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ABSTRACT

Membrane distillation (MD) is a relatively new process that is being
investigated worldwide as a low cost, energy saving compared to conventional
separation processes. The experiments were carried out in co-current mode of
outside-in with feed temperature in range from 40 °C to 70 °C and kept constant at
20 °C in permeate side. The flow rate also varied from 500 ml/min to 1500 ml/min at
the feed side and kept constant at 500 ml/min which the Reynolds number in range
from 900 to 4,346. The study was performed with synthesis solution to obtain
optimum condition before generate with real wastewater. The optimum condition was
found at feed temperature of 70 °C under the operating condition with 1000 I/min of
feed flow rate. As the results, the permeate flux obtained were 13.8 kg/m2.h, 13.9
kg/m2.h and 12.1 kg/m2.h of the 3.5 wt.% of NaCl, 5 wt.% of sucrose, and 0.04 wt.%
of BSA, respectively. Similarity, the real wastewater was also applied with the
optimum condition. In results, the permeate flux obtained were 12.7 kg/m2.h, 10.5
kg/m2.h, and 5.6 kg/m2.h for brine solution, tofu whey, and tuna cooking juice,
respectively. In DCMD process, it is very effective in removing the COD from the
wastewater reached 98 %, which enable to discharge free to water source or recycling
used. Moreover, 26.21 % of sucrose was recovered from tofu whey and 32.53 % of
protein was recovered from tuna cooking juice. Moreover, the study found that the
highest gain output ratio (GOR) was obtained at feed temperature of 60 °C, which

have significant influence on DCMD process to reduce energy consumption.
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Chapter 1

Introduction

1.1 Background and rational

Nowadays, as the world economy growth so rapidly, industries in all
sectors are also increasing at significant speed especially in the food and beverage.
Thailand is the largest canned tuna products exporter in the world. More than 224,558
tons of canning tuna are produced annually [1]. During canned tuna processing, there
are many aqueous effluents such as washing, rinsing and cooking. In the cooking
process, 1 ton of raw material consumes approximately 0.5 m® of water, which
generated about 0.768 m® of wastewater [2]. Hsu et al [3] indicated that in tuna
cooking juices contain proteins approximately 4% soluble protein, 35% of liquid
waste. Adler-Nissen [4] has used an enzymatic modification of food protein which
has improved the palatability and storage stability of protein source from tuna cooking
juice. Moreover, application of protein hydrolysate from tuna cooking juice for
animal food ingredient has increased dramatically [4-8]. Beside this, tofu whey is the
liquid which drain out of tofu making is one of the other food wastewater contained
oligosaccharide and mostly is stachyose and raffinose. Due to their valuable
compounds, some researchers have found many applications to recover such by-
products to use as an ingredient in the food industry.

In food processing above, the environmental concern is the use of a
large amount of fresh water for processing, raw material washing and products. The
wastewater generated by these food processing factories is rich of high loaded of
organic and inorganic.

Recently, membrane distillation (MD) has been alternative technology
separation process with promising in desalination and food industry. MD has been
used for concentrated of fruit juice [9, 10], sugar syrup [11] and whey protein [12,
13]. The advantages of MD compared to other separation process are followed:

(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 other membrane process, the
operating pressure generally near the atmospheric pressure.

(3) High rejection close to 100 % (in theoretical) of ionic,

macromolecules, colloids and other non-volatiles.

In addition, MD process is using the different temperature gradient to
operate the system. Meanwhile, the wastewater temperature from the food factory is
about 60 to 80 °C. Therefore, it can save energy consumption by using waste heat as a
gradient temperature. MD process is one of the most suitable process uses for
wastewater recovery and produces the highly purified quality of water and by-product
such as protein, sugar, oligosaccharide [14]. Therefore, this research is focuses on the
recovery of valuable compounds from tuna cooking juices and tofu whey that reduces
the COD in the effluent, the footprint of wastewater treatment plant. The product and
can be use as the alternative for healthy food as high protein content using the new

technology which consumes less energy [15, 16].



