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Abstract

Meat processing industries generate a great anoduvastewater. Because of the remote
locations of companies in the rural areas of Narthénland, they face the problem of low
efficiency of traditional biological wastewater gigation and the need for a decentralized energy
supply system based on local energy sources. Thebna@e separation processes integrated in
wastewater purification technology could provideean-friendly and economical solution for the
small and medium sized meat processing companies.

The main aim of our research project was to firtht@logy for the treatment of food industry
wastewater in the Northern Periphery, which isatlé for producing recyclable process water, and
on the other hand, could provide an economicakpresentration stage in local energy supply
systems before anaerobic digestion (AD). The mengtechnology is an eco-friendly flexible
process for varying wastewater production. Theesfthre objective of our present work was to
concentrate the organic materials from meat praogsgastewater by AFC99 tubular reverse
osmosis (RO) membrane to produce pure, recycladyiagate and the efficient concentration of the
organic matter to produce feedstock for AD procgsse

This paper reports the effects of operating presgemperature and recirculation flow rate on
the permeate flux and resistances calculated bgeffistances-in-series model. Based on our
experimental data, the RO process was designed@mdized for maximum capacity with
minimal fouling using response surface modelingieyMODDE program. It was found that
pressure has the main effect on the efficiency@fd@ncentration; the permeate flux and the total
resistance were enhanced as well, but the incigasiresistance can be reduced with the
optimization of temperature and recirculation floate. In all experimental conditions the retention
for fat and proteins was over 98.5% angfwas higher than 97%. Based on the response of the
fitted model the optimal conditions for concentratof organic matters of meat processing
wastewater were found at a pressure of 38.5 barctdation flow rate of 1000Lfhand
temperature of 40°C. The RO process with optimuotgss parameters could produce pure and
recyclable permeate and suitable feedstock for Brpocess with a TOC content of 2.8°gL
protein content of 1.2 gt.and fat content of 0.35 gL
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1. Introduction

Compared to the other agro-industrial sectorsnguiood processing a great amount of
wastewater is output because of the high watereobed raw materials, the commonly used
dehydration process and the high water demandistithg and cleaning procedures. The level of
wastewater pollution and the adaptable treatmehint@ogy is highly dependent on the
characteristics of the processed material andaisipility of a separated process waters collection
The purification technologies should be dynamictitted to the fluctuated wastewater production
and to varied composition.

One of the possible treatment methods for foodsirtal wastewater is the irrigation onto land,
by which the nitrogen and phosphorus content cautibzable to increase the biomass production
but the cation composition of wastewater is nofquly suited to the demand of plant cultivating.
Luo et al. [1] reported that the long term usingradat processing wastewater damages soil quality
due to the varying in exchangeable cations oflizetil soil, and this problem makes uncertain the
sustainability of the application of effluents faigation.

The membrane technology is known as a flexibly &atap technique for varying capacity and
for the diverse chemical composition of processatew Because of the large-scale application of
membrane desalination technology the performancevafrse osmosis (RO) processes has been in
large-scale developed [2]. In RO processes, wherduid is forced through the porous membrane
by the pressure difference, the permeate flowdapends on the permeability of membranes (L),
the physical properties of processed flysd/f) and the pressure gradiedg/(.). However, the RO
process is additionally affected by diffusion thghuthe membrand). The mass fluxN) through
the membrane pores can be described by Eqg. 1. [3]

pL d

— p

n ° d, 3

Based on the solution-diffusion transport moded, itiass flux across the membrane depends on

the permeability of the membrane for water (L), tfteesmembrane pressufg] and the osmotic
pressure differencé\{t). The osmotic pressure is in large measure affdzyehe temperature of
the fluid (T) and the concentration differené&j between the two sides of the membrane. If the
thickness of the membrane (1), the water solub{8y and the water partial volume (V) are known,
the water flux can be given by the formula of Wijmmaand Baker [4]

3= DSV

RTI

Considering Eq. (1) and Eq. (2), the mass flowulgiothe membrane and the permeate flux are
affected by the transmembrane pressure and thestatope. The increasing of the temperature

decreases the viscosity of fluids and thereforesim®es the water and the salt permeability but
simultaneously increases the osmotic pressure bh§5je

(Ap-4An) (2)

