ethanol in the supernatant, sericin precipitate
was frozen at −80 ◦ C, followed by drying in a lyophilizator to obtain
sericin in powder form. Sericin powder was used for protein identiﬁcation by LC–MS/MS analysis.
4. Results and discussion
4.1. Quantiﬁcation of silkworm proteins
The LC–MS analysis revealed that cocoon cooking wastewater contains sericin in two forms: sericin 1 (P07856) at 80.0%
and isoform 1A of sericin 1 (P07856–2) at 7.2%, having molecular weights (MW) of 119 kDa and 76 kDa, respectively (Table 2).
This analysis also showed that sericin constitutes 87.2% of all the
silkworm proteins in cocoon cooking wastewaters. Sericin is a family of proteins with a wide range of MW changing from 6 kDa to
300 kDa. As seen from Fig. 3, sericin elutes from 6.5 min to 10.5 min,
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Table 2
Quantitative analysis of silkworm proteins in simulated cocoon cooking wastewaters (NF feed).
Accession no.

Description

MW (Da)

pI

Amount (%)

P07856
P07856–2
P21828
P42852
P09336
P04829
O02387

SERI1 BOMMO sericin 1 OS Bombyx mori GN ser1 PE 1 SV 2
SERI1 BOMMO ısoform 1A of Sericin 1 OS Bombyx mori GN ser1
FIBL BOMMO ﬁbroin light chain OS Bombyx mori GN FIBL PE 1 SV 1
CUPP BOMMO pupal cuticle protein OS Bombyx mori GN PCP PE 2 SV 1
LP3 BOMMO low molecular 30 kDa lipoprotein PBMHPC 19 OS Bombyx mori GN LP PE 2 SV 1
ACT3 BOMMO actin cytoplasmic A3 OS Bombyx mori PE 3 SV 3
CU17 BOMMO larval cuticle protein LCP 17 OS Bombyx mori GN LCP17 PE 2 SV 1

119,416
75,992
27,651
26,300
29,223
41,890
15,260

5.9
4.8
4.9
6.0
7.2
5.3
4.9

80.0
7.2
9.6
0.7
1.1
1.3
0.2

speciﬁed with multiple peaks, corresponding to different MW fractions. The remaining silkworm proteins were identiﬁed as ﬁbroin
light chain (P21828) at 9.6%, pupal cuticle protein (P42852) at
0.7%, low molecular lipoprotein (P09336) at 1.1%, actin cytoplasmic A3 (P04829) at 1.3% and larval cuticle protein (O02387) at
0.2%, respectively (Table 2). These results show that cocoon cooking
wastewaters contain sericin at great majority; however they also
contain other (contaminant) silkworm proteins, which correspond
to 12.8% impurity.
4.2. Effect of solution pH on separation of silkworm proteins via
NF

Sericin concentraon (mg L -1)

NF experiments were conducted at pH values ranging from 3.5
to 9.0. In run 1, ambient pH of 6.4 was lowered down to 3.5 by
adding HCl into the sample, whereas it was increased up to 9.0 by
adding NaOH into the sample in run 2. Feed and permeate sericin
concentrations are depicted in Fig. 5. In order to evaluate the effect
of pH on sericin enrichment, rejection and transmission of proteins
were calculated based on areas of peaks obtained via HPLC analysis (Table 3). In addition, instantaneous purity and selectivity were
calculated for sericin (Figs. 6 and 7). HPLC chromatograms were
also considered to analyze the shapes of protein peaks at varying

3500
3000
2500
2000

Run 1: Acidic
condions

Run 2: Basic
condions

1500
1000
500
0
3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5

pH
Feed

Permeate

pH (Fig. 8). As seen from Fig. 5, sericin concentration in the feed
was 3102–3261 mg L−1 in acidic conditions and 2481–2645 mg L−1
in alkaline conditions. On the other hand, permeate sericin concentrations in acidic and basic conditions were 386–511 mg L−1
and 485–517 mg L−1 , respectively. These data correspond to sericin
rejection efﬁciencies of 84–88% in acidic conditions and 80–81% in
alkaline conditions (Table 3). In other words, sericin transmission
was as low as 0.12–0.20 at pH 3.5–9.0, with lowest value realized
at pH 5.0–5.5.
Rejection of proteins by membranes is a complex phenomenon
and it depends on several factors such as molecular size of proteins, electrostatic interactions between membrane and proteins,
solution chemistry such as pH and ionic strength, and system
hydrodynamics [18]. Solution pH may strongly affect protein rejection rates; operating at the pIs of proteins has been found to cause
decreased rejection rates [19–21]. This may be attributed to the
absence of electrostatic repulsion, which partly affects the protein
rejection [20]. It has also been argued that proteins have smaller
sizes at their pI values, leading to higher transmission rates [21].
Proteins have net negative charge above their pI values and net positive charge below their pI values. Furthermore, they have increased
solubility above and below their pI values. At constant permeate
ﬂux, transmission is highest for uncharged protein and is lowered
when the protein is charged, due to the self rejecting effect occurring between the protein in the bulk and the fouled membrane
covered by adsorbed charged protein [10]. NF membranes are electrically charged in aqueous media due to the type of material or the
adsorption of charged species. Hence, the extent of rejection by NF
membranes is inﬂuenced by the size and charge of solutes [22]. NFDK is a hydrophobic membrane with a pI of 4.0. Thus the electric
charge density of NF-DK membrane is negative above pH 4.0 [14].
Based on the literature mentioned above and LC–MS analysis
results (Table 2), the expected net charges of silkworm proteins at
each operating pH are tabulated (Table 4). As seen, almost all proteins were supposed to have net negative charge at pH above 6.4,
net positive charge below pH 5.0, and net zero charge in pH range
of 5.0–7.0. In addition, NF-DK membrane was negatively charged
at pH above 4.0. Therefore, it was expected that almost all proteins

Fig. 5. Change of feed and permeate sericin concentrations with respect to pH.

