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Abstract

The hybrid FO-MD in this research was composed of consisting of 2 systems that
including the forward osmosis (FO) system and the membrane distillation (MD) system. This
study was investigated the effect of difference draw solution concentration, velocity,
temperature and feed concentration on water flux and BSA concentration.

The results were found that high water flux and high protein recovery rate at 2.0 M DS
but high salt leakage as well which limited the process. The optimum flow rate on water flux
and BSA concentrate was 100 ml/min. It was found that high flux of feed solution are amount
5.57 L/m*h and obtained 69 % protein concentrate, respectively. Direct contact membrane
distillation (DCMD) process was applied for brine solution recovery. The results can be indicated
that highly temperature and velocity obtain higher permeate flux. The flux increases with an
increase in temperature difference (AT=50). The maximum permeate flux is 12.80 kg/m“h The
energy efficiency is quite average, the high value obtained for the relative heat lost suggest that
this system can be competitive only in situations where some source of waste energy is available.
It was found that the flux rate was in function with the temperature, CFV and temperature
polarization coefficient (TPC). The best result in terms of energy consumption were obtained
188.6 W at CFV and temperature of 0.28 m/s and 70 °C, respectively.

Forward osmosis (FO) was employed in this work to recover and concentrate tuna
cooking juice. FO process could increase the protein concentration up to 9% with an average
permeate flux of 2.54 L/m*h. The permeate flux however tended to decrease as protein
concentration increased due to the impact of osmotic pressure of the feed and fouling on

the membrane surface.
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ABSTRACT

The protein utilization can be applied in medical and pharmaceutical industry. Mainly membrane
technology is used for protein recovery and forward osmosis (FO) is proposed for the lower energy
consumption and high yield production. The objective of this study is to optimize the draw solution
concentration for protein recovery. The cellulose triacetate (CTA) membrane was used in FO unit and
supplied with BSA 200 mg/L. The range of draw solution is between 0.5-1.5 M NaCl. The velocity of feed
solution and draw solution were kept constant at 0.10 ¢cm/min in co-current mode. The results were found
that high water flux. high protein recovery rate and less salt leakage at 0.5 M NaCl. The optimization time for
recover protein is 400 min to reduce salt leakage. The fouling behavior in the study is shown the reversible
foulant can be enhancing flux for 50% by hydrodynamic force.

Keywords: Forward osmosis. Draw solution. Protein concentration

1. INTRODUCTION

Forward osmosis (FO) is emerging membrane separation process for water reuse and desalination [1.
2]. This process is naturally driving force using osmotic pressure difference across a semi-permeable
membrane process [3. 4]. The application of FO membrane is used in food technology such as protein
enrichment. and environmental technology such as wastewater treatment and power generation [5]. The
advantages of FO process are low energy consumption, low temperature for degradation of food process and
less membrane fouling compared with reverse osmosis (RO)[6].

Protein is biopolymer in nature and found in waste from food industry. The protein utilization can
be applied in medical and pharmaceutical industry. The protein recovered for bioactive compound is
degraded or denatured by heat and chemical reaction. Mainly protein recovery process is UF. NF technology
[7]. Tn this study, FO is proposed for protein recovery under the low energy consumption and high yield
production. The objective of this study is to optimize the draw solution concentration for protein recovery.

2. METHODOLOGY

(]

.1 Forward osmosis set-up and analytical methods

The FO system was set up as shown in Figl. The membrane unit consisted of cell channels of 20 cm
long. 10 cm wide, and 0.3 cm depth on both sides of membrane. The cellulose triacetate (CTA) membrane
(HTL, Albanny, OR) occupied the area of 0.02 m”. The pure water permeability of the CTA membrane tested
in an RO mode was 2.1x10™" m/s’Pa. The bovine serum albumin (BSA. purity 98%, MW 66 kDa. Sigma-
Andrich) was used as a feed solution (FS) at 200 mg/L. NaCl (purity 99.9%. Ajax Finechem. Pty. Ltd) was
used as a draw solution (DS). The range of DS was between 0.5-1.5 M or 29.22-87.66 g/L. The velocity of
FS and DS were kept constant at 0.10 cn/min i co-current mode by peristaltic pump (EYELA MP-3N,
Japan). The permeate flux was directly measured using digital balance (AND GF-3000, Japan)

3" International Conference on Environmental Engineering, Science and Management
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2.

connected to computer data record. By measuring conductivity using conductivity meter (WTW, LF318,
and Germany). the osmotic pressure was indirectly calculated from eq. (1)

Peristaltic Peristaltic Computer
, Pump Pump  Heater
o [THER BT g
Tank Draw
Soluton
[OQ ] Membrane module LOO |

Figl. Forward osmosis (FO) system.

n= nCRT (1)

Where. 7 is osmotic pressure of a solution, kPa: n i1s the number of ions dissociated of one salt
molecule; C is concentration, M: R is universal gas constant, 8.314kPa.l.mol™ K™; T is temperature, K.

The whole experiment was kept at constant temperature of 25+1°C. The sample was taken every 60
min and protein content was analyzed by Lowry method (1951). The water permeate flux was calculated
from the change in weight of draw solution by following eq.(2)

Jo= A Weight / Time (2)
Water density x Effective membrane area

As shown in Fig 2. the water flow usually flows from low concentration of feed solution to high
concentration of draw solution across membrane while salt flows in opposite direction. This salt flow causes
fouling.

Active  Support

layer layer
— Tpp
ECP
_ ——} Aty
"Fa
T ——

Feed Draw
solution solution
Water flow —

+— Salt flow

Fig 2. The fouling mechanism in FO membrane [4].
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The internal concentration polarization (ICP) in the porous support layer from draw solution is a
major problem in this process. The water flux (/i) in FO can be expressed by the following equation;

JW=A[Mpy— TEFJ,) (3)

Where: A 1s water permeability coefficient (LMH).  mpy, 1s the osmotic pressure of DS. kPa; and
Tz is the osmotic pressure of FS. kPa.

2.2 Membrane fouling and cleaning of FO

The BSA was used as feed solution at 200 mg/L. NaCl was used as draw solution at 0.5 M or 29.22
/L. In order to test fouling. the experiment was mn for 9 hours. Deionizer water was feed to clean the
process at velocity 4.4 cm/min for 20 min. 1%citric acid and 0.5% NaOH were used as the chemical cleaning
agents for 30 min at velocity 4.4 cm/min in both sides of membrane module. Membrane fouling
morphology was characterized by scanning electron microscope (SEM-Quanta, FEI Quanta 400).