The high rejection for organic materials and foredgents makes the RO process suitable for
the recycling of food wastewater. Bohdziewicz e{@&] found that applying RO for meat industrial
wastewaters after simultaneous precipitation tigawic matter removal efficiency reached the
value of 99.8%; the ammonium retention and thd toteogen retention was 97% and 99%,
respectively. In a latter paper, the performancR©foperation after activated sludge pretreatment
was investigated and it was concluded that witlebgimical precipitation the retention for total
nitrogen and total phosphorus was 90% and 97.58pertively. The removal of biodegradable
materials (expressed by B@Dwas just 50%, but despite the lower organic ma&moval
performance the purified wastewater was found blgtéor reuse in the production cycle of the
plant [7]. In the study of Vourch et al. [8], thi#ig@ency of a one-stage RO, a combined system of
nanofiltration (NF) before RO and a two-stage RO+ép@rations for dairy process water treatment
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was compared and it was concluded that there waggndicant difference in the retention for
electric conductivity and total organic carbon (T@tween the RO and the NF+RO system.

With RO operations pure water can be obtained hedJf systems are capable of producing
clear and transparent wastewater permeate wittcegidoacteria content, but the presence of alive
microorganisms in the feed solution can assisepoditing the polarization layer on the membrane
surface, facilitating membrane fouling [9]. In @hly viable microorganism contented solution the
bacteria and their secreted extracellular polym&utzstances (EPS) formed a biofilm on the surface
of the membrane. Kornboonraksa et al. [10] fourad #lh membrane bioreactor the total membrane
resistance increased by a large scale and the ptriftiex decreased because of the released
carbohydrates of piggery wastewater which were siggab easily on the membrane surface due to
the microbial degradation.

Under high pressure the diffusion rate is reduaggltd the more compact (less porous)
deposited layer, and the resistance increaseghétanhanced local osmotic pressure. This
phenomenon is described as biofilm enhanced osmpassure (BEOP) [11-12]. During long-time
RO concentration operations the membranes canrsdsred as non-porous materials for the
dissolved solids, flocs and colloids and a so-datlerface fouling (external fouling) phenomenon is
observed on the feed-side surface of the membdajeuring the scale formation the salts of feed
can crystallize on the surface of a membrane addiadally the rejected solid can form a cake
layer [14]. In the formed cake-layer a complex flpattern can be observed; moreover, the flow
direction may even be the reverse of the pressacient because of the inter-connectivity of the
neighboring pores [15]. Pore blocking with the agson of foulants on the pore wall may occur if
the foulants’ size is comparable with somethingepgized or smaller [16]. Internal fouling can also
be experienced if the structure of the membraireagersibly altered due to the extremely high
hydrostatic pressure or chemical degradation. Hysipal compaction of the membrane material
can also be manifested in the flux decline duroxggHime low-pressure operations [13].

The effect of fouling can be characterized by thg @iecline versus operation time, and to
examine the flux behavior and the fouling mechasisine resistance-in-series model can be used in
various membrane processes. In the model theorsdtip between the permeate flux,
transmembrane pressure and the total resistandeeca@scribed by the series resistance equation

_ Ap
J="" 3
R 3)

wheren is the viscosity of the feed fluid and iR the total resistance.

The R can be defined by the sum of the hydraulic (isighmembrane resistance,fRhe
polarization layer (external fouling) resistance,@hd the (internal) fouling resistance)(R

Rt:Rm+Rf+Rp (4)

The model is successfully adopted for the exanonaidif flux behavior during the RO
concentration of manure [17] or juice [18], separabf oil in water emulsion [19] and for the
control of fouling phenomena in several ultrafilitoa processes [20-22].