3.50
3.00

0.80

Run 1: Acidic
conditions

Run 2: Basic
conditions

2.50

Selectivity

Instantaneous Purity

1.00
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0.40
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2.00
1.50
1.00
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pH
Sericin purity in permeate
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Sericin purity in retentate

Fig. 6. Effect of pH on instantaneous purity of sericin.

pH
Fig. 7. Selectivity of NF-DK membrane for sericin as a function of pH.
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Table 3
Separation performance of NF-DK membrane at varying pH.
Run

pH

Amount of protein (area)a
Sericin

1

2

6.4b
6.0
5.5
5.0
4.5
4.0
3.5
6.4b
7.0
7.5
8.0
8.5
9.0

Rejection (%)
Contaminant proteins

Feed

Permeate

6,523,366
6,840,997
6,769,255
6,801,947
6,508,315
6,519,188
6,660,770
5,497,179
5,358,327
5,204,872
5,236,256
5,293,675
5,548,650

1,071,426
929,292
824,885
810,529
904,891
914,028
1,058,272
1,034,035
1,028,868
1,057,867
1,017,935
1,084,075
1,042,126

Feed

Sericin

Transmission
Contaminant proteins

Sericin

Contaminant proteins

Permeate

6,253,469
6,549,118
6,556,618
6,728,532
6,442,061
6,498,902
6,609,235
5,321,849
5,463,334
5,411,845
5,240,554
4,920,049
6,040,893

826,128
1,153,199
2,033,144
2,765,166
3,325,154
3,281,229
3,404,263
1,065,008
640,346
520,008
397,753
445,565
385,589

84
86
88
88
86
86
84
81
81
80
81
80
81

87
82
69
59
48
50
48
80
88
90
92
91
94

0.16
0.14
0.12
0.12
0.14
0.14
0.16
0.19
0.19
0.20
0.19
0.20
0.19

0.13
0.18
0.31
0.41
0.52
0.50
0.52
0.20
0.12
0.10
0.08
0.09
0.06

a

Areas under protein peaks were calculated from HPLC chromatograms.
The decrease in rejection at pH 6.4 was probably due to chemical cleaning applied between two runs. As the same pair of NF-DK membrane was used, chemical cleaning
might have caused pore opening and hence decreased rejection of proteins.
b

were repelled by the negatively charged membrane at pH above
6.4 and attracted by the membrane at pH between 5.0 and 4.0.
Sericin is the dominating protein in cocoon cooking wastewater,
therefore its interaction with the membrane and the contaminant
proteins probably played critical role in separation performance
of NF. Since sericin 1 has a pI of 5.9, negatively charged sericin 1
was expected to be repelled by the negatively charged membrane
above pH 6.0, leading to rejection as a result of electrostatic repulsion. On the other hand, sericin 1 was positively charged below pH
6.0, which was possibly electrostatically attracted by the negatively
charged membrane, leading to adsorption onto the membrane surface, causing severe ﬂux decline (discussed later). Similarly, isoform
1A of sericin 1 having pI of 4.8, was expected to be negatively
charged above pH 5.0, leading to rejection as a result of repulsion.
In addition to electrostatic interactions, the reason for increased
rejection in acidic conditions was attributed to decreased solubility of sericin with a minimum at pH 3.9 [23], causing aggregation
and rejection of sericin polypeptides.
It was found that solution pH did not signiﬁcantly inﬂuenced
sericin rejection; sericin was rejected by greater than 80% at pH
3.5–9.0 (Table 3) and it hardly increased from 80–81% to 84–88%
when the solution pH was changed from alkaline to acidic levels.
Besides, the MW of sericin (119 kDa and 76 kDa) was sufﬁciently
bigger than the MWCO (150–300 Da) of NF-DK membrane, which
would lead to rejection as a result of size exclusion. These results
indicate that sieving was probably more dominant than electrostatic interactions for rejection of sericin. Indeed, NF-DK membrane
performed better with real cocoon cooking wastewaters at the original pH of 6.1 where sericin rejection as high as 94% was obtained