3. RESULTS AND DISCUSSIONS
3.1 Effect of different concentration of draw solution on water flux

The flux obtained from different concentration of draw solution 1s shown in Fig3. After BSA filtration.
the flux shghtly decreased and stayed constant at 650 min. The average of water flux was 3.6 LMH, 4.51 LMH
and 5.27 LMH for 0.5 M. 1.0 M and 1.5 M. respectively. The higher the concentration. the higher the flux. The
higher the concentration, the greater the osmotic pressure which is a driving force across the membrane [3]. Even
though there was the supplement draw solution system was installed, draw concentration decreased with time.
High water flux and low membrane fouling can be achieved by varying the operation condition and modified
membrane swface [4].

8.0 +0.5MNaCl
01.0 M NacCl
6. X1.5MNacCl

XX gx*xﬁtm #xnxxxxxxxxxxxxxxx Xk
o) (¢}
00 00000000000%0 %000000000000

4.0 30040 4
oy
M 2 A “'0’00000«000

ot oo

Flux (LMH)

2.0

0-0 T T T T T T T T 1
100 200 300 400 500 600 700 800 900
Time (min)

Fig 3. The evolution of water flux in the different concentration of NaCl during the experiments.

The salt leakage was observed in this study. The NaCl concentration in feed side was detected and shown
m Fig 4. The lowest the draw solution concentration at 0.5 M causes the lowest salt leakages because the built-up
rate of scaling is also the smallest [1]. The salt leakage i1s contaminated on protein a property that is acceptable
at 0.36% (w/w) [8]. The curve shows the sudden increase in slope of the curve is define crisis point. At this
crisis point. the scaling will be built up over the limit that the system can be operating. This crisis point is
shown here on the curve to be at 400 min.
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Figd. Salt leakage concentration in feed solution with the different concentration of draw solution during the
experiments.

3.2 Effects of different concentration of draw solution on protein concentration

Protein concentration at the different concentration of draw solution is shown in Fig5. The protein
concentration obtained 0.44 ¢/L.. 0.50 /L and 0.55 g/L for 0.5 M. 1.0 M and 1.5 M NaCl. respectively. The
protein concentration is increasing: the similar nearly of protein concentrate all the different concentration of
draw solution. The protein recovered rate is increasing to 60%. 63% and 66 % for 0.5 M. 1.0 M and 1.5 M of
NaCl. respectively
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Fig5. The protein concentration at the different concentration of draw solution.

3.3 Fouling behavior and cleaning effect

After DI water was used to rinse the membrane in FO system to test the removal efficiency of
foulant by shear force, the flux was enhanced for 50% (data not shown). The SEM images of the virgin and
fouled membrane are shown in Fig6. The membrane was fouled by the complex compound from the BSA
and NaCl that hardly to remove by shear force [9].
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Fig6. Surface image of cellulose triacetate (CTA)
(a) Virgin membrane and (b) Fouled membrane after physical cleaning.

4. CONCLUSION

This study 1s investigated the effect of the different concentration of draw solution on water flux and
BSA concentration. The results are found that the high water flux and high protein recovery rate at 1.5 M DS
but high salt leakage as well which is limited the process. The optimize concentration of draw solution in this
study is 0.5 M NaCl which shown the lower salt leakage behavior and obtain the good protein properties. The
fouling behavior in the study is shown the reversible foulant can be enhancing flux for 50% by DI flushing. The
limitation of this study is the salt leakage that will be prevent by the modification membrane surface for the next
study.
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Abstract

In this study, polyvinylidene fluoride (PVDF) hollow fiber membrane was applied with
direct contact membrane distillation (DCMD) process on lab-scale, hollow fiber module
designs in length of 24 cm with effective area of 0.01 m®. This membrane also exhibited a
mean pore size was about 0.1 pm,  with contact angle of 904 £ 025" with water and the
morphology of the hollow fiber membrane analysis by SEM was examined. The effect of
operating temperatures and cross flow velocities (CFV) on permeate flux were investigated.
During operating of DCMD process with 3.5 wi% of sodinm chloride solution, it was found
that the permeate flux iz about 13 8 kg/m* h was obtained with the CFV of 0.42 m/s at feed

and permeate temperature 70 °C and 20 "C, respectively.

Keywords

Direct contact membrane distillation, Water purification, Cross flow velecity, PVDF

hollow fiber membrane.

Introduction

Nowadays, purify water demand is
dramatically increasing due to natural
disaster such as flood, drought etc. Many
researchers are seeking the new technology
to challenge human demand Membrane
distillation (MD)) is an alternative separation
process with promising in desalination and
industrial  wastewater  treatment.  The
advantages of MD compared to other
separation process are: (1) lower operating
temperatures  than which applied in
conventional distillation. The process
performed at feed temperature is lower than
the boiling point of water. Moreover,
alternative energy such as solar, industrial
waste heat and desalination waste heat can
be employed to the feed side, (2) lower
operating pressures than reverse osmosis,
the operating pressure generally near the
atmospheric pressure, and (3) over 100%
(theoretical) rejections of iomic,
macromolecules, colloids and other non-
volatiles. MD has been employed for
mumber of applications. Hou et al. [1] nsed
MD to remove fluoride from the blackish

groundwater. Gryta et al [2] prepared
capillary of polypropylene membrane in
MD for separation of saline wastewater
which containing NaCl and protein as well.
In case of textile wastewater treatment., Whu
et al [3] stodied the possibility of MD
process to separate dyes from water and
theirs remse. The MD process was alse
applied for liquid-low level radioactive
waste treatment, and the radionnclide was
achieved [4].

The cbjective of this cwrent research is
to stody the effect of operating conditions
inchnding cross flow velocity and feed
temperature on the performance of direct
contact membrane distillation (DCMD).
The feed solution was 3.5 wit% of sodium
chloride.