The traditional concept of the membrane water mation systems, when the concentrate is
handled as waste stream, can be changed becausmtientrated feed streams with high
biodegradable organic matter content are utiliz&nl@naerobic digestion (AD). Furthermore, in
the Northern region the temperature sensitive giold wastewater treatment can be replaced with
the membrane processes; hereby the time demahe ptitification technology can be reduced and
the membrane operation can fulfill the requiremeftte periodic and fluctuating wastewater
product. Besides these advantages, the membraraiopéds suitable to recover bioenergy from
food industry effluents based on local resourcezmiote Northern regions.
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According to the above mentioned concept, the dumalof our work was on the one hand to
concentrate the organic matter content with menepracesses to get a suitable raw material for
AD, and on the other hand to produce pure permehiteh can be recyclable or reusable. In the
first stage of our work presented in this paperewamined the effect of transmembrane pressure,
recirculation flow rate and the temperature of feadhe permeate flux and resistances
concentrating meat industrial wastewater. For Hieutation of resistances the resistances-in-series
model was used to determine the main influentiedupeters, and to optimize the conditions for RO
operation response, surface methodology was applied

2. Materials and methods
2.1. Wastewater sample

The real wastewater samples originated from a medized meat processing company; the
sampling point was after the grease tap. The psowaser originates from meat processing
technology, mainly from the flushing and rinsingegfuipment (slicing and packaging machines,
smoking chambers).

The samples were freshly collected before measurene avoid the altering of the organic
matter structure under freezing and melting openati To remove grit and other large-sized solids
a cloth filter was used. The characteristic of wastter is shown in Table 1.

Table 1

Characteristic of raw wastewater

Parameter Mean value SD
TS (mglL™) 3210 296
TOC (mgL™) 834.1 35.3
Lipid (mgL™) 115.1 21.7
Protein (mgL™) 379.4 21.2
pH 6.13 0.23
Conductivity* (uScm™) 983.2 14.2
Density* (kgm™) 1005.3 3.2
Viscosity* (mPas) 0.877 0. 009
*at 30C

2.2. Membrane apparatus and experimental procedures

For the pilot-scale filtration test series flonB& module of Paterson Candy International (PCI)
company was used. The tubular module was equippdd99 polyamide RO (99% nominal
retention for NaCl) membranes (ITT PClI Membrane$)LtEach 1.2 m long tubular membrane had
a 12.5 mm inner diameter, and the total effectieenorane area was 0.85.m

The recirculation flow rate (Q) varies between 600 and 1000 LIConsidering the nominal
pressure range of the PCI module and the membeamtggurthermore, based on experimental
design, the operating pressure for RO tests web245 bar, respectively.

The temperature of feed was controlled by a cqktiieat exchanger. In each experiment 60 L
wastewater was concentrated to reach a 3.75 vakmwome reduction ratio (VRR), calculated by

Eq. (5)
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V
VRR= — (5)

Ve
where V is the volume of feed, and,¥s the volume of permeate.

The retention for total organic carbonr(R), fat (Ra) and proteins (R.) were calculated
using the following equation (Eq. 6)

c

R(%) = (1—-"} x100 (6)
0

where ¢ and @ are the concentration of measured componentipeghmeate and feed,

respectively.

2.3. Sample analysis

During the RO and UF operation the total organibea (TOC) content, the fat content and the
protein content were assayed. TOC content was mezhby a Sievers 900 portable TOC analyzer
with a membrane conductometric detector (GE Anadytinstruments, USA).

The photometrical protein assay was based on thayLmethod [23] using the bovine serum
albumin (BSA) standard. The samples were diluteavtmid interference with lipids, ammonium
ions and salts and to minimize the effect of theda on the pH of the reaction mixture.

The lipid content of wastewater samples was detexthby partition-gravimetric procedures
after extraction according to the Bligh and Dyeitmoe [24]. For the viscosity measurements of
wastewater samples a glass capillary viscometeused.

2.4. Analysis of resistance components

The connection between pressure, permeate fluthendgesistance components can be
described by Eq. 4. From this general expressieryiraulic resistance of the clean membrane
(Rm) can be calculated by the data obtained from émmpate flux (J, mm?s?) measurement with
deionized water at different transmembrane presgife Pa) and from the dynamic viscosity,(
Pas).

A .
= =0 () @)
nJdu

During the concentration process the solid andotiiesl components build up the polarization
layer (cake layer), which can be removed by intenfiushing with water. From the pure water flux
measured after flushingsJd&nd using R the fouling resistance can be given by Eq. 8.

Ap -1
R, = - m 8
T, R, (m~) (8)

After knowing R, an R and calculating Rrom the permeate flux obtained from the
wastewater filtration test the polarization layesistance can be determined by the combination of
Eq. 4. and Eq. 5.