[5]. The lower performance of NF-DK membrane with simulated
wastewater might be due to some differences in sample characteristics such that sericin in real wastewater had four fractions of
MW with a broad range, i.e., 10–200 kDa, whereas MW of sericin in
simulated wastewater is relatively narrow, i.e., 76–119 kDa. Therefore, lower rejection observed with simulated wastewater might
be because of the absence of the highest MW (200 kDa) fraction of
sericin, which could be readily adsorbed onto the membrane surface and form a gel layer that could avoid the transmission of sericin
polypeptides with smaller MW. Co-existence of silkworm proteins
might also have inﬂuenced sericin rejection; when sericin was the
single protein in solution, 92% rejection of sericin had been achieved
at pH 7.7 and pH 3.5 even with a UF membrane with MWCO
of 5 kDa [6]. So, interaction with contaminant proteins possibly
caused transmission of sericin to some extent. Another possible
reason for lower sericin rejection with simulated wastewater might
be the differences in membrane pairs used in two studies; although
the same manufacturer’s membrane was used, the pair used here
might be slightly looser, leading to increased transmission.
On the contrary of sericin, solution pH signiﬁcantly inﬂuenced
the rejection of contaminant proteins. At the original pH of 6.4,
contaminant proteins were rejected by 80–87%, which increased
up to 94% at pH 9.0 and decreased down to 48% at pH 3.5–4.5
(Table 3). In other words, transmission of contaminant proteins
was low; 0.06–0.20 in pH range of 6.4–9.0; however it increased
up to 0.52 as the solution pH was reduced to 3.5–4.5. The reason for increased transmission of contaminant proteins (despite
their much bigger molecular weights than the membrane MWCO)
may be the mass transfer phenomena, also known as concen-

Table 4
Expected net charges of silkworm proteins at each operating pH.

Operang pH

3.5

4.0

4.5

Sericin 1

5.0

5.5

(+)

6.0

6.4

7.0

7.5

(0)

(+)

(0)

(-)

Fibroin light chain

(+)

(0)

(-)

(+)

Low molecular 30 kDa
lipoprotein
Acn cytoplasmic A3
Larval cucle protein LCP 17

(0)
(+)

(+)
(+)

(-)
(0)

(-)

(0)
(0)

8.5

(-)

Isoform 1A of Sericin 1

Pupal cucle protein

8.0

(-)
(-)

9.0
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Fig. 8. HPLC chromatograms of silkworm proteins in NF permeate (a) pH 5.0–6.4,
(b) pH 3.5–4.5 and (c) pH 3.5–6.4 (conditions are the same as in Fig. 2).

tration polarization, which is reported to have a dramatic effect
on the performance of many membrane systems [24]. Concentration polarization can increase protein transmission by increasing
the protein concentration near or at the membrane surface. For
example, Opong and Zydney [25] observed a factor of ﬁve increase
in albumin transmission with increasing ﬁltrate ﬂux. Similarly,
Nakatsuka and Michaels [26] showed that bulk mass transfer effects
could signiﬁcantly increase the membrane selectivity for separation of myoglobin and albumin. In that study, concentration
polarization caused a large increase in myoglobin transmission,
while albumin was still strongly rejected by the small pore membrane. Meanwhile, Garem et al. [27] mentioned that the presence of
high molecular weight negatively charged peptides in the concentration polarization layer could inﬂuence the selectivity of the NF
membrane such that accumulation and/or adsorption of these peptides at the membrane surface would amplify membrane charge
density and in turn affect transmission of smaller positive or
negative peptidic species [27]. In case of silkworm proteins, concentration polarization effect most probably caused transmission
of contaminant proteins to increase up to 0.52 at pH 3.5–4.5. Sericin
becomes aggregated as a result of decreased solubility at acidic pH,
leading to accumulation of high molecular weight sericin polypeptides in the concentration polarization layer, which in turn caused
increased protein concentration at the membrane surface, leading
to increased transmission of contaminant proteins.
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Protein transport is a function of the membrane surface
charge characteristics and protein retention increases signiﬁcantly
when the membrane and protein have the same charge due
to increased electrostatic repulsion [28]. All silkworm proteins
were positively charged at pH below 5.0 (where transmission of
contaminant proteins was highest) and the membrane was negatively charged. Therefore, in addition to concentration polarization
effect, increased transmission of contaminant proteins might have
also resulted from electrostatic attractions between the positively
charged proteins and the negatively charged membrane. On the
other hand, rejection of contaminant proteins increased in alkaline
conditions, which can also be explained by electrostatic interactions. Contaminant proteins were expected to be negatively
charged above pH 7.0 (Table 4), where the membrane was also
negatively charged, leading to rejection as a result of repulsion.
Solution chemistry (pH and ionic strength) is known to affect the
electrostatic interactions between proteins and the membrane surface. Millesime et al. [29] have reported a signiﬁcant decrease in
the retention of bovine serum albumin and lysozyme from as high
as 100% to only 35% and 10%, respectively, as the solution ionic
strength increased by adding NaCl to the feed solution. This may
be attributed to the decrease in electrostatic repulsion at high ionic
strength. In case of silkworm proteins, HCl was used to adjust pH in
acidic conditions, which might have helped increase the transmission of contaminant proteins as a result of increased ionic strength.
In addition, contaminant proteins might have formed bonds with
sericin, leading to combined proteins with bigger sizes. In this
case, increased transmission of contaminant proteins below pH 5.0
might be attributed to minimized solubility of sericin, leading to
breaking of the bonds between sericin and other proteins, leaving
the latter free in solution. Then, contaminant proteins were transmitted to the permeate side possibly due to effects of increased
ionic strength and increased protein concentration at the membrane surface, i.e., concentration polarization. On the other hand,
sericin has better solubility in alkaline conditions, making it available for possible binding, which could result in higher rejection of
contaminant proteins. In addition, membrane surface charge may
become increasingly more negative with increasing pH, causing
increased repulsion of negatively charged proteins. The addition of
Na+ ions into the solution during pH adjustment could also inﬂuence protein rejection as the salt ions may electrostatically bind
to protein molecules, increasing their solubilities and stabilities
[30]. Normally, the effect of salt on ﬁltration of protein can be seen
as shielding of charges, which leads to increased transmission of
charged proteins and decreased surface charge of membranes [31].
So, salt effect might have contributed to the slight increase of sericin
transmission in alkaline conditions.
These results clearly show the difﬁculty of explaining protein
rejection by the molecular weight of proteins or MWCO of the membranes alone. There are several factors that affect protein retention
such as co-existence of proteins, protein shape, size and charge,
membrane properties and solution chemistry. These ﬁndings also
refer to the complexity of separation mechanisms since several proteins having different properties and a diverse range of pI values
co-exist in a real wastewater. The separation performance of membrane differs with regard to the existence of single protein and
co-existence of several proteins, as the possibility of one foulant
(protein) binding to another would change the physical (size and
molecular weight) and chemical (charge and hydrophobicity) characteristics of combined foulants [32].
Since it was aimed to enrich sericin in the retentate, it was
desired to have highest rejection (or lowest transmission, i.e., lowest selectivity) and highest purity for sericin and lowest rejection
(or highest transmission, i.e., highest selectivity) and lowest purity
for contaminant proteins in the retentate. The data clearly show
that acidic conditions enhance rejection of sericin slightly and
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Fig. 9. Normalized ﬂux in run 1, run 2 and run 3.