Experimental
Materials

PVDF hollow fiber was used (Ecomnity,
Coltd, Korea). The characteristics of the
membrane and the module are shown in
Table 1.
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Table 1 Characteristics of PVDF Hollow
Fiber Membrane

parameters Value
Contact angle (%) 0.4
i.d of fiber, (nom}) 0.7
o.d of fiber, (mm) 1.2
mean pore size (pm) 0.1
thickness (pm) 230
effective length (mm) 240
number of fiber 11
effective area (m®) 0.01
1.d of module, (mm) 9
0.d of module, (mm) 15

Membrane characterizations
Contact angle

The contact angle of the PVDF hollow
fiber membrane was measured by vsing a
tensicnmeter (OCA, DataPhysics
Instruments Ltd.. Germany). The membrane
sample was immerged into distilled water
before testing. The contact angle was
calculating by computer software. Three
times reading were measured and an
average value was obtained.

Membrane wettability

Membrane distillation can take place
whenever the membrane remains in dry
which allow only water vapor go through
the membrane Ligquid entry pressure (LEF)
i3 the minimmm pressure that will be
employed onto feed solution before
overcome the hydrophobic forces of the
membrane and penetrate to the membrane
pore size. TEP can be express as shown in

Eq. 1.

LEP =20 )
Where y is surface tension of water, B is
geometric factor, R is pore radins, and 8

i3 contact angle.

SEM

Membrane meorphology was analyzed for
surface immer, outer and cross section
structure of the PVDF hollow fiber
membrane by  Scanming  Electren
Microscope (SEM-JSM-5800LV, JEOL.,

2 December 2013

USA). The membrane sample were frozen
in liguid nitrogen, fractured to obtain
fragments, and sputtered with platioum
prior the SEM examination.
Diirect contact membrane distillation
set up

The schematic diagram of DCMD
designed is shown in Fig 1.

i5)

e

2
%

-] |38
[l

Eb. @

[E]]
Fig. 1 Schematic diagram of DCMD process:
(1) heater with temperature controller, (2) feed
tank, (3) pump, (4) rotameter, (3) pressure
gauge, (6) temperature indicator, (7)
membrane, (8) conductivity meter, (9)
permeate tank, (10) balancing, (117 chiller.

The membrane module was installed in
vertically to omit the effect of fiee
convection and removal air bubble [5]. NaCl
solotion 3.5 wi was used as feed The
feeding pump was diaphragm pump (model
UPRIGHT UP-7000, Taiwan). The inlet
temperatures in the feed side were varied
from 40-70 °C and controlled by heater
(model ED JULABO, Germany).
Sinultanecusly, the distilled water was
cooled by chiller (model HATTEA HS-66A,
Taiwan) to keep temperature constant at 20
*C. The temperatures at inlets and outlets in
both feed and permeate side were displayed
by temperature indicator. The circulation
rate of the feed side was wvaried between
500-1500 mlimin using the laminar and
mterstitial flow for Reynolds number (Fe)
from 1170-2500. On the other hand, distilled
water was fed into the lumen side of the
membrane by diaphragm pump and
controlled at cross flow rate at 300 ml'min
comrespending to the Be of 1300. The flow
rate of both feed and permeate sides were
measured by rotameter (model LZM-15],
ZYTA, China). The ionic conductivity was

ST-66
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measured before and after the testing using
Radiometer analytical conductivity meter
(model LF 318, WIW, Gemmany). The
distilled was collected in an over level tank
sifting on a balance (AND, GF-3000, Japan)
with aceuracy £ 0.1 g and data record to PC
by Data logger.

The permeate flux of the membranes
I was calculated by the following

equation:

AW
IT=n (2)
Where J is the permeate flux (kg/m® h), AW
is the quantity of distillate (kg). A is the
inner surface area of the hollow fiber
membranes (m*), At is the interval time (h).

The rejection coefficient B of hollow
fiber membranes was determined according
to the following equation:

R = % X 100% (3)
Where Cs isrthe concentration of the feed
side and Cp is the concenfration of permeate
side.

Calculation af Reynolds number
The Reynolds number normally defined

in the following way:
dr
Re = Tp ()

Where Re is the Reynolds number, d is the
hydraulic diameter (m), v is the velocity
(m/s), p is density of water (kg-"mj}, W is
the dynamic viscosity (Pa.s)

The Reynolds number of the feed and
distillated introducing through the shell
side and the lumen side were defined
based on the Eq. (4). The linear velocity
was employed for the lumen side based on
inner diameter while the Interstifial
velocity are used for shell side cross flow

based on the outer diameter.
Interstitial = feed flow rate/open area
through the shell side (3)

Linear = distilled flow rate / open area for
flow through the lnmen side (6)

ST -67
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Where Open area for flow through the

lumen side A= nm (dy'4)°, Open area for

flow through the shell side

A= = _ 4 zdp
4 4

Result and Diseunssion

Contact angle

The contact angle measurement confirmed
that the membrane wnsed in MD
experiment has high hydrephobic preperty
(Table 1). As it was obtained, the highest
contact angle as presented in Fig. 2.

Fig. 2 Contact angle

SEM characterizafion

The SEM pictures, which show the
morphelogies of the inner and outer
surface and cross section structure of the
PVDF hollow fiber membranes, are
presented in Fig. 5.

Effects af feed Temperature

Since MD is a selective membrane
process driven by vapor pressure gradient
across the microporons membrane Feed
temperature is one of the most important
process factors. Fig. 3 presents permeate
flux obtained in different temperature.
Increasing feed temperature is significantly
to enhance permeate flux Wang et al [6]
figure out that the higher feed temperature
and feed flow wvelocity not only help to
improve the higher permeate flux but also
lead to the stronger temperature polarization
coefficient mereasing [7].
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Fig. 3 Permeate flux versus feed temperature
Effects of velocity

Experiment was performed to study the
effect of different flow velocities on the
permeate flux. Fig. 4 shows the permeate
flux as a fonction of velocities. This
presents initially was low and increasing
with increased the flow velocity between
transient and turbulent. Yang et al. [8]
indicated that high flow velocity can help
to reduce the temperature polarization of
the membrane surface and can be improve
the driving force between the feed and
permeate side. Otherwise, high flow
velocity 1s in function of pump energy
consumption.
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Fig. 4 Permeate flux versus flow rate with feed
solution at 40, 50, 60 and 70 °C.

Fig. 5 SEM morphology shows of PVDF
hollow fiber membrane, (a) inner surface,
(b) outer surface. (c) cross section of
membrane.
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Comparison  with  other  commercial
membranes

Table 2 presents the performance comparison
of our study with other reference. It was found
that, the FVDF hollow fiber membrane in our
work was approximately or even lower
petformance than other commercial PVDF

20 Decernber 2013

membrane.  Otherwise, configuration and
characterization of the membrane alse have

significant on permeate flux.