3. Reaults and discussion

3.1. Examination of influential parametersfor the RO process

To examine the possible interactions between tleeadipg conditions and to optimize the
influential parameters for membrane purificatiosnttal composite face centered (CCF)
experimental design and response surface method(lR$§M) was performed using MODDE 8.0
statistical experimental design software (Umetr&seden). RSM is an adequate method to fit a
model by a least squares technique when a combimatiindependent variables and their
interactions affect the desired response [25].
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For the modeling and optimization the studied fexcteere the transmembrane pressure (p) of 25
and 45 bar, recirculation flow rate £Q of 600 and 1000 Lith™ and the temperature of 30° and
40°C (Table 2). The values of pressure and theadation flow rate were chosen based on the
membrane characteristics and considering the spatodh of the RO unit and the membrane
module. The operating temperatures were variedrdirtgpto the temperature range of produced
industrial process water. The selected responsestive average permeate flux (J), the organic
matter retention (Ryc), the total resistance (Rand the polarization layer resistancg)(Ro

evaluate the reproducibility of the fitted modélefcenter points were used in the experimental
design (Qrec=800 Lh p = 35bar at a temperature of 35°C). In ordeetiuce the systematic error,
the runs of the experiments were randomized.

Table 2. The factors and responses of experimental design

Factors Responses
EXxp.

No. (8;%5) p(bar)  Temp.(T) (Lfnp?zfg.l) Rt(:ﬁf)’m Rp(r:.ll?m Rroc (%)
1 600 25 30 54.35 2.604 0.716 99.28
2 1000 25 30 55.04 2.556 0.698 99.20
3 600 45 30 71.38 3.211 0.767 97.93
4 1000 45 30 72.27 3.102 0.749 98.04
5 600 25 40 60.21 2.652 1.036 98.77
6 1000 25 40 61.06 2.588 0.998 98.74
7 600 45 40 76.42 3.258 1.057 98.01
8 1000 45 40 78.13 3.189 1.091 97.96
9 600 35 35 69.99 2.954 0.936 98.86

10 1000 35 35 71.51 2.878 0.909 98.71
11 800 25 35 58.25 2.613 0.912 97.21
12 800 45 35 73.21 3.239 0.934 98.99
13 800 35 30 69.40 2.843 0.783 99.09
14 800 35 40 73.65 3.024 1.104 98.51
15 800 35 35 70.87 2.885 0.921 99.05
16 800 35 35 70.95 2.884 0.924 99.12
17 800 35 35 70.85 2.881 0.928 99.06
18 800 35 35 70.93 2.880 0.925 99.15
19 800 35 35 70.96 2.879 0.921 99.17

Retention for TOC, lipids and proteins has not geahsignificantly with the varying of factors,
because the retention of AFC99 membrane for difftemponents is higher than 97%. The
calculated value of Rfor the AFC99 membrane was 1.409%161. In our case the range of R
was obtained from 8.761x10to 1.034x1& m* but the change was not significant at the 95%
confidence interval; therefore, the fouling resisteannot be used as a response parameter.

To determine which factors have important effectslee response, one factor is varied while
the others are kept at the average value. Fig.ovshhe effects of single parameters and their
interactions on the permeate flux)(dotal resistance (Rand polarization layer resistancg,R
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Effects for Jp Effects for Rt Effects for Rp

ggHgagsgg .awggggﬁgg

Fig. 1. Effects of factors and interactions onleemeate flux (a),
total resistance (b) and polarization layer resisé (c).

Our results show that mainly the pressure andeimpérature have an effect on the permeate
flux, Ry and R; furthermore, a smaller influence ofsQvas obtained on permeate flux and total
resistance. The other factors and the interectetseen them have just a negligible effect on
response parameters. The significant effect of &atpre on flux can be explained by studying Eqg.
1 and Eqg. 3. With temperature increasing, the patendiffusivity through the membrane increases
and the viscosity decreases simultaneously, whashahpositive effect on permeate flux.

The value of the Reynolds number depends on theuattion flow rate (Qo), and it
determines the flow characteristic. Theoreticdlhg flow rate affects the thickness and the
formation rate of the polarization layer. But irr @ase the Re number was about 16,200 at 600 Lh
of Qecand 27,000 at 1000 rof Qe respectively, and in this turbulent flow range #ffect of
varying Re could not be manifested in a large sdateeasing of the polarization layer.