transmission of other proteins to a great extent. The highest separation of proteins was achieved at pH 4.5, at which instantaneous
purity of sericin was as high as 0.50 in the retentate and as low as
0.21 in the permeate (Fig. 6). On the other hand, the worst separation performance was observed at pH 9.0, where instantaneous
purity of sericin reduced to 0.48 in the retentate and increased to
0.73 in the permeate. Selectivity for sericin was also considered
as it is the target protein to be recovered (Fig. 7). It was desired
to have minimum selectivity for sericin and maximum selectivity for contaminant proteins. Selectivity for sericin at the ambient
pH of 6.4 was determined as 1.23 with fresh membrane (run 1;
beginning of acidic conditions), which increased up to 3.17 as pH
was increased to 9.0. However, it decreased down to 0.27 as pH
was reduced from 6.4 to 4.5. Although acidic conditions favored
sericin enrichment (pH 4.5), the instantaneous purity of sericin in
the retentate remained almost constant at 0.48–0.52 at pH 3.5–9.0
(Fig. 6). The purity obtained for sericin was low at all pH values,
therefore it was concluded that changing the solution pH did not
signiﬁcantly improve NF performance for sericin enrichment.
Fig. 8(a–c) depicts HPLC chromatograms for sericin and other
proteins in NF permeate in acidic conditions. As seen from Fig. 8(a),
there appears a single sericin peak, whose shape and height is
almost the same in pH range of 6.4–5.0. However, the shape of
sericin peak changed, as pH was further lowered from 4.5 to 3.5
(Fig. 8(b)). Two distinct smaller peaks appeared in the time period
of sericin elution, where the ﬁrst one was thought to belong to
sericin 1 as it had bigger MW and eluted earlier, and the second one
was thought to belong to isoform 1A of sericin 1 as it had smaller
MW and eluted later. Furthermore, as pH was lowered from 4.5 to
3.5, peak of sericin 1 got bigger and that of isoform 1A of sericin 1
got smaller in the permeate. This may indicate increased transmission of the former and decreased transmission of the latter as pH
was lowered from 4.5 to 3.5. These results may reveal that the ﬁnal
product would be rich in sericin 1 if recovered at pH 4.5 and rich in
isoform 1A of sericin 1 if recovered at pH 3.5.

the additional ﬂux decline with time corresponds to cake layer formation plus possible pore blocking/narrowing. Hence, these data
may show that an immediate 21–23% ﬂux decline occurred due to
concentration polarization in both acidic and alkaline conditions.
These results also show that acidic conditions represent the worst
case and neutral conditions represent the best case for ﬂux control. Since sericin was the dominating protein in cocoon cooking
wastewater, it was thought to play a major role in fouling of NFDK membrane. Sericin is a gummy protein and it has decreased
solubility at acidic pH, therefore it immediately adsorbs onto the
membrane surface, leading to the formation of a smooth dense
cake layer. Once the adsorption layer occurs, it may repel the
sericin polypeptides, causing high rejection of sericin and higher
ﬂux decline. Especially in acidic conditions, sericin is positively
charged below pH 6.0, which probably caused immediate adsorption onto the negatively charged membrane. Therefore, formation
of a protein adsorption layer on the membrane surface was considered as the main cause of ﬂux decline. In run 3, ﬁltration was
conducted at pH 4.5 for a longer time in order to see the effect of
acidic conditions on severity of ﬂux decline and fouling. Normalized
ﬂux started from 0.52 and decreased to 0.33 at the end of 60 min.
The ﬂux decline in the ﬁrst hour of ﬁltration was similar to that
observed in run 1, where normalized ﬂux decreased from 0.43 to
0.35 in 1 h as pH was reduced to 4.5, which corresponds to ﬂux
decline increased from 57% to 65%. However, increased duration
of ﬁltration caused further decrease of normalized ﬂux from 0.52
down to 0.14 at the end of 340 min (Fig. 9), corresponding to the
ﬂux decline increasing from 48% to 86%. These results may reveal
that cake layer formation continued with time with possible additional pore blocking/narrowing mechanisms, causing more severe
ﬂux declines in acidic conditions.
Table 5 shows the membrane, fouling and total resistances as
well as the ﬂuxes and ﬂux recovery in each run. As seen, membrane
80.0

