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Abstract A novel approach for the recovery of the pro-

teins contained in the effluent formed during production of

surimi-like material from mechanically recovered poultry

meat was proposed, using an integrated membrane process

comprising microfiltration, ultrafiltration and vacuum

membrane distillation. Additionally, the possibility of

using the integrated membrane process to achieve high-

quality water for reuse was also investigated. Using cross-

flow membrane techniques, it was found that the total

recovery of soluble proteins as well as the average degree

of concentration amounted to 84 % and 9.3, respectively.

Moreover, using this process, the total recovery of water

was 70 % and the percentage reduction in COD, TOEM

and TSS in the permeate obtained using vacuum membrane

distillation exceeded 99 %. As a result, the water recovered

by the integrated membrane process could be reused in the

manufacture of surimi-like material from mechanically

recovered poultry meat.

Keywords Water purification � Polypropylene membrane

� Fouling � Rejection coefficient � Mechanically recovered

poultry meat � Hydrophobicity � Downstream pressure

Introduction

In the recent years, there has been a significant increase in

meat consumption, with the consumption of poultry

increasing at an even faster rate than that of beef or pork. In

the case of poultry, it will entail a considerable increase in

the quantity of the less popular parts of the carcass, e.g.,

necks, backs and drumsticks. One of the methods enabling

further use of these parts is the production of mechanically

recovered poultry meat (MRPM), which may be used to

produce sausages or canned meat (Hrynets et al. 2011;

Pereira et al. 2011; Jin et al. 2007). Unfortunately, due to

its high myoglobin and hemoglobin content, MRPM has

worse functional properties than meat which is carved

manually. It was shown that this material has undesired

textural properties and sometimes an unpleasant odor due

to the rancidity of fat (Hrynets et al. 2011). In order to

improve the functional properties of this product, a tech-

nology was designed to enable the recovery of myofibrillar

proteins, similar to the one used in the fishing industry to

produce what is known as surimi. The technology consists

in washing the product several times with sodium chloride

solution to remove fat, soluble sarcoplasmic proteins and

odorous substances and concentrate myofibrillar proteins

(Froning and McKee 2001). Preparations achieved using

this have outstanding gelling properties and a color similar

to that of white poultry meat (Martı́n-Sánchez et al. 2009;

Tina et al. 2010).

However, the technology of producing surimi-like

material from poultry meat yields large amounts of process

water which contains proteins, fats, dyes and numerous

dissolved substances. In the fishing industry, the production

of 1 kg of surimi from fish yields usually requires 20 L of

water (Piyadhammaviboon and Yongsawatdigul 2009). It

was found that a similar amount of water is used when
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producing surimi-like material from poultry yields. The

resulting wastewater is a substantial financial burden for

the poultry industry, as it needs to be initially purified

before being discharged into the sewage system (William

2000). Therefore, new methods are still being developed to

limit the use of water and the production of wastewater and

to recover the proteins it contains (Lin and Jae 2005).

One of the methods of limiting the amount of waste-

water and the use of water by almost two-thirds compared

with the traditional method is the counter-current washing

of MRPM (Lee 1990). Despite many possible economic

benefits, the technology has yet to be used on an industrial

scale (Lin and Jae 2005). Proteins can be removed from the

process water by means of coagulation or flocculation (Ng

et al. 1994; Xu et al. 2001; Sridhar et al. 2013). If the

process water also includes large amounts of fat, integrated

methods are recommended, including dissolved air flota-

tion—flocculation (Tezel et al. 2007; Joe and Muhammad

2000) or membrane bioreactor (Khan et al. 2014). Unfor-

tunately, the sarcoplasmic protein concentrate obtained in

this way cannot be used in food production (Afonso and

Bórquez 2002). It mostly results from the fact that both

coagulants and flocculants, binding to proteins and causing

their precipitation, modify their structure and, conse-

quently, their functional properties. Moreover, the floccu-

lants and coagulants used are toxic (Renault et al. 2009; Li

et al. 2013; Bourtoom et al. 2009). It is, of course, possible

to use biopolymers, such as alginate and chitosan, which

are perfectly safe for health (Wibowo et al. 2005, 2007;

Geetha Devi et al. 2012). However, the effectiveness of

flocculants based on biopolymers is very often lower

compared with synthetic polymers, as a result of which

they are not profitable (Alan et al. 2005).

One alternative to the above-mentioned methods are

pressure-driven membrane processes, such as microfiltra-

tion (MF), ultrafiltration (UF), nanofiltration (NF), and

reverse osmosis (RO), which are used to recover proteins

from palm oil mill effluent (Wu et al. 2007), wastewater

from isolated soy protein production (Cassini et al. 2010),

effluent from milk factories (Adams et al. 2013), fish and

poultry processing wastewater (Afonso and Bórquez 2002;

Diná Afonso et al. 2004; Lo et al. 2005; Avula et al. 2009;

Lin et al. 1995). Their usefulness mostly stems from the

relatively low capital expenditure necessary to launch the

installation, the fact that their scale can be easily increased

and the energy-efficient conditions of the process (Mo-

hammad et al. 2012).