Table 2 Membrane performance compared to other references

Feed side Permeate side
Flow Feed Flow Permeate Flux ,
Ref.  Membr L/di
© SR reed rate  temperatme  rate  temperature  (LATH)
(1'min) "C) {1min) ("C)
[9] PVDF 35
hollow B 85 ] 20 135 X ;‘;11-5
fiber  NaCl
PVDF dual
layer 17 cm/0.52
[10] nollom ;rtCl 2 90 01 165 55 -
fiber a
PVDF 35
5] hollow wt% 16m’s 793  08mis 175 45 0cm06
fiber  NaCl mm
PVDF 35 25
8] hollow  wt% 3 50 04 25 992 em/0.92
fiber NaCl mm
PVDF 35
Thisstudy  hollow  wt% 15 70 05 20 13g Al7
fiber NaCl m
Conclusions References

The performance of the PVDF hollow fiber
membrane in DCMD was simdied in
variaticns of the feed temperatures and flow
wvelocities. It was found that the highest
permeate flux 138 ks/m*h was obtained
when the feed temperature was reached to
70°C with the flow velocity of 1.5 L'min,
respectively. Fotwre work will forther to
medify the membrane surface to enhance the
membrane hydrophobicity which functional
of pemmeate flox and leng-terms
petformance.
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Abstract:

Direct contact membrane distillation (DCMD) process was applied for brine solution recovery.
The energy consumption of the process was evaluated as varying feed temperature and cross flow
veloeity (CFV). The evaporation efficiency and energy consumption were also studied. The
experiments was carried out using a hollow fiber PVDF membrane with pore size of 0.1 pm and
NaCl 3.5 %wt as feed solution. The operating feed temperature and CFV were in range of 40 °C-70
°C and 0.14-0.42 m/s (laminar and transition flow region). respectively. The temperature and CFV
of permeate were fixed at 20 °C and 1.97 m/s respectively. It was found that the flux rate was in
function with the temperature. CFV and temperature polarization coefficient (TPC). The best result
in terms of energy consumption and evaporation efficiency were obtained at CFV and temperature
of 0.28 m/s and 70 °C about 188.6 W and 41.1 %, respectively.

Introduction

Direct contact membrane distillation (DCMD) 1s a membrane separation process driven by vapor

pressure gradient across through the microporous hydrophobic membrane. DCMD has been studied
to employ in water purification. It has found to achieve in part of treatment at lower temperature
preferred which could be save for energy consumption and higher water quality.
Termpiyakul et al. [1] studied heat and mass transfer in DCMD under differences concentrations of
brine solution. They found that the temperature polarization coefficient inereased with increasing
feed velocity and concentration. In addition, 1t 15 also operated at atmospheric pressure without need
to supply pressure energy. As a result, feed temperature is considered as an important process
parameter to produce wvapor pressure. Evaporation efficiency and energy consumption were
investigated by Deshmukh et al [2].

The objective of this paper was to determine the energy consumption and heat loss of the DCMD
system for brine recovery and desalination for reverse osmosis (RO).
Theory

Polyvinylidene fluoride (PVDF) hollow fiber membrane was used to fabricate in 9 mm of
diameter module with fibers diameter 1.2/0.7 mm. length 240 mm, giving an effective membrane
area of 0.011 m’. The membrane module was installed vertically to omit the effect of free
convection and to remove air bubble [3]. Brine solution (NaCl solution 3.5 %wt) was used as a
feed. The feed temperature and cross flow veloeity (CFV. using the laminar and transition flow)
were varied in range of 40-70 °C and 0.14-0.42 m/s, respectively. Simultaneously, the temperature
of DI water circulated in permeate side was kept constant at 20 °C,

All rights reserved. No part of contents of this paper may be reproduced or tranamitted in any form or by any means without the written permission of TTP,
waww ttp.net. (ID: 202.12.73.65-02/05/14,08:53:05)
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Heat transfer and mass transfer in membrane hollow fiber in DCMD

a. Heat transfer
Heat boundary is shown in Fig.l. Heat flux through the boundary layer due to convection
mechanism can be defined as Eq. (1-2) [4]:

Qs=AhdTrTey) (1)
Qu=Ashy(Tpm-Tp) (2)
Where Q:Q, arethe heat flux on feed and permeate sides. Tz Ty are bulk temperature in feed and

permeate sides. respectively. Aq.A; are the total area based on outer and inner diameter, Tan. Tpm are
the temperature at membrane surface on the feed and permeate sides, respectively.

Te Tim
— .
Permeate side

Tnm
Feed side I k—TJ

Heat transfer

Fig. 1 Heat and mass transfer profile

Heat flux transferring through the membrane Qp are heat convective heat flux and latent heat of
water vapor transferred across the membrane. It can be determined using the following Eq. (3):

sz .'ﬁlihm (Tfm'Tpm} +IAH-; (3’)

Overall the heat balance of the system
Qs= Q]:-= Qu (4)
The temperature of the feed (Tgy) and permeate (Tpy) at the membrane surface can be estimated as

follows:

T§—Tp)hy AHy
Tﬁll:-[‘[' - 1y I’] 1m+] (5)

[}
h,,,+hr,,[1+]'+:]

., (T=Tplhy+JAH,
Tu=T,

6
L em
hm+hp(1+ﬁ) ©)
Where hpe = hy=2

rj
Km E|{g+(1—t}k5

To (?)

h,, =
T 8m nini?)
1

As seen in Fig.1 the temperature gradient is the temperature difference between the feed and
permeate at the membrane surface of both sides. This effect can be defined by temperature

polarization coefficient (1). given by Eq. (8):

= ®

In membrane distillation process, heat transfer coefficients are always estimated using empirieal

correlations known as Nuselt number (Nu). For laminar flow (Reynolds number. Re<2100) and
turbulent flow (Re>4000), the Nu can be estimated using Eq (9-10). [5] respectively:

Nu=1.86(Re.Pr.dy/L) *# 9)

Nu=0.023Re"py" ¥ (10)
Where Pr is prandtl number. Pr=C,.wk. Further dw is the hydraulic diameter. k 1s the thermal
conductivity. Cp is the specific heat capacity, and u is the viscosity.
b. Mass transfer
The vapor flux can be expressed in terms of the transmembrane temperature difference [6]:
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. (dpP - -
J=C (E)Tm (T — lpm) (11)