The effect of pH on NF ﬂux is shown in Figs. 9 and 10. As seen from
Fig. 9, lowering the pH from 6.4 to 3.5 caused a dramatic decrease
in the normalized ﬂux from 0.79 to 0.30 in 7 h of ﬁltration, which
means that ﬂux decline increased from 21–40% (during 1 h of ﬁltration at pH 6.4) to 69–70% when acidic conditions prevailed (during
1 h of ﬁltration at pH 3.5) (Fig. 10). Similarly, normalized ﬂux
decreased from 0.77 to 0.49 in 6 h of ﬁltration as pH was increased
from 6.4 to 9.0, indicating that ﬂux decline increased from 23% to
51% when basic conditions were applied. In general, the immediate
ﬂux decline corresponds to concentration polarization effect and

Flux decline (%)
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4.3. Effect of solution pH on ﬂux and fouling behavior of NF

60.0
50.0
40.0
30.0
20.0
10.0
0.0
3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5

pH
Flux decline in Run 1

Flux decline in Run 2

Fig. 10. Flux decline as a function of pH (run 1 and run 2).
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Table 5
Resistances and ﬂux recovery at varying pH.
Run

pH

Resistances (1013 m−1 )
Rm

Rf

Flux (L m−2 h−1 )
Rt

Flux recovery (%)

Initial clean water ﬂux

Waste water ﬂux

Final clean water ﬂux
(1)d

b
c
d
e

(1)d

(2)e

8.2

3.8
5.5
7.3
10.8
15.5
19.4
19.6

12.0
13.7
15.5
19.0
23.7
27.6
27.8

20.3

14.0
12.0
10.6
8.7
6.9
6.0
6.2

10.3

20.3

51

100

1b

6.4
6.0
5.5
5.0
4.5
4.0
3.5

8.6

5.7
6.9
7.7
8.3
8.5
9.5

14.3
15.5
16.3
16.9
17.1
18.1

19.2

11.6
10.9
9.8
10.0
9.6
9.3

17.8

18.3

93

95

2b

6.4
7.0
7.5
8.0
8.5
9.0

53.7

62.6

3c
a

(2)e

a

4.5

8.9

18.5

2.6

4.1

14.7

22

79

Final clean water ﬂux was determined after (1) mechanical and (2) chemical cleaning.
Filtration was performed for 60 min at each pH.
Filtration was performed for 340 min at pH 4.5.
Mechanical cleaning.
Chemical cleaning following mechanical cleaning.

The occurrence of fouling resistance was attributed to formation of a cake layer on the membrane surface plus possible
pore blocking. Cake layer was observed visually during cleaning
and occurrence of pore blocking (clogging/narrowing) has been
reported for sericin in silk degumming efﬂuents in acidic conditions [6]. Despite of high ﬂux decline, chemical cleaning was
quite effective to restore the ﬂuxes. As seen from Table 5, ﬂux
recovery of 79–100% was achieved via chemical cleaning following mechanical cleaning; indicating that fouling was reversible
to a great extent. Flux recovery after mechanical cleaning is also
presented (Table 5). After treating the fouled membrane with
clean water through brushing–ﬂushing cycles during mechanical
cleaning, ﬂux recovery of 22–93% was achieved, indicating occurrence of a cake layer on the membrane surface, which could be
partly removed via mechanical cleaning. The data also indicate
different fouling mechanisms and cake structures in acidic and
alkaline conditions. In acidic conditions, ﬂux recovery was 51%
after mechanical cleaning and 100% after chemical cleaning; which
means fouling occurred due to cake layer formation plus pore
blocking. On the other hand, in alkaline conditions, ﬂux recovery
was 93% after mechanical cleaning and 95% after chemical cleaning;
which means fouling occurred mostly due to cake layer formation.

7.00E+14

100
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80
70
60
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20
10
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6.00E+14

Resistance (m-1 )

Contribution to total resistance (%)

resistance was 8.2 × 1013 m−1 in run 1, where total resistance
increased from 12.0 × 1013 m−1 to 27.8 × 1013 m−1 and fouling
resistance increased from 3.8 × 1013 m−1 to 19.6 × 1013 m−1 as pH
was reduced from 6.4 to 3.5. Similarly, resistances increased in alkaline conditions; total resistance and fouling resistance increased
from 14.3 × 1013 m−1 to 18.1 × 1013 m−1 and from 5.7 × 1013 m−1
to 9.5 × 1013 m−1 , respectively, as pH was increased from 6.4 to
9.0. These results are in agreement with the ﬂux decline patterns.
Contribution of each resistance to total resistance is depicted in
Figs. 11 and 12. As seen from Fig. 11, contribution of Rm to Rt was
60–68% at the original pH of 6.4, which decreased to 30% at pH 3.5
and to 47% at pH 9.0. This was because the contribution of Rf to Rt
increased from 32–40% to 70% and 53% in acidic and alkaline conditions, respectively. These results also show that contribution of
fouling resistance was least, i.e., 32–40% at the original pH of 6.4.
Effect of increased time of ﬁltration on fouling is also clearly shown
in Table 5; when the ﬁltration time was 60 min, Rf and Rt were
15.5 × 1013 m−1 and 23.7 × 1013 m−1 , respectively. However, very
high values of Rt and Rf were determined at a ﬁltration period of
340 min; 62.6 × 1013 m−1 and 53.7 × 1013 m−1 , respectively. These
data show that total and fouling resistances at pH 4.5 increased
three to four times (2.6 and 3.5, respectively) when ﬁltration time
was increased almost six times.
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Fig. 11. Effect of pH on contribution of Rm and Rf to Rt .
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Fig. 12. Contribution of Rm , Rp and Rc to Rt at pH 4.5.
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Fig. 15. Effect of volume reduction factor on selectivity at pH 4.5.