Unfortunately, the membrane processes inevitably entail

fouling, which causes a dramatic drop in the efficiency of

the separation, due to the accumulation of separated par-

ticles both on the surface and inside the pores of the

membrane (Mohammad et al. 2012). Moreover, as a result

of the complex composition of the process water, which

apart of proteins contains fats and many other small-mol-

ecule substances, in order to achieve the purity of water

which will enable its recycling, integrated processes must

be used, such as UF/RO (Shelly and Glenn 2000; Bo-

hdziewicz and Sroka 2005). Membranes used for RO make

it possible to achieve a 90 % reduction in COD and BOD,

but they require significantly higher pressures compared

with MF and UF and an adequate feed pretreatment.

Moreover, the membranes are very susceptible to fouling

and scaling, which occur especially at a high concentration

(Herzberg et al. 2010). One alternative to RO may be

vacuum membrane distillation (VMD), a process driven by

the difference in vapor pressure of water across the mem-

brane (Khayet and Matsuura 2011). The specific mecha-

nism of the separation results in the retention of all the non-

volatile compounds, such as proteins, fats, dyes and inor-

ganic salt ions. Membrane distillation was used, among

others, for olive mill wastewater treatment (El-Abbassi

et al. 2012) and whey protein concentration (Hausmann

et al. 2014). However, to the best of our knowledge, there

is no data on the possibility of using VMD to purify the

wastewater produced by the poultry or fishing industry.

The aim of this publication is to compare the effec-

tiveness of cleaning process water after the production of

surimi-like material from MRPM using ultrafiltration and

the integrated process comprising MF, UF and VMD. The

effects of experimental variables, feed temperature and

downstream pressure on the VMD performance were

studied using the statistical design of experiments (DOE).

Mathematical models for the VMD permeate process

variables were developed based on regression techniques.

Finally, optimization of VMD process was carried out

using the desirability function approach to determine the

optimum VMD operating conditions. This research was

conducted at the Poznan University of Life Sciences

(Poland), from November 2011 to February 2012.

Materials and methods

Preparation of the wash water from mechanically

recovered poultry meat

The basic research material was mechanically recovered

meat from broiler carcasses without pectoral muscles and

legs, produced by Lima RM 500 (Lima S.A.S.; Quimper,

France), France. The temperature of the mechanically

recovered poultry meat (MRPM) directly after the separa-

tion did not exceed ?6 �C. The direct research material

comprised myofibril preparation (MP) obtained from

MRPM. The method of obtaining the preparation was

based on the procedure described in the patent claim (Ki-

jowski et al. 1996). The meat material was washed with a
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1 % aqueous solution of sodium chloride and then with

running water (MRPM/water; 1:3; w/v). Fat and connective

tissue were separated with the use of sieves. The produc-

tion water from the first and second washings was mixed

and placed in a cold store with a temperature of about 3 �C.

The material prepared in this way was analyzed further.

Membrane separation

In the first stage of the research, the proteins in the process

water were separated using filtration on spiral-wound

membranes with a cutoff of 3 and 30 kDa. Based on the

results of the research, a UF membrane with an optimal

cutoff was chosen. The membrane was selected on the

basis of the filtrate stream retention coefficient for the total

protein and a percentage reduction in COD, nitrogen,

TOEM and TSS. The membrane was used in the second

stage of the research, during which the process water was

purified in an integrated system comprising MF, UF and

VMD. Pretreatment using microfiltration was used to

remove suspensions from the process water. Ultrafiltration

was used to separate soluble protein fractions, whereas

VMD was used to obtain highly purified water, which may

be used for the production of surimi-like material from

MRPM.

Cross-flow microfiltration and ultrafiltration

The setup used to conduct the experiments of cross-flow

microfiltration and ultrafiltration is presented in Fig. 1a.

The MF pilot plant was equipped with a Prostak-open

channel module with a 0.22 lm Durapore� membrane

(surface area 0.9 m2) supplied by Millipore (USA). The

MF membrane was made of hydrophilic PVDF, which is

highly resistant to many chemical substances and high

temperature. The membrane was selected based on the

literature, which shows that hydrophilic membranes reduce

protein adsorption within membrane structures (Duclos-

Fig. 1 Schematic diagram of the applied membrane separation

systems: a micro and ultrafiltration and b vacuum membrane

distillation. FT-1—feed tank, V-1-6—manual diaphragm valves,

P-1, 2—pumps; HE-1, 2—heat exchangers; M-1, 2, 3—pressure

sensors; MF/UF—microfiltration or ultrafiltration module; PT-1—

permeate tank; FM-1, 2—electromagnetic flowmeters; B-1—elec-

tronic balance; MS-1—mechanical stirrer, T—temperature sensors

(Pt100)
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Orsello et al. 2006). It was assumed that this would limit

the risk of membrane fouling. The MF system was operated

at a TMP of 30 ± 5 kPa, cross-flow velocity (CFV) of

2.0 m s-1 and temperature of 293.15 K. The process was

based on the batch concentration mode (recycling the re-

tentate stream to the feed tank and collecting the permeate

separately). After each experiment, the membrane was

chemically cleaned in accordance with the manufacturer’s

recommendations. The system was first rinsed with water.