Where C is the membrane distillation coefficient, Ty, is the membrane temperature, By assuming
that the temperature polarization effect is similar on both sides of the membrane, Ty can be

. , dpP . . . .
estimated by (T¢+Tp)/2 and <y can be evaluated by using Clausius-Clapeyron equation, combined

with the Antoine equation, to calculate the vapor pressure:
dPY  _ AH, ( qon 3841 ) X
(HT)Tm = aexp (23.238 - (12)

Energy consumption

The heat transfer through the membrane was divided into two mechanisms, conduction across
the membrane and the heat convective through the membrane. The heat transfer inside the
membrane is given by [2]:

Qu= Qv Qe
= JAH,*+ hu(Ts-Tym) (13)

Where, Q. is the heat flow through the membrane. Q. i1s the heat transfer by conduction across
membrane as heat lost. AH; 1s the latent heat of vaporization of water. and hy, 1s the heat transfer
coefficient of porous membrane.

EE is the evaporation efficiency. defined as the ratio between the heat which contributes to

evaporation and total heat exchanged by the feed. Thus. the EE can be expressed as Eq. (14):
AH
EE = 2ty (14)
IﬂHv+]lm(Tm+TpmJ
Energy consumption for feed. heating side and permeate, cooling side are estimated using the

following equations:

QhoF\?pr(Tf.m'Tf.om} (1 5)
Q: 00]=\‘IpC‘p(Tp.out'Tp.m} ( 1 6)
Where. Quot. Qeool are the energy consumption of heating and cooling sides (W), Vg Vj are feed and
permeate flow rate, Tem. Tpm are the feed and permeate inlet temperatures, Tron. Tpouw are the feed
and permeate outlet temperatures, respectively.
Result and discussion
a. Effect of hvdrodvnamic
The experiment was performed to study the effect of CFV as corresponded by Re on feed side.
The outcome of evaporation efficiency (EE) as well as the heat transfer coefficient of feed side as
varying Reynolds number is shown in Fig.2. It can be observed that the evaporation efficiency raise
(around 26.89 % to 41.1 %) with the Re (ranging from 1800 to 2800). The same trend can be seen
for the heat transfer coefficient which shows the efficiency of heat transfer from feed inlet to
membrane interface. Both heat transfer coefficient and EE dramatically increased with increasing
the Re in laminar region. and rose slightly until transition region occurred. The mcreased of Re
corresponding to trans-membrane flux inerease via heat transported through the membrane by
convection and as a result, the evaporation efficiency of the process was developed. Ali et al [7]
was employed Re up to turbulent regime. as a result 13.5 to 19.5 % of evaporation efficiency was
improved. They revealed that it was not influence of mixing significantly compared to laminar
regime.
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b. Effect of feed inlet remperarure

The effect of feed inlet temperature on heat and mass transfer of DCMD was investigated by
varying from 40 °C to 70 °C. In Fig.3 indicated the temperature polarization coefficient (TPC) as
function of feed inlet temperature. It reveals that TPC decreased with increasing inlet feed
temperature due to higher energy consumption to vaporization at the membrane surface at higher
temperatures. As well as the total heat flux increased linearly with feed inlet temperature.
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Fig.4 Heat-loss assessment of various
velocities at Tm= 300-320 K

Fig. 4 shows that the ratios of the conductive heat loss to total heat flux. It decreased with
increasing membrane temperature. These behaviors indicated that the high feed temperature was
taken into account for less heat loss, Interestingly, the energy at the velocities with 0.14 m/s and
0.42 m/s were lost higher portion to heat conduct. Meanwhile, the cool side temperature played an
important role in determination of energy consumption. Yang et al [6] are also compared
conductive heat loss to total heat flux in various membrane properties. It has been reported that
curly fibers loses a larger portion of heat to conduction. Table 1 and table 2 are illustrated the
comparison of energy consumption. heat loss and evaporation efficiency in different temperatures
and velocity. It can be seen that the best result in terms of energy consumption and evaporation
efficiency was obtained using the CFV and temperature of 0.28 m/s and 70 °C, respectively.

Table 1 Energy consumption

Fig.3 Total heat flux and TPC as function of
feed inlet temperature

Energy .
- Heat loss Flux TPC

Solution CEV (m/'s Tiin consumption % EE ,
ls) | Lo G R Qe (W) ° kgwh) | (@
NaCl3.5 0.14 343 283.052 7586.52 4845 10.11 27
- 1 “_'I':j 028 343 188.6 1261352 4111 1233 0.42

o

0.42 343 240.37 12690.32 44.50 13.8 0.45
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Table 2 Evaporation efficiency

Qu=Qv+Qc Evaporation
Qv=JAHx Qc=(km/6)(T1-T2) efficiency (%)
7130.28 7580.52 48.45
8805.28 12613.52 41.11
10173.94 12690.32 44.50

Conclusion

In this study. feed temperatures and velocities were varied to investigate their effects on energy
consumption for water purification using DCMD process. The experimental results reveal that the
evaporation efficiency values were low, and they were lower continuously when the bulk
temperatures decreased. It can be noticed that the best result in terms of energy consumption and
evaporation efficiency was obtained at CFV and temperature of 0.28 m/s and 70 °C. respectively.
The fluid dynamics studies of this performance would recommended to transition flow regime
which could be provide a better flux, thus much lower energy consumption.
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Abstract

Tuna cooking processing plants generate large amount of cooking juice containing
a significant content of protein. Recovery and concentrating process of this
valusble compound together with a low energy consumption process are of
interest regarding funll utilization concept and green process approach Forward
osmosis (FO) was emploved in this work to recover and concentrate tuna cooking
juice. FO process could increase the protein concenfration up fo 9% with an
average permeate flux of 2.54 L/m’h The permeate flux however tended to
decrease as protein concentration increased due to the impact of osmotic pressure
of the feed and fouling on the membrane surface. Since tuna cooking juice
consists of protein and minerals, mentbrane analyses indicated that fouling was
more severe compared to the fouling cansed by standard bovine serum albumin
pure protein. However, the presence of minerals rendered it a quicker and lower
energy process by companison. These results mdicated that FO 15 a pronusing
techmicue 1n the recovery and concentrafion of tuna cooking juice protein.