The adverse effect of increased ﬁltration time on ﬂux recovery is also shown in Table 5. In run 3 where ﬁltration lasted for
340 min at pH 4.5, ﬂux recovery after mechanical cleaning was
only 22%, which increased to 79% after chemical cleaning. The cake
layer that could not be mechanically removed may indicate adsorption of proteins on the membrane surface. Furthermore, incomplete
recovery of clean water ﬂux by chemical cleaning indicated pore
blocking. As seen from Fig. 12, pore blocking resistance has greater
contribution to total resistance than cake resistance at pH 4.5; i.e.,
Rp /Rt is 51% and Rc /Rt is 35%. These results reveal that operating at
pH 4.5 is disadvantageous in terms of fouling control. These results
also indicate the difﬁculty of protein separation/enrichment by
membrane processes in industrial scale applications, where more
severe fouling problems are expected. Longer and/or more frequent
cleaning cycles should be adopted to achieve complete ﬂux recovery in longer ﬁltration runs, which would deﬁnitely shorten the
membrane service life.

1.00 to 1.70. In the meantime, rejection of sericin and contaminant proteins decreased from 78% to 52% and from 33% to 9%,
respectively (Table 6). Correspondingly, sericin purity decreased
from 0.59 to 0.55 in the feed and increased from 0.33 to 0.39 in the
permeate (Fig. 14). In addition, selectivity (transmission) of sericin
increased from 0.33 to 0.53 as VRF increased from 1.00 to 1.70
(Fig. 15). These results show that VRF at pH 4.5 has adverse effect
on sericin enrichment. The reason for decreased rejection with
increasing VRF can be attributed to mass transfer phenomena,
where concentration polarization can increase protein transmission by increasing the protein concentration near or at the
membrane surface. NF-DK membrane had worse performance as
compared to total recycle mode of ﬁltration in previous runs, possibly due to using the same pair of membrane, which was subjected
to chemical cleaning a few times throughout this study. These
results disagree with our previous ﬁndings; NF-DK membrane had
achieved sericin rejection as high as 97% at VRF of 4.6 and original
pH of 6.1, where permeate sericin concentrations were detected as
low as 151–298 mg L−1 in the presence of contaminant proteins [5].
Therefore, relatively poor performance of NF-DK membrane was
probably caused by acidic conditions, which might have caused
pore opening and hence increased transmission of proteins.
Effect of VRF on ﬂux decline is depicted in Fig. 16. Normalized ﬂux rapidly decreased from 0.49 at t = 10 min (VRF = 1.00) to
0.13 at t = 240 min (VRF = 1.14), corresponding to ﬂux decline of
51% and 87%, respectively. Expectedly, the ﬂux decline pattern
was similar to that observed in run 3 where ﬂux decline started
at 48% and increased to 83% in 240 min of ﬁltration. The immediate ﬂux decline, which is the ﬂux decline observed as soon as
ﬁltration starts generally indicates concentration polarization. Protein adsorption onto the membrane surface may also occur quickly.
Hence, the immediate ﬂux decline observed here was possibly due
to concentration polarization plus adsorption of aggregated sericin
polypeptides on the membrane surface as a result of decreased

4.4. Effect of volume reduction factor on separation performance
of NF
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Since highest separation (high rejection of sericin, highest
transmission of contaminant proteins) was achieved at pH 4.5,
sericin was concentrated at this pH despite adverse effects of
acidic conditions on membrane fouling. In run 4, the volume
reduction factor (VRF) was increased from 1.00 to 1.70 and the
membrane performance was monitored. Feed volume was reduced
from 4250 mL to 2740 mL in 1225 min of ﬁltration period, corresponding to 1510 mL of permeate collected in a separate tank.
Sericin concentrations in feed and permeate samples are depicted
in Fig. 13. As seen, sericin concentration in the feed remained
almost constant at 2079–1957 mg L−1 , whereas it increased from
478 mg L−1 to 946 mg L−1 in the permeate as VRF increased from
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Fig. 14. Effect of volume reduction factor on sericin purity at pH 4.5.
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Table 6
Effect of volume reduction factor on rejection performance.
Volume reduction factor

1.00
1.10
1.12
1.14
1.16
1.21
1.27
1.32
1.52
1.62
1.70

Rejection (%)

Transmission

Sericin

Contaminant proteins

Sericin

Contaminant proteins

78
77
76
71
70
63
57
58
51
51
52

33
33
27
23
32
13
13
11
7
9
9

0.22
0.23
0.24
0.29
0.30
0.37
0.43
0.42
0.49
0.49
0.48

0.67
0.67
0.73
0.77
0.68
0.87
0.87
0.89
0.93
0.91
0.91

Fig. 17. Pictures of (a) pure sericin standard and (b) sericin recovered.