It was then cleaned with a phosphoric acid solution (10 %,

15 min), and then rinsed to neutrality with distilled water.

After each washing cycle, the membrane was tested with

distilled water once again, in order to determine its

hydraulic permeability.

Regenerated cellulose, spiral-wound ultrafiltration

membranes (S10Y3, S10Y30 Amicon, USA) with a

molecular weight cutoff of 3 and 30 kDa and area of

0.92 m2 were tested for their ability to separate proteins

from the poultry processing wastewater. The regenerated

cellulose membrane ensures ultra-low protein binding and

low fouling during use. Moreover, compared with other

materials, such as polyethersulfone, the regenerated cellu-

lose is the easiest to regenerate, with minimal cleaning

water and no chemical treatment necessary (Dumay et al.

2008). The experiments were carried out in an open sys-

tem, where the permeate was drained into a separate con-

tainer (concentration mode). Concentration occurred at a

TMP of 200 ± 15 kPa and cross-flow velocity inside the

membrane of 2.5 ± 0.2 m s-1. All the experiments were

conducted at 293.15 K. After each UF experiment, the

membranes were first washed with distilled water, then

with a 0.5 M sodium hydroxide solution and finally again

with distilled water. After each washing cycle, the mem-

branes were tested with distilled water once again, in order

to determine their hydraulic permeability.

Vacuum membrane distillation

Vacuum membrane distillation (VMD) experiments were

performed by using a laboratory-scale setup equipped with

a flat membrane module (membrane area of 0.0063 m2)

supplied by Brocar (Poland, Fig. 1b). A flat-sheet hydro-

phobic, microporous membrane made of polypropylene

(PP) with a pore size of 0.2 lm and thickness of

170 ± 15 lm was tested (Membrana GmbH, Germany).

During the VMD experiments, the feed stream (the UF

permeate) was heated in an insulated, jacketed stainless

steel tank connected to the water circulator (Haake DC 10,

Germany) and continuously fed by a peristaltic pump to the

membrane module at a flow rate of 25.2 L h-1 (1.0 m s-1).

When the feed was heated to the desired temperature, a

vacuum pump (PC 3001 Vario, Vaccubrand, Germany)

was employed to vacuum at the permeate side. Due to the

difference of the partial pressure achieved across the

membrane, water migrated as vapor through the microp-

ores and condensed in a cold trap (graduated cylinder made

from glass) immersed in an ethylene glycol solution

(258.15 K) located between the module and the vacuum

pump. The pressure at the feed side of the membrane was

kept constant (10 kPa). A D-optimal plan was used for

modeling and optimization. The variables that affect the

performance of the VMD process include the temperature

on the feed side (328.15 and 338.15 K) and applied pres-

sure at the permeate side of the membrane (downstream

pressure; 5, 12.5 and 20 kPa). The VMD performance of

the membrane was indicated by the permeate flux, which

was determined by measuring the volume of the liquid

collected in a cold trap during a certain period. After each

MD experiment, the membrane was washed first with

distilled water, then with a 1.0 M sodium hydroxide solu-

tion and finally again with distilled water. The experi-

mental design matrix as well as the obtained response is

shown in Table 1. The experimental design and analysis of

data were based on a commercial statistical package,

Statistica 6.0 PL (Statsoft, Inc, USA).

Evaluation of membrane filtration performance

The performance of MF, UF and MD processes was

investigated by measuring a permeate flux and by analyz-

ing the total soluble protein in permeate and retentate

samples. On the basis of the data gathered, the average flux

(Jav), rejection coefficient (R), volume concentration ratio

(VCR) and yield (Y) were determined. The average flux

during concentration was calculated in accordance with the

following equation (Cheryan 1998):

Table 1 D-optimal experimental plan used to model and optimize

VMD process

Run Independent variables Response

X1: Downstream

pressure (kPa)

X2:

Temperature

(K)

Y: Permeate flux J

(Lm-2 h-1)

1 12.5 338.15 13.791

2 20 338.15 5.626

3 12.5 338.15 13.315

4 5 338.15 20.961

5 20 328.15 1.031

6 12.5 328.15 4.598

7 5 328.15 14.745

8 20 328.15 0.950

9 20 338.15 6.894

10 12.5 328.15 4.733

11 5 328.15 14.138
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Jav ¼ 0:5� J0 þ Jf

� �
ð1Þ

where J0 is the flux at VCR equal 1 and Jf is the flux at the

highest concentration factor.

Rejection at any point in the process was defined by:

R ¼ 1� Cpermeate

Cretentate

� 100 % ð2Þ

where Cpermeate and Cretentate are the solute concentration in

the permeate and retentate, respectively. The VCR was

calculated based on the following equation:

VCR ¼ V0

VR

ð3Þ

where V0 and VR are the initial feed volume and the re-

tentate volume, respectively.