Keywords: Forward osmosis, Protein recovery, Fouling, Tuna cooking juice.

1. Introduction

Canned tuna industry 1s one of the major industries in Thailand. Among canning
industries m the country tuna canning has an almost 80 % share. In 2014 more
than 55,500 tons of canned-tuna 1s exported and 1ts 5-year growth rate 1s reported
to be 19 % p.a. [1]. Hundred thousand cubic meters of tuna cooking juice each year
15 an uvnavoidable by-product., and is commonly considered as a liquid waste.
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along with some solid waste, producing a very high BOD loading to wastewater
treatment. Tuna cooking juice, however, contains approx. 4 % of valuable protein
[2. 3] and can be potentially utilized as a source of bicactive peptides, e.g. anti-
oxidative, antimicrobial, antihypertensive peptides [4-7].

Methods for protein separation and concentration from tuna cooking juice
include: precipitation, colloid gas aphrons (CGA). gel filtration chromatography.,
freeze-drying, spray-dryving, drum drying, and evaporation [8-10]. One common
disadvantage of these methods 1s contamination from chemicals and degradations
of protein at lugh temperature. For protein separation. however, membrane
technology 1s preferred and recommended [4. 8]. Forward Osmosis (FO) 15 a
process of membrane separating in which 1t establishes one natural dniving force
called osmotic pressure. FO process 1s more advanced than other processes in
terms of lower membrane fouling, low hydraulic-pressure operation and energy
consumption [11-13]. The process has been applied in food industry, desalination,
wastewater treatment and power generation [14-17].

The objective of this paper was to recover and concentrate valuable protein
compounds in tuna cooking juce by FO process. The process operating conditions
were investigated under various draw solution concentrations, feed velocities and
temperatures for their effects on bovine serum albumin (BSA) solution. The set of
optimum operating conditions dernived was employed in the experiment with tuna
cooking juice to recover and concentrate protein.

2. Materials and Methods

In this section. the methods used in charactenizing the properties of industrial tuna
cooking juice will provided followed by description of type of FO membrane and
the FO membrane system. Details on how to carry out the filtration expertment to
study the effects of several important process conditions such as draw solution
concentration, cross-flow wvelocity, temperature, etc.. will also be provided.
Experniments regarding the membrane surface fouling caused by protein and 1ts
charactenization method will be also explained.

2.1. Preparation and characterisation of tuna cooking juice

Tuna cooking juice was obtained from Tropical Caning (Thailand) Public
Company Limited, Hat Yai. Thailand. Numerous two-litre samples were prepared
as homogeneous feed solutions, and stored at -20°C for further use. Those needed
to be investigated would be thawed overnight for pre-treatment before the
experiment; details can be found in Section 2.3.2.

Total protein and salt 1 the tuna cooking juice were determined using AOAC
(1999} Method [18]. Total dissolved sohds. pH. conductivity and COD were
evaluated using the Standard Method [19]. Because of the mterference of high
NaCl concentration, organic concentrations in the feed solution and in the draw
solution had to be measured by total organic catbon (TOC) by TOC Analyzer
(Shimadzu TOC Analyzer TOC-L, Japan). Apparent viscosity was measured by
capillary viscometer (Schott-instruments GmbH).
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2.2. FO membrane and experiment setup

Cellulose triacetate (CTA) FO membranes were purchased from Hydration
Technology Innovations (HTI. Albany, OF. USA). Approx. thickness of the flat
sheet FO membrane 15 50 pm, and the contact angle 64°. Embedded in the
membrane 15 a polyester-mesh support layer. Performance of the membrane was
characterized by its water permeability coefficient, pure water flux and salt
rejection. The water permeability coefficient. salt permeability coefficient. and

salt rejection were tested with RO mode.

Deionized (DI) water was supplied as feed solution at applied pressures
ranging between 1-5 bars. The water and 10 mM of NaCl solution were
respectively used for water flux testing and salt rejection testing [12]. The water
flux (7). water permeability coefficient (A). salt permeability coefficient (B). and
salt rejection (B} were calculated using Eq. (1) - (3). respectively.

_ A weight
IW " water density xeffective membrane area <A rime (1}
ty Meff
R=1+(2 )_1 >
- A{Ap—Am) (2)
—(1-%
R = (1-)x100 (3)

where A is in LMH bar™’: AP is the pressure difference across membrane. in bar;
and Am 1s the osmotic pressure across membrane. also i bar; C; and C; are the
salt concentrations, in mg/l. of the permeate solution and the feed solution,
respectively.

The FO system was set up as shown in Fig. 1. The membrane module unit
consists of two c-section cells, one on the permeate - or draw side - and one in the
feed side of the membrane, combining ito a channel. Each section 15 200 mm 1n
length. 100 mm in width (inner side), and 3 mm in the inner depth. Feed solution
and draw solution were conducted in co-current mode, each by a peristaltic pump
(EYELA MP-3N). The draw solution concentration was maintained constant.
Pressure, temperature, flow rate and salt concentration were measured,
respectively by a pressure transducer (TR-PS2W-Zbar Lutron). Thermo couple
(SE100EB1.5S, Caho), flow meters (MR3000, Eey Instruments). and a
conductivity sensor coupled with its transmitter (M200, Mettler Toledo).
Programmable logic controller (PLC) was used to detect and control the system.
Signals from all four sensors were translated to digital values and recorded
directly to the computer. The permeate flux was weighed by a digital balance
{AND GF-3000) connected to the computer.

2.3.FO performance
2.3.1. Effect of operating conditions

Three important variables; draw solute concentration, cross-flow velocity, and
temperature, will be investigated in this section. The water solution used for the
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membrane feed side was composed of 1 g/ BSA and kept constant under three
different vanables.

Feed tank

Penstaltic (7 O ] LQ O | Penstaltic

pump  Magnetic Balance  pump
Flow starmier Flow
metar ﬂ ﬂ meter
E -+
Pressure Pressure
sensor i Sensor

Membrane module

Fig. 1. Schematic of FO experimental setup.

Effect of draw solution concentration

The draw selution wsed NaCl concentrations of 0.5, 1.0, 1.5 and 2 M to
mvestigate 1ts effect. The FS and DS flows were operated in co-current mode at
velocity of 20 mL/min on both sides and tested at a controlled room temperature
of 25+0.5°C.