solubility at pH 4.5. NF-DK membrane is supposed to be negatively charged and all proteins were expected to be positively
charged at pH 4.5, leading to strong electrostatic attractions and
possible adsorption onto the membrane surface. The ﬂux was partially restored by the cleaning protocol applied and normalized
ﬂux increased to 0.43 after 240 min of ﬁltration. In a similar pattern, normalized ﬂux decreased to 0.12 at t = 420 min (VRF = 1.27),
and it remained constant until the end of experiment (t = 1225 min,
VRF = 1.70).
Although the experimental study has shown that the highest
separation of sericin from contaminant proteins was achieved at
pH 4.5 in total recycle mode of ﬁltration, acidic conditions caused
decreased rejection of sericin under concentration mode of ﬁltration, which simulates the real case, i.e., industrial application. In
addition, rejection of sericin poorly increased from 84% to 86% by
reducing pH from the original value of 6.4 to 4.5. Although rejection
of contaminant proteins signiﬁcantly decreased from 87% to 48% by
lowering the pH to 4.5, effect of pH adjustment on sericin enrichment was insigniﬁcant and sericin purity in the retentate poorly
increased from 0.48 to 0.50 (Fig. 6). Furthermore, working at acidic
pH caused severe fouling problems; fouling resistance increased
almost fourfold by reducing pH from 6.4 to 4.5. Working at the
original pH of solution also has the advantage of avoiding protein
denaturation. To this end, it is clear that pH adjustment to 4.5 has no
beneﬁt for separation of sericin from contaminant proteins. In view
of all these observations, it was decided not to apply pH adjustment
in NF stage. Next, the effect of post precipitation stage on sericin
purity was investigated.

Precipitation of sericin in water can be observed when the solution is left at room temperature for few days. Therefore ethanol
wins this competition resulting in the dehydration of sericin and
in the increase in protein–protein interactions. As a result, sericin
precipitates by the addition of ethanol [33]. When more than one
protein is present in solution, different solubility of each protein
might inﬂuence the yield. Table 7 shows the quantitative analysis of sericin sample recovered by NF (pH 6.4) + ethanol-induced
precipitation. Sericin precipitate was converted to powder form
by freeze-drying. The pictures of pure sericin standard obtained
commercially and sericin recovered via NF + ethanol-induced precipitation are depicted in Fig. 17 [8]. The chromatograms of feed
and ﬁnal recovered enriched product after the two-stage process
are shown in Fig. 3 and Fig. 18, respectively. LC–MS analysis of
recovered sericin sample revealed that the powder contains 92.9%
sericin 1 and 7.1% actin cytoplasmic A3 protein (Table 7). Isoform
1A of sericin 1 was not detected in the sample. A similar result was
observed by Oh et al. [33], where molecular weight distribution
of sericin was different in sericin solution and sericin precipitate.
When they applied ethanol-induced precipitation, 200 kDa sericin
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4.5. Effect of ethanol-induced precipitation on sericin purity
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The sericin concentrate obtained via NF (pH 6.4) was precipitated by ethanol. In ethanol-induced precipitation, sericin
and ethanol both compete to make hydrogen bond with water
molecules. While ethanol is fully miscible with water, sericin is not.
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Fig. 18. The chromatogram of ﬁnal recovered enriched product after the two-stage
process (sericin and remaining contaminant protein; namely actin cytoplasmic A3).
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Table 7
Quantitative analysis of recovered sericin sample (powder form).
Accession

Description

MW (Da)

pI (pH)

Amount (%)

P07856
P04829

SERI1 BOMMO sericin 1 OS Bombyx mori GN ser1 PE 1 SV 2
ACT3 BOMMO actin cytoplasmic A3 OS Bombyx mori PE 3 SV 3