The yield (Y), which is the fraction of total soluble

proteins in the original feed recovered in the final retentate,

was calculated as:

Y ¼ CRVR

C0V0

ð4Þ

where C0 and CR are the initial concentration of the com-

ponent in the feed and the final retentate, whereas V0 and

VR are the initial volume of the feed and the final volume of

the retentate, respectively. The samples obtained after

concentration (permeate and retentate) were also examined

for selected physicochemical parameters, and the percent-

age of removal was calculated.

Determination of the basic chemical composition

The samples obtained after concentration (permeate and

retentate) were examined for the following physicochemi-

cal parameters: the chemical oxygen demand by means of

the dichromate method (COD; PN-ISO 15705 :2005), the

total organic matter extractable by petroleum ether using

the gravimetric method (TOEM; PN-C-04573-01:1986),

total nitrogen in accordance with the method using the flow

analysis and spectrometric detection (Nitrogen; ISO

29441:2010) and total suspended solids by means of the

gravimetric method (TSS; PN-EN 872:2007).

Total protein determination

The total protein concentration was analyzed with a BCA

assay, using BSA as the standard. The absorbance was

measured at 562 nm (Smith et al. 1985).

SDS-PAGE electrophoresis

Sodium dodecyl sulphate polyacrylamide gel electropho-

resis (SDS-PAGE), using the Laemmli method (Laemmli

1970), was performed to analyze the proteins in the sam-

ples, using a 12 % separating gel and a 5 % stacking gel.

Protein bands were stained with silver salts (Blum et al.

1987).

Size-exclusion chromatography

Chromatographic studies were performed with an AKTA

Explorer 100 Air System (Amersham Pharmacia Biotech,

Uppsala, Sweden). A HiLoad 26/60 Superdex 75 and Hi-

Load 26/60 Superdex 200 columns from Amersham

Pharmacia Biotech (Uppsala, Sweden) were used. Assays

were performed at room temperature, at a flow rate of

1 mL min-1. A 2.0 mL sample was eluted with 0.05 M of

phosphate buffer, pH 7, containing NaCl at a concentration

of 0.027 M. Prior to their use, the chromatographic mobile

phase and all the samples before the injection into the

column were filtered through a membrane filter (0.45 lm,

Millipore). Absorbance at 280 nm was used for protein

detection.

Results and discussion

Ultrafiltration on membranes with cutoff 3 and 30 kDa

In the first phase of the study, proteins in the production

water were separated only by means of ultrafiltration

through spiral membranes with a 3 or 30 kDa cutoff. Spiral

membranes were chosen because they are most frequently

used in industrial installations. When choosing molecular

weight cutoff for the applied membranes, data presented by

(Bourtoom et al. 2009) and (Surowiec et al. 2011) were

used. It indicated that the molecular weight of most of the

proteins contained in such materials exceeds 15 kDa. Thus,

using this type of membranes should allow the separation

of most of the proteins contained in the analyzed produc-

tion water.

Experimental data confirmed the initial assumptions

because the mean value of the retention coefficient of total

proteins separated through membranes with a 3 and 30 kDa

cutoff was 99.96 ± 0.012 and 99.86 ± 0.064 %, respec-

tively. Significantly, bigger differences, i.e., of about 10 %

between the two analyzed membranes were observed in the

case of the percentage reduction of total nitrogen (Fig. 2b).

The differences result primarily from the accuracy of the

analytical method used and are not statistically significant,

as proved by the results of the Student’s t test (p [ 0.05).

However, it needs to be noted that the reduction in total

proteins was higher than the reduction in total nitrogen

since wastewater and permeate would contain non-protein

nitrogen in the form of urates and other nitrogenous com-

pounds of low molecular weights. Similar results were also
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obtained by (Shih and Kozink (1980)) using a UF mem-

brane to treat poultry processing wastewater. These found

that the reduction in true protein was 8 % higher than the

reduction in total nitrogen. The percentage difference in the

reduction in TSS between the two membranes was 0.67 %

and was not statistically significant (p [ 0.05). The per-

meate was clear, transparent and slightly yellowish,

regardless of the membrane used. The percentage reduction

in COD for the 30 kDa cutoff membrane was

90.93 ± 1.8 %, whereas the reduction in COD for the

3 kDa cutoff membrane was 88.87 ± 1.08 % (Fig. 2b).

Likewise, with regard to TSS and total nitrogen, the dif-

ferences in COD between the analyzed membranes were

not statistically significant (p [ 0.05). The data on the

differences in the level of COD after using UF membranes

are close to the results presented by Shih and Kozink

(1980) and Nelson (2006). In both studies, COD reduction

was over 95 %. However, the data are different from that

presented by Lo et al. (2005), who shows that using a

30 kDa cutoff UF membrane made of polysulfone (PES)