1.2 Review of literature
1.2.1 General

In this work, three synthesis solutions of sodium chloride, sucrose, and
bovine serum albumin (BSA) are used to study the mechanism of membrane in the
system which could be implied to the real wastewater of brine solution, tofu whey,

and tuna cooking juice.

1.2.2 Characteristics overall of wastewaters

1.2.2.1 Brine solution

In terms of wastewater treatment, brine waste is the highly
concentrated by-product that results from treating blackish water, seawater, or the
effluent from the reverse osmosis process in the industrial [17-19]. Brine waste
contains both moderate to high concentration of organic and inorganic compounds.
The organic compounds exist in RO brine mostly consists of slow-and hard-to-

degrade organic consistent [20].

Brine waste also contains high salt concentration and total dissolved
solids (TDS) concentration which normally higher than 2,000 ppm [19].

High salt concentration has an involving effect on the human health of
directly contaminated area since most of industrial waste discharge instantly to the
river or water source. The lack of waste treatment, salinity acts as a stressor on the
environment. According to the broad definition of an environmental risk
assessment (ERA), an unnaturally high amount of salinity can be considered a toxin
[21].



The characteristics of brine wastewater as present in Table 1.1.

Table 1.1 Characteristics of brine waste

TOC TDS Sodium Chloride

Raw material pH References
(mg/l)  (mg/l)  (mg/l)  (mg/l)
6.82 - 21,326 2,759 6,442 [22]
Brine - 111 945 - - [20]
wastewater - - 105,000 29,320 - [23]
8.8 - 49,800 28,600 51,800 [24]

1.2.2.2 Tofu whey

Tofu whey is the liquid which drained out during making tofu and it is
considered as wastewater and discharged into a water source which causes many
problems to the environment. According to researches, tofu whey contains much of
nutrition such as proteins, fat, salt, carbohydrate, and oligosaccharides are being a

crucial source of food ingredient [25, 26].

The details of the basic steps of the tofu- making process are as follows
[27, 28]:
Soaking: Soaked the dry soybeans in water overnight or at least up to 16
hours. Normally the volume of water is about 2-3 times of the bean volume.

- Draining and washing: The soaked beans are drained and washing with fresh
water 2-3 times.

- Grinding: Grind the soybeans in the batches with their soaking water in a food
processor/blender until the beans ground fine. The slurry is collected in a large
pot.

- Filtering: The bean slurry is filtered through the cheesecloth, or pressing sack.
Carefully gather up the sides of the cheesecloth and twist it as much as soy

milk possible. The residue, known as soy pulp or Okara is removed.



Cooking: The soy milk is heated to the boiling and maintained at this
temperature for 5-10 min. Right after using the wooden spoon stirred the soy
milk to prevent sticking.

Coagulating: After soy milk is heated, a coagulant suspension is prepared by
mixing a powder coagulant with some hot water. The most commonly
coagulant used is calcium sulfate; magnesium chloride and as well as lemon
juice are recommended. After coagulant is added, the mixture is allowed to
stand for about 20-30 min for coagulation to complete. However, the texture
of soybean curd was different depending on the types of coagulant is used.
Molding: The soy curd is ready to transfer in the forming box with the
cheesecloth. Meanwhile pressed out, the tofu whey is drained out for sampling
and the tofu curd become firm. Cooled the tofu and cut into cakes, which

ready to be served.
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Figure 1.1 Flow chart of making tofu [29]



- The utilization of tofu whey by-products

Nowadays, a by-product of tofu whey is more seen as a potential

resource instead of waste. Optimal utilization of these products is becoming an

increasingly major ingredient to supply more raw materials for various purposes.

Large amounts of protein and oligosaccharide rich in tofu whey are discharged

without any attempt of recovery. According to some researches, tofu whey contains

oligosaccharides which mostly are stachyose, raffinose and as well as proteins are

nutritional components to produce a new ingredient of functional food and drug [30-

32].

The characteristics of tofu whey wasted are presented in Table 1.2.