119,416
41,890

5.9
5.3

92.9
7.1

precipitated as soon as ethanol was added. However, 23 kDa sericin
was not detected in the precipitate, which means 23 kDa protein
was soluble in water/ethanol mixture. Therefore, it may be assumed
that isoform 1 of sericin 1 did not precipitate in ethanol. On the
other hand, one possible reason for precipitation of actin cytoplasmic A3 protein may be speculated as binding to sericin 1, leading
to co-precipitation. Hydrophilicity and hydrophobicity of proteins
is also important in precipitation. The NF retentate contained all
silkworm proteins at varying amounts, but only sericin 1 and actin
cytoplasmic A3 protein precipitated by ethanol. Understanding the
exact mechanism of precipitation of these two proteins needs further research, which is out of the scope of this study.
4.6. Evaluation of sericin yield
Sericin yield obtained from this two-step technique
(NF + ethanol-induced precipitation) was determined. The data in
Table 1 provides an average sericin concentration of 2510 mg L−1
in NF feed. The sericin rejection of NF was 81–84% at original
pH of 6.4 (Table 3), providing an average rejection efﬁciency of
83% (Table 3). Therefore, average sericin concentration in NF
retentate became 2083 mg L−1 . In ethanol-precipitation step, a
precipitation efﬁciency of 84% was previously determined for
sericin [8]. This means sericin concentration after precipitation
becomes 1750 mg L−1 . These data imply that 1750 mg of sericin
can be obtained from 2510 mg of sericin per liter of wastewater,
corresponding to sericin yield of 69.7% from the two-stage process.
In literature, sericin recovery has been studied with different
techniques such as membrane processes (UF and NF), enzymatic
hydrolysis, ethanol-precipitation and drying. Fabiani et al. [4]
applied UF with a molecular weight cut-off (MWCO) of 15–30 kDa
for silk degumming solution, where 95% rejection was reported for
sericin. In a more recent study, Vaithanomsat and Kitpreechavanich
[7] applied tray-drying, freeze-drying, UF (20–30 kDa) and enzymatic hydrolysis for degumming waste solution. They obtained
sericin yield as low as 0.93% and 1.04% for tray- and freezer-drying
methods since the degumming solution was almost 99% water. On
the other hand, they obtained as high as 95% yield with UF and 91.3%
yield with enzymatic hydrolysis. Furthermore, dried samples contained impurities. Their study showed that removal of impurities by
membrane ﬁltration could improve the quality and yield of sericin.
In another study, simple extraction by ethanol was suggested [13],
where 75% and 90% ethanol concentrations provided 64% and 71%
extraction yields for sericin. We [5] more recently applied UF and
NF for sericin recovery from cocoon cooking wastewaters. Sericin
rejection was as low as 37–60% by UF membranes with MWCO
ranging from 20 to 1 kDa. On the other hand, sericin recovery of
greater than 90% was achieved by NF. A process train consisting of
pre-treatment + NF + ethanol-precipitation provided sericin yield
of 76% [8]. All these results clearly show that membrane technology is well suited for sericin recovery from silk efﬂuents where high
purity and high yield can be achieved. In this study, a combined process; NF + ethanol-precipitation provides almost 70% sericin yield,
which is comparable to other methods indicated above.
The suggested two-stage process can be applied for real industry because membrane technology is considered an economic
alternative to attain high productivity and purity at the same
time. It can also be easily scaled up. There are numerous examples of material recovery applications of membrane technology

in real industry such as food, pharmaceuticals and biotechnology. Regarding ethanol-precipitation step, ethanol is commonly
used to precipitate sericin [13]. If the ethanol–sericin mixture is
chilled, the sericin precipitate can be formed within 24 h, which
seem to be acceptable in real industry. However, the amount of
ethanol required would be very high in real industry as the volume of ethanol to be added is three times higher than the volume
of protein solution. In this regard, the preceding NF step is essential for volume reduction, which in turn, would help reduce the
ethanol consumption in post precipitation step. The problem of
high ethanol consumption can be solved by providing an ethanol
recovery unit in the sericin recovery plant that will be constructed
at industrial scale. Ethanol recovery can be achieved by processes
such as membrane distillation or hybrid membrane separation processes such as distillation and pervaporation. Both methods would
bring additional costs. However, ethanol precipitation is a promising technique that can be applied to different proteins [34,35].
Precipitation has advantages such that it needs no interruption,
requires simple equipment, and can be easily scaled up and used
with a large number of precipitants, including some inexpensive
ones, such as ethanol [35].

5. Conclusions
Solution pH hardly inﬂuenced sericin rejection efﬁciency;
sericin rejection increased from 81–84% to 84–88% by lowering the
solution pH from 6.4 to 3.5. Similarly, sericin rejection remained
at 80–81% in alkaline conditions. The increased sericin rejection
in acidic conditions was attributed to reduced solubility of sericin,
causing aggregation of sericin polypeptides and decreased transmission. On the other hand, solution pH had signiﬁcant effect
on transmission of contaminant proteins. Transmission increased
from 0.13 to 0.52 by reducing solution pH from 6.4 to 3.5 and it
decreased down to 0.06 as pH was increased up to 9.0. The increased
transmission of contaminant proteins at acidic pH was attributed
to possible concentration polarization effect and increased ionic
strength.
The highest separation of proteins was achieved at pH 4.5, at
which instantaneous purity of sericin was as high as 0.50 in the
retentate and as low as 0.21 in the permeate. Selectivity for sericin
was also minimum at pH 4.5, as desired. Although acidic conditions
favored sericin enrichment, the instantaneous purity of sericin in
the retentate remained as low as 0.48–0.52 at pH 3.5–9.0. Hence,
changing the solution pH did not signiﬁcantly improve NF performance for sericin enrichment. Working at acidic pH also caused
severe fouling problems. More than twofold increase occurred in
ﬂux decline; i.e., ﬂux decline increased from 21–30% to 58–65% and
fouling resistance increased from 3.8 × 1013 m−1 to 15.5 × 1013 m−1
(almost fourfold) by reducing pH from 6.4 to 4.5. Furthermore,
mechanical cleaning was not adequate to restore the clean water
ﬂux in acidic conditions, making it necessary to apply chemical
cleaning.
The pH adjustment process was found inadequate to isolate
sericin in NF stage. However, sericin 1 in cocoon cooking wastewaters was enriched from 80.0% to 92.9% by a two-stage process; i.e.,
NF (pH 6.4) plus ethanol-induced precipitation, where sericin yield
of almost 70% was achieved. The product is considered to be of high
quality as it contained greater than 90% sericin. Further research is
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required in order to recover sericin with 100% purity by NF or other
techniques.
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