allows COD to be reduced by nearly 59 %. The remaining

COD in permeate was equal to 350 mg L-1 and was still

above the generally recognized safe direct discharge limit

(200 mg L-1). This is due to the fact that in the cited study,

ultrafiltration was applied to the wastewater obtained after

pretreatment with dissolved air flotation (DAF). Residuals

of flocculants, detergents and disinfectants used during

pretreatment were probably responsible for the high COD

values of UF permeate. It is worth pointing out that the our

approach, which does not include preliminary treatment of

the production water with the use of chemical substances

such as coagulants and flocculants, allows a protein con-

centrate that can be used in various ways. Theoretically, a

protein concentrate may be added to the MRPM fraction,

improving the overall effectiveness of the MRPM pro-

duction process and increasing its nutritional value. This is

mainly due to the fact that their amino acid composition is

similar to that of soybean meal because they contain con-

siderable amounts of methionine, valine, leucine, phenyl-

alanine, and histidine (Avula et al. 2009). This solution was

tested in the production of surimi (Lin et al. 1995). It was

found that a 10 % addition of a retentate containing con-

centrated sarcoplasmic and myofibril proteins does not

influence the quality of the product. Moreover, a protein

concentrate may also be used in the production of pet food

and protein hydrolysates rich in bioactive peptides with

antimicrobial properties (Martı́n-Sánchez et al. 2009). The

relatively high fat content makes it possible to use the re-

tentate fraction in the production of algae-based biofuels,

biogas and biodiesel (Toldrá et al. 2012; Martı́n-Sánchez

et al. 2009).

Unfortunately, irrespective of the potentially high use

value of the protein concentrate, the permeate presented a

significantly excessive level of COD to be removed to the

sewage system without further treatment stages, as in Lo

et al. (2005). In the case of both the UF membranes used,

the level of COD in the permeate exceeded 2,500 mg L-1.

This was most likely caused by a significantly higher

content of protein and other substances in the process water

used. The initial level of COD in the feed was

22,720 ± 1,217 mg L-1, which was over 25 times higher

than the COD level in the raw material used by Lo et al.

(2005). Another problem that limits the possibility of direct

use of ultrafiltration for process water treatment is the

considerable decrease in the permeate flux. This pertained

particularly to the 30 kDa cutoff membrane, where the

permeate flux at VCR = 7 stood about 44 % of its initial

value (Fig. 2a). The second of the membranes analyzed,

Fig. 2 Normalized permeate flux (a) and percentage of removal of COD, nitrogen, TOEM and TSS (b) during ultrafiltration of the process water

on the 3 and 30 kDa cutoff membranes. The average results of triplicate experiments with standard deviation are shown
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whose cutoff point was 10 times lower, performed in a very

different way because the relative value of the permeate

flux remained at the level of 94 % (Fig. 2a). According to

Baker (2012), the use of membranes with a high cutoff that

provide for a high permeate flux is only seemingly bene-

ficial. In many cases, these membranes are subject to

irreversible fouling related to the accumulation of sepa-

rated molecules inside their pores. Using membranes with a

significantly lower cutoff allows internal fouling to be

limited, whereas a slight decrease in the permeate flux is

related to the accumulation of separated molecules on the

surface of the membrane. Theoretically, according to the

data presented in Fig. 2a, a membrane with a 3 kDa cutoff

should be used during the second phase of the research.

However, the ability to separate proteins was not the only

factor taken into account when choosing the membrane.

The average permeate flux, Jav, was also taken into con-

sideration. Regardless of the phenomenon of fouling, its

value for the 30 kDa membrane amounted to approxi-

mately 0.015 m3 m-2 h-1 and it was two times higher than

the value obtained for the 3 kDa membrane. This means

that the same level of concentration enables a doubling of

the effectiveness per unit area of the membrane, which

significantly decreases investment costs.

Integrated treatment of process wastewater

by MF, UF and MD

Given the very high initial TSS content and COD in the

process water, an integrated process, comprising MF, UF

and VMD, was used during the second stage of the

research. Microfiltration membranes for the second part of

the study were chosen according to their surface properties

and resistance to physical and chemical factors. It was

assumed that the highly hydrophilic nature of the mem-

brane surface would limit the protein absorption process to

a minimum, which in turn would limit the risk of fouling.

However, even with this type of membrane, there was still

a decrease in the permeate flux, visible particularly in the

first phase of the process, where VCR \2 (Fig. 3a). As a

result, there was a 72 % reduction in the permeate flux

level at VCR = 11. Moreover, the decrease in the perme-

ate flux was negatively correlated with the value of the

total protein retention coefficient. At the beginning of the

process, the value of this parameter was about 90 %,

whereas at the end it reached 98 % (Fig. 3a). Such a high

level of protein retention in the retentate suggests that a

filter cake formed on the surface of the membrane. It

constituted a secondary membrane, which hindered trans-

port of proteins across the membrane used. Similar corre-

lations were observed by Levesley and Hoare (1999)

during their research on alcohol dehydrogenase separation

from homogenates of yeast cells by means of

microfiltration. To increase the level of enzyme transmis-

sion, they needed to use pulsatory backflushing. As a result,

they obtained a nearly fivefold increase in the value of this

parameter. The efficiency of the procedures used increased

along with the decrease in the concentration of suspended

solids in the feed. Thus, it seems justified to state that the

porosity level of the cake formed at the membrane surface

during the filtration has a key influence on the transmission

of the proteins. However, in the case of suspensions with a

high content of soluble substances and small concentration

of suspended solids, it should be assumed that fouling will

be the dominating phenomenon limiting protein transport.