Table 1.2 Characteristics of tofu whey wastewater

o TSS TOC BOD COD  Sucrose Protein
Compositions  pH Ref
(mg/l)  (mg/l) (mg/l) (mg/l)  (mg/l)  (mg/l)
36 936 - 8,852 29,700 - - [33]
- - 8,810 9,800 27,440 800 630 [34]
Tofuwhey . - - - - 39,800 3,490 [35]
wastewater 4.2
- - - 46,300 - - [36]
7
5 4,550 - - - 1,400 - [37]

1.2.2.3 Tuna cooking juice

Thailand is the largest canned tuna products exporters in the world.

More than 224,558 tons of canned tuna have produced annually [1]. During canned

tuna processing, there are 25 to 30% solid waste (e.g., head, skin, viscera) and about

35% liquid waste (e.g., blood, tuna cooking juice and oil) were produced [38]. In

Figure 1.2 shows the flow chart of tuna canned process and wastewater tuna canned

process.



Processing
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'
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|
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i
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'

Heat sterilization + Cooling

!

Drying + Labeling

Figure 1.2 Typical of flow chart for tuna canning process [39]




The tuna cooking juice come from tuna cooking processing to remove
the sarcoplasmic proteins (SP) and gelatin [40]. In tuna cooking juice has a very high
organic loading of COD and contained about 25-30% liquid waste (e.g. blood, tuna
cooking juice, oil), about 35-40% solid waste (e.g. head, skin, viscera) and protein
source [41]. According to several researches, the characteristics of tuna cooking juice

as shown in Table 1.3.

Table 1.3 Characteristics of tuna cooking juice [30]

Raw COD Protein  Total solid Salt Fat
_ pH Reference
material (mgll) (%) (mgll) (%) (%)
Tuna 5.91 19,000 3.15 - - - [42]
cooking  6.09 52,416 49 81,503 0.22 1.89 [43]
juice 6.07 49,476 55 82,800 0.36 0.17 [44]
6.07 73,617 4.15 68,450 - - [45]
6.48 - 5.63 73,200 0.7 0.04 [46]

1.2.3 Membrane distillation

Membrane distillation (MD) is the membrane process which utilizes
porous, hydrophobic membrane. The vapor pressure different between feed and
permeate side act in role as the driving forces which is resulting from different
temperature of the feed and permeate side. The vapor pressure, which is across the
membrane was condense at the permeate side. The hydrophobic membrane admits
only water vapor across the membrane with temperature not exceed to the boiling

point.
1.2.3.1 Type of membrane
Hydrophobic and micro-porous membrane is applied in the MD

process. In general, micro-porous hydrophobic membrane makes from different type

polymers such as polyvinylidene fluoride (PVDF), polytettra flourethylene (PTFE),
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polyethylene (PE) and polypropylene (PP). Among of them, PTFE membrane is the
most hydrophobic ones showed outstanding thermal stability and chemical resistance.
Otherwise, PTFE membrane is the most expensive, while as PVDF membrane
exhibits good thermal and chemical resistance. There are two types membrane module
used in MD flat sheet and hollow fiber. Membrane thickness is a significant
characteristic in MD process in the range from 50-250 um [47, 48]. To obtain a high
permeate flux, the membrane thickness must be as thin as possible. In contrast, to
achieve better heat efficiency the membrane thickness should be as thick as possible.
Lagana et al., (2000) [49] suggested that the optimum membrane thickness should be
in the range 30-60 um.

1.2.3.2 Porosity (¢)

Membrane porosity refers to the void volume of the membrane.
Membrane with higher porosity could be achieved greater surface area for
evaporation and lower conductive heat loss. Normally, the MD membrane porosity
varied between 30-85 %. The porosity (€) can be determined by the Smolder-Franken
equation

_ P
ppol

e=1 (1.1)

Where &: Porosity (%), pm: Density membrane (kg/m3), pyor: Density polymer material
(kg/m3).

1.2.3.3 Pore size (@)
The membrane used in MD indicated pore sizes ranging 0.1 pm to 1

pum [50]. The flux permeates increase with increasing pore size. However, in order to

avoid the pore wettability, small pore size should be selecting [51].
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1.2.3.4 Thermal conductivity (k)

The thermal conductivity of the membrane should be small in order to
reduce the heat loss through the membrane from the feed side to permeate side. The
conductive heat loss is inversely proportional to the membrane thickness. However,
the selection the thicker of membrane will decrease flux permeability. The thermal
conductivities generally vary in the range 0.15-0.45 W/m.K [47].