Effect of flow velocity

The draw sclution here used a constant NaCl concentration of 2 M, and the
temperature was controlled at 25+0.5 °C. The FS and DS flows were operated in
co-current mode under varying cross flow velocities of 16.7. 41.5 and 83 m/min.

Effect of temperature

The NaCl concentration for the draw solution was mamntained at 2 M. and the FS
and DS flows were operated in co-current mode at a fixed 100 ml/min
Temperatures were, however, varied to be at 25+0.5°C, 3520.5°C and 45+0.5 °C.

2.3.2. Concentrate of tuna cooking juice

Before analyses. each sample was thawed at 4°C overnight and then filtrated with
cotton fiber (100 pm pore size) to eliminate suspended matters which would
increase membrane fouling. The FO process used to filtrate the tuna cooking jmce
under study employved the maximum 2 M NaCl as draw solution: FS and DS
flows at the maximum cross flow velocity of 100 ml/min; and a temperature of
25+0.5°C. since these conditions vyielded the optimum result. Protein
concentration from the tuna cooking juice was determined using Lowry method
employing BSA as a standard.
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2.3.3. Membrane fouling and their characterization

In order to test fouling. BSA was chosen as the model for protein without other
compounds to compare with the tuna cooking juice. The experiment was run for 9
hours and 36 hours for the tuna cooking juice and the BSA_ respectively. In each
run. either for the juice or the BSA, when the ratio of flux and the initial water
flux (J7,) reached 0.5, the experiment was halted. Detonizer water was fed to
clean the process at a velocity of 44 m/mun for 20 mun The process was then re-
filtrated until JJJ, was 0.5 agamn. Once more the processed was paused to be
cleaned by a regenerated chemical (1% citric acid and 0.5% NaOH) for 30 min at
the same velocity of 44 m/min on both sides of the membrane module, and
stopped finally when J.7, approached 0.5.

Membrane fouling morphology was characterized by a scanning electron
mucroscope (SEM-Quanta, FEI Quanta 400) coupled with energy dispersive
spectrometry (SEM-EDS). Roughness of the membrane was characterized by an
atomuc force mucroscope (AFM, NanosurfeasyScan?). Fouling behaviour found
was applied to evaluate using the resistance series model according to the method
proposed by Zhang et al. [20].

3. Results and Discussion

The findings of this work will be discussed in the following subsections according
to the scope of the expeniments as described in section 2.0.

3.1. Characterisation of tuna cooking juice

The characteristics of tuna cooking juice are presented in Table 1. The feed
solution 1s mildly acidic, low in viscosity, but high in total organic carbon (TOC)
loading. The main valuable component is protein; having approx. 5%
concentration. The total solid concentration 1s still high though it was cotton-
filtrated. This high wvalue correlates with high conductivity and high salt

concentration.

3.2. Flux permeability and salt rejection of FO membrane

The pure water permeability of cellulose triacetate (CTA) forward osmosis (FO)
flat sheet membrane was about 0.74 LMH/bar; and for the salt. 0.68 LMH. The
CTA membrane NaCl salt rejection value of 88% 1is considerably higher than
normal mean values of 50% in other RO membranes. In the FO mode experiment,
the water flux and the reverse salt flux used DI water as feed solution. and 2 M
MNaCl as draw solution. The water flux value was 5.08 LMH while that of the
reverse salt flux was 0.27 mol/gMH.

3.3. Effect of draw solute concentration

In the FO process operation, systematic experiments were conducted on the effect
of draw solution’s NaCl concentration, varying between 0.5 M and 2 M. on the
water flux and the salt reverse flux. As NaCl concentration increased the water
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flux also increased in the feed solutions using either DI water or BSA solution;
increasing from 4 34 LMH to 6.63 LMH when using the former. and from 393
LMH to 6.11 LMH when using the latter. Greater osmotic pressure resulted from
higher concentration rendered the water fluxes high. but it also increased salt
leakage from the draw solution across the semi-permeable membrane [21]. The
reverse salt when using DI water increased from 145 gMH to 3.57 gMH, and
from 1.34 gMH to 3.53 gMH when BSA solution was used. and this 1s one of the
phenomena that decreased the water flux. Internal concentration polanization
(ICP) i the support layer was reported to be the cause of the decrease of the
water flux [12]. From these results, the optimal draw solution concentration was
concluded to be the 2 M NaCl because of the relatively higher flux and the salt
reverse flux obtained.

Table 1. Physico-chemical characteristics of tuna cooking juice.

Composition Tuna cooking juice
Feed solution Concentrated  Diluted DS
pH 5.79 5.76 5.57
TOC (g/L) 3028 50.28 0.24
Protein (w/v %) 5.51 9.02 ND.
Viscosity (mPa.s) 1.11 1.16 1.00
Salt concentration (mg/L) 11.390 19.957 13.357
Total solid (mg/L) 11.450 12,237 350
Conductivity (mS/cm) 16.2 19.0 132.2

Note: DS: Draw Solution and TOC: Total Organic Carbon.

3.4. Effect of flow velocity

Using the draw solution at 2 M NaCl concentration the effect of cross-flow
velocity, varymg between 16.7 to 83 m/mun, was mnvestigated on the water flux,
both when DI water and BSA solution were used. Either using DI water or BSA
solution, the water flux was observed to increase with increasing cross-flow
velocity. However. the flux when using BSA initially increased slightly - from
457 to 547 LMH (62% to 74%) when flow velocity increased from 16.7 to 41.5
m'min - and then to 6.28 LMH (85%) at 83 m/min. These results when BSA was
used are in the same pattern as that reported by P. Zhao et al. [22]. Altaee and
Tonnmngen [23] had found that, i both the feed solution and the draw solution,
lugh feed wvelocity increased the water flux and decreased fouling since
hydrodynamic shear forces increased with increasing feed flow rate. From these
results. the optimal flow velocity was concluded to be 83 m/min 1n order to obtain
a higher flux because of high turbulence in the module. Higher cross flow
velocity seemed to have decreased the boundary laver thickness and thus the
decreased absorption of BSA on the membrane surface.