Studies conducted with model suspensions of proteins such

as BSA, ovalbumin and lysozyme showed that protein

aggregates adsorb both outside and within the microfiltra-

tion membrane pores during filtration. The observed

gradual decrease in membrane permeability results from

chemical bonding of native protein molecules to the

aggregates adsorbed to the membrane surface. The bonding

is usually a disulfide covalent bond, although it is assumed

that aggregate formation is also to a certain degree deter-

mined by weak van der Waals force, electrostatic and

hydrophobic interactions, as well as hydrogen bonds

(Marshall et al. 1997; Güell et al. 1999). The results seem

to be consistent with the literature data, especially in the

light of the fact that the microfiltration membrane used

allowed a reduction in TSS of over 93 % (Fig. 3b). The

filtration cake on the surface, due to its specific composi-

tion (proteins, fats and connective tissue residue), was

probably a perfect base for protein binding. It is worth

emphasizing that the use of microfiltration led to a decrease

in both total protein content and the COD and TOEM

values, as well as total nitrogen content (Fig. 3b).

The permeate obtained was not in-line with the norms

regarding permissible contamination, which was also the

case in the first phase of the study, during which only UF

was used. The COD value was fifty times higher than the

acceptable limits. For that reason, in the subsequent phase

of the study, ultrafiltration was used with the 30 kDa cutoff

membrane. According to the data presented in Fig. 3a, the

decrease in the permeate flux during ultrafiltration of the

process water on the 30 kDa membrane, preceded by mi-

crofiltration, amounted to approximately 20 % of the initial

value. This means that the permeate flux almost doubled in

comparison with the results obtained during the first phase

of the study, where the preliminary treatment by microfil-

tration was not used. It is worth mentioning that these

results were obtained with a 1.5 times higher concentration

because VCR amounted to 10.3. The retention coefficient

of the total proteins RTP was characterized by a lower

variability. The average value of this parameter was 0.97,

while the variability coefficient was 0.85 %. Given the

stability of the UF membrane system and the permeate
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flux, preliminary treatment of the material with the use of

microfiltration is fully justified. However, it is worth

mentioning that using microfiltration in order to remove the

insoluble particles from the suspension had a significant

impact on the effectiveness of UF membranes. The most

important changes were observed with regard to the values

indicating the content of organic matter extractable by

petroleum ether. The ability to retain these substances

decreased almost twice in relation to the results obtained

during the first phase of the study, where the preliminary

treatment by microfiltration was not used (p \ 0.001). This

confirms the theory on the formation of filtration cake,

which plays the role of a secondary membrane responsible

for the decrease in permeate flux and the rate of solute

transport across the membrane.

The COD value of permeate obtained during ultrafil-

tration repeatedly exceeded the maximum allowable limits.

For that reason, in the last phase of the study, vacuum

membrane distillation was used with the microporous

hydrophobic membrane. This process is driven by the

difference in partial pressure of the separated compounds

on both sides of the membrane. Among the known types of

membrane distillation such as Direct Contact Membrane

Distillation (DCMD), or Sweep Gas Membrane Distillation

(SGMD), Vacuum Membrane Distillation (VMD) deserve

particular attention. Due to the reasonably low loss of heat

related to high values of permeate flux and to the fact that

heat is conducted through the membrane, this process

seems to be the most energy-efficient variant of MD, which

makes it a competitor to reverse osmosis. Recently, a wide

range of papers have been published regarding its use in

seawater desalination, thickening of sugar solutions and

separation of volatile compounds (Zhao et al. 2008).

Initially, we performed an experiment aiming to deter-

mine the optimum separation conditions for obtaining

maximum process efficiency expressed as a permeate flux.

The experiment was performed in accordance with

D-optimal plan. The results are presented in Table 1. The

permeate flux, depending on the process conditions, was

between 0.95 and 20.96 Lm-2 h-1. Evaluation of the

obtained data with the use of backward stepwise regression

allowed the application of a regression model equation

describing changes in the permeate flux, depending on the

values of examined variables:

J ¼ �205:85� 1:65X1 þ 0:69X2

þ 0:028X2
1 Adj:R2 ¼ 0:94
� �

ð5Þ

The dependent variable was both a function of pressure

on the permeate side (p \ 0.0001) and feed temperature

(p \ 0.0001). In the case of the first of the listed factors,

the relationship was nonlinear, as a quadratic term was

applied in the equation (p = 0.0487). The evaluation of

absolute value of regression coefficients in this equation

revealed that the X1 factor, namely downstream pressure,

had a significantly greater influence on the permeate flux.