1.2.3.5 Contact angle (6)

The contact angle is a common measurement of the hydrophobic or
hydrophilic behaviors of a material. The contact angle is related to the pore
wettability. The value of contact angle greater than 90° the material considered

hydrophobic. Otherwise, if it less than 90° the material considered hydrophilic [50].

Figure 1.3 Contact angle of PVDF membrane [This work]

1.2.3.6 Membrane wetting (LEP)

Membrane distillation can take place whenever the membrane remains
in the dry, which allow only water vapor, go through the membrane. Liquid entry
pressure (LEP) is the minimum pressure that will be employed onto feed solution

before overcoming the hydrophobic forces of the membrane and penetrate to the
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membrane pore size. LEP is the characteristic of each membrane and allows
preventing wetting of the membrane pore. LEP is correlated to liquid surface tension,
contact angle of liquid on the membrane surface, and the shape and size pore of the
membrane. LEP can be express as shown in Eq (1.2). Garci et al., (2000) [52]
revealed that the LEP could be 200-400 kPa for the membrane pore size of
approximately to 0.2um, while its as low as 100 kPa for membrane with pore size
0.45 pm. Kullab & Martin., (2011) [53] indicated that fouling not only ceases to pore
clogging in MD membrane which reduced the effective area of permeate flux, but also
lead the pressure drop which exceeds to LEP that could make the membrane partial

wetting.

2yB coso

LEP = — (1.2)

Where vy is surface tension of water (N/m), B is geometric factor (dimensionless), R is

pore radius (um), and 6 is contact angle (°).

1.2.3.7 Configurations of membrane distillation

Membrane distillation is divided to 4 different configurations are (a)
Direct contact membrane distillation (DCMD), (b) Vacuum membrane distillation, (c)
Air gap membrane distillation (AGMD), (d) Sweeping gas membrane distillation
(GSMD).



Membrane

Aqueous
solution
Aqueous
solution

|

(a) DCMD

Membrane

|
Sweeping
gas

T

(¢) SGMD

l

Aqueous
solution

13

Membrane
l Alr
o Cooling
Aqueous plate
solution
(b) AGMD
Membrane
Vacuum
Aqueous
solution
(d) VMD

Figure 1.4 Different types of MD Configurations [54]

- Direct contact membrane distillation (DCMD)

Direct contact membrane distillation (DCMD), in which the membrane

is in direct contact with liquid phases. This is the simplest configuration capable of

producing reasonably high flux. It is best suited for applications such as desalination

and concentration of aqueous solutions (e.g., juice concentrates) [1, 55-59].

- Sweeping gas membrane distillation (SGMD)

Sweep gas membrane distillation (SGMD), in which stripping gas is

used as a carrier for the produced vapor. It is used when volatiles are removed from

an aqueous solution [60-64].
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- Air gap membrane distillation (AGMD)

Air gap membrane distillation (AGMD), in which an air gap is
interposed between the membrane and a condensation surface. The configuration has
the highest energy efficiency, but the flux obtained is generally low. The air gap
configuration can be widely employed for most membrane distillation applications

[65], particularly where energy availability is low.

- Vacuum membrane distillation (VMD)

Vacuum membrane distillation (VMD), in which the permeate side is
vapor or air under reduced pressure, and if needed, permeate is condensed in a
separate device. This configuration is useful when volatiles are being removed from

an aqueous solution [66, 67].