Our calculation, based on the resistance in sar@el, showed that the hydraulic resistance of
the membrane (B was in all cases higher than the fouling resstai®) and the ratio of Rto R
was from 39.3 to 51.9%, depending on the experiai@anditions. The main part of,Rn R can
be explained by the composition of the wastewaied, the low amount of organic matter could not
form a thick polarization layer in the turbuleneteflow; furthermore, the concentration of low
molecular size compounds was not high enough tofgigntly increase the internal fouling.

3.2. Optimization of the RO process

During the refinement the non-significant termsevemoved. Since the value afd®ntains
the R, the change of the two parameters are not indepenitierefore, Rwas removed from the
responses to obtain a correct statistical modéerA&finement a quadratic model was refitted with
multiple linear regression (MLR). The mathematiedhtionship between the independent variables
of pressure (p, bar), recirculation flow rate (Qrec?), temperature (t, °C) and the response
function for permeate flux g1 m™h™) and total resistance (Rn™) are presented by Egs. (9) and
(10), respectively.

J, = 710214+ 825p + 0565, + 2711 — 4989p? 9)

rec

R =29009x10" + 2986x10" p — 3659x10*Q,,, — 395x10"t + 3107x10" p*> (10)

rec
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The validity of the fitted model was tested with BMA at a 95% confidence level for each
response and presented in Table 3.

Table 3 ANOVA test for permeate flux (Jp) and total resistance (R;)

Permeate flux I?fegergg n? f ‘:’;lgg '\ggﬁgrgf F value Protzg)b lity SD
Total Corrected 18 878.164 48.7869 - - 6.9847
Regression 10 874.366 218.592 805.79 0 14.7848
Residual 8 3.79786 0.271276 - - 0.5208
Lack of Fit 6 3.78818 0.378818 156.538 0 0.6154
Pure Error 0.00967 0.002419 - - 0.0491
Total resistance
Total Corrected 18 9.349E+27 5.194E+26 - - 2.279E+13
Regression 10 9.205E+27 2.301E+27 224.239 0 4.797E+13
Residual 8 1.436E+26 1.026E+25 - - 3.204E+12
Lack of Fit 6 1.434E+26 1.434E+25 214.072 0 3.787E+12
Pure Error 2 2.679E+23  6.699E+22 - - 2.588E+11

The response function predictions were in goodergent with the experimental data; the R
for J, and Rwas 0.996 and 0.994, respectively (Fig. 2).

Permeate flux (Jp) with Experiment Number labels Total resistance (Rt) with Experiment Number labels

=1*x-3,231e+008 7
=1*x-6,178e-005 Y ) A
20,0055 3,2E+14({R2=0,994

75 !

A2 v

- 10 A 9 3 3,0E+14
q>) > A
3 a 18
£ e 2 :
© O 28E+14

60

5
2,6E+14 i
551 ke
54 57 60 63 66 69 72 75 78 2,6E+14 2,8E+14 3,0E+14 3.2E+14
Predicted Predicted

Fig. 2. Observed versus predicted values for peterieax and total resistance

In addition, the goodness of fit fJor J, and Rwas 0.991 and 0.988, which indicates good
predictive power of the models. The reproducibwitgs over 99.9% and the standard deviations of

the fitted models were higher than the standardatien of the residualsRZ,;>0.98 in both cases).

To analyze the effects of factors the charactereintour plots are shown in Fig. 4. As Fig. 4
shows, the permeate flux is strongly dependenherptessure and temperature. The difference
between operating pressure and osmotic pressureasded during the concentration and therefore
there was a non-linear correlation between the pateiflux and the pressure. In addition, during
the concentration process the deposited cake tayesed a slower diffusion (via longer diffusion
path and lower diffusivity) and a higher hydrauksistance. The temperature increasing caused the
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viscosity to decrease, which predicted higher patm#ux (Eq. 3), but the higher temperature is
also expressed in the higher osmotic pressureedsiog the driving force of the RO procesp-(

Am). Considering this phenomenon, the relationshtpvéen the temperature and permeate flux is
also non-linear.