Downstream pressure was identified by various authors as

the major design variable of the VMD process (Bandini

et al. 1997; Sivakumar et al. 2013). Their results also

revealed that the permeate flux increased by decreasing the

downstream pressure. The improvement in permeate flux is

Fig. 3 Normalized permeate

flux and retention coefficient of

total proteins (a) and percentage

of removal of COD, nitrogen,

TOEM and TSS (b) during

separation of the process water

on the 0.22 lm microfiltration

membrane and 30 kDa cutoff

ultrafiltration membrane. The

average results of triplicate

experiments with standard

deviation are shown
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attributed to the fact that the mass transfer driving force,

i.e., the vapor pressure difference across the membrane

increased with vacuum pressure (Khayet and Matsuura

2011). More recently, Banat et al. (2003) evaluated the

sensitivity of the permeate flux to the process operating

parameters including downstream pressure and feed

temperature. The researchers reported that the flux was

more sensitive to the feed temperature at high downstream

pressure levels and more sensitive to downstream pressure

at low values of bulk feed temperatures. According to the

experimental data presented by Banat et al. (2003), a

statistically significant interaction effect between the

downstream pressure and feed temperature would be

expected. In the case of our results, an interaction effect

between these factors is insignificant (p [ 0.05), and

hence, the response surface is flat and the corresponding

contour plot contains parallel lines (Fig. 4). It may result

from the fact that the experiments were conducted at a

narrow temperature change range, with DT of 10 K.

However, despite the narrow range of temperatures

investigated, the plot revealed that an increase in

temperature leads to a considerable increase in the

permeate flux. Our experimental results are consistent

with observations made by Pangarkar et al. (2010). They

reported that increasing the feed temperature results in an

increase in vapor partial pressure, which in turn results in

an increase in the permeate flux.

Optimization based on the data gathered confirmed that

the greatest efficiency can be obtained when the process is

conducted at 5.0 kPa in 338.15 K. In order to verify finally

the correctness of the regression model adopted and the

optimal parameters based on this model, a validation

experiment was performed. The experimental data were

compared with the predicted values determined on the

basis of the regression model (Table 2). It was concluded

that the permeate flux is similar to the predicted values

mentioned in the model and fits within the limits deter-

mined by the 95 % confidence interval. The calculations

are therefore deemed correct.

During the separation process, it was also observed that

the changes in the total protein concentration were directly

proportional to the degree of feed concentration expressed

by VCR (Fig. 5a). Pearson’s correlation coefficient

amounted to r = 0.984 and was statistically significant

(p \ 0.0001). Because the analytical method applied here

did not allow the protein concentration in the permeate to

be determined, it was assumed that the retention coefficient

was 1. The coefficients determining the reduction rates of

COD and TSS, total nitrogen and TOEM were very high,

exceeding 99.9 % (Fig. 5b). This means that depending on

the binding legislation, the permeate obtained can be

reused in the production process or used for auxiliary

devices such as steam generators and cleaning systems for

production installation . As far as quality is concerned, the

permeate after VMD was similar to the permeate obtained

using reverse osmosis.

However, it should be mentioned that during the sepa-

ration process, there was a significant decrease in the

permeate flux (Fig. 5a). This could be related to the

increase in feed viscosity as a result of an increase in the

concentration of the separated particles. As a result, there

was a decrease in cross-flow velocity in the membrane

module. According to Criscuoli et al. (2008), this param-

eter is very significant for the distillate flux because it

contributes to limiting both the concentration polarization

and temperature polarization. It should also be emphasized

that during VMD, similarly to the remaining types of

membrane distillation, the increase in the concentration of

non-volatile substances present in the feed leads to a

decrease in the vapor pressure of the solvent. This results in

Fig. 4 Response surface for permeate flux, J, as function of

downstream pressure and feed temperature

Table 2 Validation results

X1: Pressure (kPa) X2: Temperature (K) Permeate flux J (Lm-2 h-1)

Observed ± SD Predicted Confidence interval

-95 % 95 %

5.0 338.15 21.77 ± 0.65 21.24 19.47 23.0
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the loss of driving force of the separation process and

gradual decrease in the distillate flux (Khayet and Matsuura

2011). Fouling could also be the reason for the changes

observed in the permeate flux. Fouling is related to the

adsorption of the separated particles to the membrane

surface. After the process, the membrane was fouled

mainly with the proteins and fats, which could be judged

by the change in the color of its surface from white to

yellowish. According to Wang et al. (2000), polypropylene,

through its hydrophobic nature, shows high protein affinity.

This can be decreased by use of proper ozone modifica-

tions. When it is applied, the membrane becomes more

hydrophilic, which unfortunately excludes its use in the

membrane distillation process. It should be added that the

process was conducted at the temperature of 383 K, the

higher temperature favored protein denaturation and

Fig. 5 Normalized permeate flux and concentration of total proteins

in retentate (a) and percentage of removal of COD, nitrogen, TOEM

and TSS (b) during vacuum membrane distillation (downstream

pressure 5.0 kPa, feed temperature 338.15 K). The average results of

triplicate experiments with standard deviation are shown

Fig. 6 Proteins mass balance for the integrated treatment of the process wastewater by MF, UF and VMD
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aggregation, which additionally reinforced fouling. This

seems quite probable, especially in the light of the data

regarding the use of MD in the purification of solutions

derived from regeneration of ion exchangers, which con-

tain significant amounts of proteins and salt (Gryta et al.