Table 1.4 Summary of the area where MD process were successfully applied on
laboratory scale [51]

MD
Application area
DCMD | VMD | SGMD | AGMD
- Desalination and pure water production N N N N
from blackish water
- Textile industry (removal of dyes and N N
wastewater treatment)
- Chemical industry (concentration of acids N N N N
or removal of VOCs from water)
- Pharmaceutical and biochemical
industries (removal of water from blood v
and proteins  solution, wastewater
treatment)
- Food industry (wastewater treatment and v v v
concentration juice or milk)
- Nuclear industry (concentration of \
radioactive solution and wastewater
treatment, pure water production)
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1.2.4 Operation condition on Performance of DCMD
The key parameters that affect on performance or flux obtain:

1.2.4.1 Temperature

As we know that, temperature is important factor which affect to the
permeate flux. During the temperature is the driving force increase the transmembrane
vapor pressure also increase, which the increasing permeate flux. It was found that the
flux was increased more than 2 LMH for every 1°C in the feed solution [68]. At the
same time, the temperature variation should be precaution in separating process in

order to avoid denaturing or destroy the sample such protein compounds.
1.2.4.2 Cross flow velocity

To reduce the temperature and concentration polarization effects, the
feed and permeate flow rates must be increased. When the flow rate is increased the
temperature and non-volatile solute concentration at the membrane surface become
closer to the corresponding bulk temperature and bulk concentration. However, the

flow rate should be investigated in order to avoid membrane pore wetting [69].
1.2.4.3 Concentration

Concentration also one of among factor that could affect to the
permeate flux. During increasing of the non-volatile concentration in the feed

solution, the results in reduction of permeate flux [69].

The Experiment flow was designed by outside-in of the membrane in
the module. The Reynolds numbers of the feed and the distillate flowing through the
shell and tube side were defined as the diameter-based Reynolds number (Re). The

Reynolds number is normally defined in the following way:

Re = % (1.3)
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Where Re is the Reynolds number, dj is the hydraulic diameter, v is the velocity, p is

the water density, and p is the dynamic viscosity.

In the calculation of Reynolds number based on eq. (1.3), i.d of fiber
(di) and linear velocity are used for the lumen side parallel flow, and o0.d of fiber (d,)

and interstitial velocity are used for the shell side cross-flow.

Feed flow rate

Interstitial velocity = (1.4)

Open area for flow through the shell side

Distillate flow rate

Linear velocity = (1.5)

Open area for flow through the lumen side

Thus, open area for flow through the shell side = n/4(do.n> — do?), Open area for flow
through lumen side = nr (di%/4).
Where dn, is the outer diameter of module, d, is the outer diameter of fiber, d; is the

inner diameter of fiber.
1.2.5 Permeate flux

In the membrane distillation (MD) process water evaporates through
the non-wetted membrane pores. The driving force for the mass transfer is expressed
by the vapor pressure difference across the membrane caused by the exit temperatures
and the compositions of the layers of the membrane. Permeate flux can be expressed
as Eq. (1.6)

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 membrane (m?), and AT is the interval time (h).
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1.2.6 Recovery efficiency

The effectiveness of the process was confirmed by how much of
solution in feed material is achieved during operation. This expected would be present
by using Equation (1.7) and (1.8) as following.

Percent recovery

_ (Ci=Cp
Rrecovery - C—f x 100 (17)

b

Where C; is the initial concentration, Cs is the final concentration

Percent rejection

Cs—C
Rrejection = % x 100 (18)

f

Where C; is the feed concentration, C, is the permeate concentration

1.2.7 Heat transfer in DCMD

In MD process, heat transfer divided into three regions which show in
Figure 1.5 such as (1) heat transfer through boundary layer of feed solution, (2) heat
transfer through membrane pore, and (3) heat transfer through boundary layer of

permeate.
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Figure 1.5 Heat and mass transfer in DCMD [70]

El-Bourawi et al and Khayet (2006, 2011) [51, 71] describe the heat
transfers occur in DCMD as followed

- Through boundary layer of feed solution

Qt=he (Tor— Trr) (1.9)
- Through the membrane

Qm=hm (T — Trp ) + InAHy (1.10)
- Through boundary layer of permeate

Qp=hp (Tmp—Top) (1.11)

Where hg is the heat transfer coefficient boundary layer of feed solution, hp, is the heat
transfer coefficient of the membrane, h;, is the heat transfer coefficient boundary layer
of permeate, Ty and Tpny, are interface temperature of membrane in feed and permeate

side. AH, is the latent heat of vaporization, Jw is the permeate flux.
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The heat transfer coefficient of whole membrane can be calculated by:

ke +k,(1-2)
" 5

Where: € is the membrane porosity, kg is the thermal conductivity of the gas filling

(1.12)

membrane pores, ks is the thermal conductivity of membrane materials.