3.5. Effect of temperature

Temperature plays a sigmificant role m the FO process: influencing the
thermodynamic properties of both the feed solution (FS) and the draw solution
(DS) [24]. When temperature increased from 25 °C to 45 °C the water flux
increased from 6.78 LMH to 8.42 LMH when using DI water and from 6.28 LMH
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to 7.63 LMH when using BSA solution. An increase in temperature decreases
water viscosity and increases its diffusivity that affects the concentration gradient
at the membrane surface. This result 1s similar to that reported by Phuntsho et al.
[24] which studied the effect of working temperature on FO separation
performance; that higher temperature induced higher imitial flux, higher water
recovery and higher concentration factors. These results revealed that BSA
recovery and water flux increase with increasing flow velocity, temperature and
DS concentration, and decreasing salt reverse flux. High water flux obtained
seems to be mamly dependent on crossflow velocity that impacts on the
hydrodynamic shear force at the membrane surface. Higher flow velocity
decreases the boundary layer thickness and thus decreased absorption of protein at
the membrane surface.

3.6. Concentrate of tuna cooking juice

Figure 2 presents the relationship of water flux, protien concentration and
viscosity during membrane filtration of the tuna cooking juice. Imtially the water
flux decreased steeply and then tapered off to be rather constant around 2 54
LMH at time 200 min. At this value of water flux the rising protein concentration
with time went up to 9%w/v. The viscosity gradually and slowly rose from 1.11
mPa s at time zero to 1.16 mPa.s at time 300 mun. The decreasing permeate flux
with processing time 1s thus due to the impacts of inceasing protein concentration
and increasing viscosity. The increased protein concentration at the membrane
surface. concentration polarization, diffusity and fouling consequently increase
the osmotic pressure on the feed side. As a result, the effective driven osmotic
pressure across the membrane reduces.

—8—Flux —&— Concentration —&— Viscosity
= 10 1.200
= o
Z 8 M _ 1.160
= = = ~
== —_ “
B E
g g 4 \\. 1080
=N . g
: 2 ® 0 o 00000 1040 3
= -
.*.E 0 1.000

0 100 200 300 400

Time (min)

Fig. 2. Relationships of water flux, protein concentration and
viscosity versus time of membrane filtration of tuna cooking juice.

3.7. Membrane fouling and their characterization

Figure 3 describes developments of membrane fouling in the FO filtration of BSA
{upper part). and of the tuna cooking juice (lower part). The water flux m BSA
solution filtration imitially declined slightly then decreased more sharply but again
tapered off. This behavior 1s 1n accordance with published mechanisms on organic
fouling of BSA accumulation and adsorption on membrane surface [22. 25]. For
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the tuna cooking juice filtration. the water flux decreased steeply from the
beginning then became more or less asymptotic. The declining curves are clearly
different since the tuna cooking juice contains much more organic and mnorganic
composites and compounds, and hence fouled up more quickly than BSA that
contains only pure protein. The rapid decline in the case of tuna cooking juice was
mainly attributed to the decrease of the effective driving force in FO caused by
both the increasing salinity and viscosity on the feed side.

The phenomena of membrane fouling on the feed side, with the decline of flux
with time, was due to accumulation on the active or selective layer. Membrane
fouling from different types of foulant can be comfirmed by the resistance serie
model Eq. (4). CTA membrane resistances of FO filtration: Total resistance R..
Membrane resistance R, Pore plugging resistance R, and Cake layer resistance
R.. for both the BSA and the tuna cooking juice, are shown i Table 2.

AP AP
J= MR, (R +R.+R,) (C))]

In Table 2. Ry, was found much higher than R indicating accumulation of
organic compound (gel) which diffuses some organic molecules and accumulates
in the pores while some part of protein 1s absorbed i the active layer. R,
presented 1n morganic form, and m terms of scaling, accumulates on the surface
and blocks the surface pores. On the contrary, Zhang et al. [20] observed, for
municipal wastewater treatment, that R, was lower than R ; indicating that the
cake layer 1s the dominant contributor to membrane fouling in that case.

1
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Fig. 3. Evolution of BSA (upper graph) and
tuna cooking juice (lower graph) filtration.
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The R; 1s ligher than B, that indicated the accumulation of orgamcs
compound (gel) which diffuse some organic molecule and accumulate mn the pore
and some part of protein absorb in the active layer. The R, present the inorganics
form in terms of scaling, was accumulated and block the surface pore. In contrary,
Zhang et al. [20] observed the R 1s lower than R, which indicated that cake layer
is the dominate contributor to membrane fouling for municipal wastewater
treatment. Figure 4 illustrates SEM-EDX results confirming scaling
accuomulations at the membrane surface. Membrane scaling occurs due to
inorganic crystallization of 1omc calcium. sodium and magnesium from tuna bone
degradation during the process.

Table 2. Membrane resistance of FO filtration
for the BSA and the tuna cooking juice.

Tvpe of solution CTA membrane resistance of FO filtration
(x 10™ 1/m)
R, Ra R, R,
BSA 17.28 6.97 9.29 1.02
Tuna cooking juice 2953 697 21.19 137

Note: Subscripts t, m, p, and ¢ for resistance B stand for, respectively, Total, Membrane, Pore
pPluggmg. and Cake layer
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Fig. 4. SEM-EDX results of CTA membrane,
(a) before and (b) after tuna cooking juice filtration.

In general, the water flux declines with time because of pore blocking and gel
accumulation on the membrane surface; so-called external concentration
polarization (ECP). However, membrane ECP fouling from the tuna cooking
juice, besides tuna meat scraps, also composed of some water soluble materials
such as gelatine and calcium.

The atomic force microscopy (AFM) used to study the charactenstic of
roughness of membrane surface revealed images of a smooth surface on the top
layer, with a mean roughness (Ra) of 5.52 nm for a virgin membrane, and 12 25
nm for the fouled membrane (Fig. 5). Thus, roughness i1s comrelated to

accumulation of foulant or scaling; the more roughness value the more clogging,
and hence the decrease in water flux.
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(b)

“ Ra=3552 nm Ra=12.25 nm

Fig. 5. AFM images of CTA membrane,
(a) virgin membrane and (b) fouled membrane.

4. Conclusions

Effects of operation conditions and fouling on protein recovery from tuna
cooking juice by FO process were investigated. The average permeate flux
obtained was 2.54 LMH; and the protein recovery, 9% (w/v). The water flux
output declined due to combined fouling from soluble organic and inorganic
compounds, gel accumulation in the pore and scaling on the membrane surface.
However, foulants require DI water flushing, and especially chemical cleaning
to enhance the water flux. The membrane resistance model results for tuna
cooking juice filtration indicated that gel in pore blocking is the dominant
contributor to membrane fouling.
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