2006). According to these authors, possible coagulation of

proteins resulting from heating the solution can contribute

significantly to fouling. Initial filtration of such a solution

can remove the coagulated proteins, thus solving this

problem.

The recovery of total soluble proteins and permeate

quality assessment obtained during integrated treatment of

process wastewater by MF, UF and VMD

The main objective of the presented studies was to

evaluate the possibility of using membrane techniques for

separating proteins contained in the effluent formed during

washing MRPM and recovery of the water used during this

process. The data in Fig. 6 suggest that the recovery of

protein soluble in the retentate during the following phases

of the process changed, starting from 83 % for MF, 77 %

for UF and 93.3 % for VMD. The total protein recovery

after using the integrated process comprising MF, UF and

VMD as well as the average degree of concentration

amounted to, respectively, 84 % and 9.3. In the case of the

last of the mentioned processes, practically, the entire

protein contained in the feed (permeate after UF) should be

recovered in the retentate. However, it turned out that

during VMD, loss amounting to 6.7 % was observed. The

observed differences in relation to the expected value can

be a result of adsorption of proteins to the membrane

surface and denaturation of the proteins as a result of high

temperature, which as a consequence, was the cause of

lower values of protein content during the analysis based

on the BCA method.

To ultimately confirm the purity of the permeate

obtained from VMD, SDS-PAGE and chromatographic

analyses were conducted. They were also applied to the

permeates after MF and UF. As shown in Figs. 7 and 8, MF

removed proteins whose molecular weight exceeded

66 kDa from the process water. Ultrafiltration, on the other

hand, removed most of the proteins, leaving only a fraction

with molecular weight only slightly exceeding 20 kDa.

Both techniques clearly showed that the permeate after

VMD did not contain proteins, which with nearly 100 %

reduction in the levels of COD, TOEM and TSS points to a

very high level of process water purification, similar to RO.

The integrated process comprising MF, UF and VMD

made it possible to recover 70 % of the water (Fig. 6). The

payment for 1 m3 of sewage discharged to sewage treat-

ment plants in Poland stands at about € 1.55, while the

permissible COD level is at 1,800 mg L-1. Therefore,

assuming that a production plant uses, e.g., about

10,000 m3 of water a month to produce surimi-like

material from MRPM, the cost of the sewage will amount

to about € 15,500. It is worth stressing that process water

will have to be initially purified before it is discharged to a

sewage treatment plant, as its initial COD level is, as was

mentioned before, at a level of 22720 mg L-1. In the case

of production plants that are not equipped with membrane

installations, it entails additional costs for the use of

alternative solutions such as DAF-flocculation. Purification

with the use of an integrated process (MF, UF, VMD), if

70 % of water is recovered, should yield savings of €
10,850 a month resulting from the reuse of water. In

addition, the use of clean water will decrease by

7,000 m3 month-1. The resultant savings, taking into

account the current price of € 0.88 per m3, will amount to €
6,166 a month. One other product that plants will be able to

use is, of course, protein. Assuming that 84 % of protein is

recovered, the amount of protein should be 111 tons -

month-1 (Fig. 6). This protein may be used to produce pet

food, which will generate € 33,000 a month, assuming that

the price of this product stays at € 300/ton. Unfortunately,

these data do not take into account the cost of the recovery

of 1 m3 of water from the product using the suggested

membrane techniques. In this study, we did not estimate

them because the VMD installation which was used in our

study was not equipped with in a heat recovery system,

which makes it difficult to compare the data obtained with

Fig. 7 SDS-PAGE analysis of samples obtained during integrated

treatment of process wastewater by MF, UF and VMD. Line 1 protein

molecular weight marker, Line 2 process water, Line 3 permeate

obtained after MF on 0.22 lm membrane, Line 4 permeate obtained

after UF on 30 kDa cutoff membrane, Line 5 permeate obtained after

VMD
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the data from industrial RO installations more often

equipped with energy recovery systems (Peñate and Gar-

cı́a-Rodrı́guez 2012). So far, the vast majority of studies

have focused on estimating water desalination costs (Zhao

et al. 2013). Based on this data, it can be concluded that

VMD can compete with RO on condition that waste heat

from other industrial processes, solar energy or thermal

energy is used. Lack of limitations related to osmotic

pressure characteristic for RO is an important advantage of

VMD. It opens up new perspectives for applying integrated

processes, where VMD will allow significant reductions in

the process costs at a high concentration degree, often

unattainable for RO.

Conclusion

According to experimental data presented in this study,

membrane techniques can be used successfully for the

purification of process water obtained in the course of

MRPM production. However, an integrated process is

required in order to reduce the level of contamination,

which in turn, would allow the water to be removed to the

sewage system or reused in production. The solution pro-

posed here, involving MF, UF and VMD, enables an

almost ninefold reduction in the volume of waste generated

and creates the possibility of obtaining a protein concen-

trate that might possibly be used for feed and food pro-

duction. Theoretically, both proteins and recovered water,

given their proper management, can be conducive to

substantial savings and thus increase profits from produc-

tion. VMD, which is the last phase of the process, can

easily compete with generally used reverse osmosis, both

in terms of the quantity and quality of the permeate.
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