Temperature (°C)
a)

40
]
O 38
L
@ 35
5
o 34
$ 32
—
0 30
08 2,71e+014
e
—
26 2 B4e+014

E——
P

I I I I I ‘ I ‘ ‘
30 31 32 33 34 35 36 37 38 39 40

Temperature (°C)
b)

Fig. 3. The combined effect of temperature andgues
on permeate flux (a) and Btal resistance (b)

In our case the highest permeate fluxes can bé& t®aapplying pressure over 37 bar and a
temperature over 36.5°C but to achieve the bestgate flux the recirculation flow rate can be set
at a value over 750Ch(Re number can be over 20,000).

In this region the retention for TOC and proteirswggher than 97% and 99%, respectively.
On the other hand, the pressure increasing froto 25 bar increased the total resistance by
approximately 17% but this effect can be reducethbyapplication of elevated temperature and/or
higher recirculation flow rate. This antagonisteetfof the pressure increasing total resistance and
permeate flux can be explained by the alterindghefdstructure of the polarization layer. Under high
pressure, the formed cake layer has become lesagavhich can increase the hydraulic resistance
of the layer [26]. Although Hoek et al. [14] repadtthat the fouling can improve the selectivity of
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the membrane, this establishment is acceptablégustmoval of larger sized molecules via size-
exclusion mechanisms, because, for example, ifahl@ants are deposited into the pore and on the
surface of polymer membranes it can make posdikléransport for SVOC and other small-sized
soluble components through the membrane [27].

The diffusivity within the cake layer strongly deyls on the porosity of the deposited layer
[28]. The natural organic matter and the collojpfiticles accumulated and deposited on the
membrane surface have a significant effect on lydramic and mass transfer characteristics of
the RO process. It can also be noticed that dahagoncentration process the deposited layer
increases the flow velocity and the turbulencenatubular system due to the decreased free cross-
section, but this positive effect is very smallideghe flux reduction effect of the larger-scale
increased resistance. On the other hand, the deddsulants alter the surface characteristics of
membrane to generate increased pressure drop thiemgodule.

It is experienced in two stage RO processes thaedirst RO stage with a high organic load
the temperature increase decreases the membranegi®iity. But in the second stage,,processing
the permeate of the first RO stage, the elevategéeature increases the normalized permeability
due to the decreased concentration polarizatioh 2# augmentation of the temperature has a
positive effect on the permeate flux and it couddrease the total resistance because at elevated
temperatures an increased diffusivity through trecentration polarization layer and in the
membrane is experienced. Furthermore, the differdetween the diffusivity coefficients in the
liquid phase and within the layer is also decred#espolarization effect decreased) and
principally at lower viscosity the hydrodynamicistance decreases as well.

Using the refitted model, based on the date obddirmen the response surface analysis, the
optimal condition of the RO process of meat indaktwastewater was for the highest permeate
flux and the lowest total resistance determinea tshknsmembrane pressure of 38.5 bar and a
recirculation flow rate of 1000 Lhat 40°C.

4. Conclusions

The RO concentration of meat industrial wastewates carried out in a pilot-scale filtration
unit equipped by AFC99 polyamide membranes. Foeiperimental design and optimization,
MODDE 8.0 software was used, investigating theat$fef the operation pressure, temperature and
recirculation flow rate on the organic matter réitam permeate flux and the resistances calculated
from the resistances in the series model.

Our results show that the investigated parameidraat significantly affect the retention but
the permeate flux and the total resistance aralseifor the response parameter of modeling. Based
on our results, the increasing pressure positigfBcts the permeate flux but at elevated pressure
the total resistance increases as well. The incrgad the temperature and the recirculation flow
rate could enhance the permeate flux and decrkadettl resistance. The fitted quadratic model
was significant at the 95% confidence interval ahdwed good predictive power as well as high
reproducibility.

The optimal conditions for RO concentration of medustrial wastewater were determined at
an operating pressure of 38.5 bar, recirculatiow flate of 1000 L# and temperature of 40°C. The
TOC content and the conductivity of permeate wasfathan 5 ppm and 206cni’, respectively,
which allows for the recycling and reusing, for exde, in cleaning, in the flushing process or for
cooling water. The average TS content of RO comaentvas higher than 9% with a TOC content
of 2.8 gL'*, protein content of 1.2 gtand fat content of 0.35 L In a follow up study,
experiments will be conducted to examine the armedigestion of the concentrated samples and
the efficiency of pretreatments and grease mixing.
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