- Temperature polarization coefficient (TPC)

The fact of temperature polarization causes the temperatures at the
membrane surface to differ from the bulk feed temperatures measured in the feed and
in the distillate. This phenomenon is present even when the feed is water and causes
an important loss in driving force for transport with regard to the imposed driving
force and also mass flux. The temperature polarization coefficient can be calculated
by:

TPC = M (1.13)
bf _pr
Where Tws, Tmp are the temperatures of feed and permeate on membrane surface, Tys
and Typ are the bulk temperatures of feed and permeate.

The coefficient is therefore the ratio of the actual driving force to the
overall driving force. Moreover, the temperature polarization can be regarded as a
defect of the DCMD process, which should be minimized. Normally, the temperature

polarization coefficient is 0.4-0.7 for an appropriate system design.
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1.2.8 Mass transfer in DCMD

In MD process, the mass transport is typically described by assuming
linear relationship between mass flux (Jw) and the water vapor pressure different

through the membrane distillation coefficient (Bm) as expressed below [72]:

]w = Bm(pmf - pmp) (114)
dpP
NEes

Where pms, pmp are the partial pressure of water at the feed and permeate sides by
using Antoine equation at the temperatures Ty and Ty respectively, Tr is the mean
temperature in the membrane pore and dp/dT can be evaluated from the clausius-

Clapeyron equation, combined with Antoine equation, to calculate the vapor pressure:

AH
P P oyl 23238 - 384 (1.15)
dT ), RT; T,—45

Where R is gas constant, AH,,, is the vaporization of water that can be evaluated

using the following equation [46]:
AHy, =1.7535T+2024.3 (1.16)

Where T is the absolute temperature in K and AH,, is in kJ/kg.
- Concentration polarization coefficient (CPC)

The phenomenon of CPC causes the concentration at the membrane
surface to differ from the bulk concentration in the feed side. While the concentration
rises, the concentration polarization should be added to temperature polarization
which reduces the imposed driving force and as well as the mass flux. The
concentration polarization, CPC, can be calculated by [73, 75]:

Cmf
CPC = (1.17)

bf
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Where C,s and Cys are indicate the membrane surface and bulk feed solution. The

boundary layer concentration of non-volatile component C can be expressed by:

C.i =Cy exp[iJ (1.18)
oK

Where J is permeate flux (kg/m®.h), p is the density of solute (kg/m®), k is the mass

transfer coefficient of solute.

In Eg. (1.18), the convective mass transfer coefficient, k, was
estimated by applying the semi-empirical mass transfer model which was assumed to
be analogous to the heat transfer model in the same domain. This assumption is
generally accepted due to the similarity of the two transport process occurring in the

same geometry. The analogous is defined in Table 1.5.

Table 1.5 analogous dimensionless numbers in heat and mass transfer

In heat transfer In mass transfer
hd Kd
Nusselt numbers: Nu= Th Sherwood numbers; Sh= Dh
vod v
Reynolds numbers: Re = P Reynolds numbers: Re = il
JZ JZ
Cou H

Schmidt numbers: Sc =

Prandtl numbers: Pr= —-—
k oD
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Generally, heat transfer coefficient of boundary layers is evaluated
using empirically correlated for determination of Nusselt number (Nu), Reynolds
number (Re), and Prandlt number (Pr) [76]. The heat transfer coefficient of both feed
and permeate sides could be demonstrated due to the different number of Reynolds

between laminar and turbulent flow conditions [77, 78].

d 0.33
Nu = [Re.Pr.T“j Re<2,100  (1.19)

Nu=0.023.Re®® .pPr®® Re>2,100  (1.20)
1.2.9 Membrane fouling

Fouling is the major operating problems of the membrane distillation
process. Fouling result decrease permeability due to the removal suspended or
dissolved on the membrane surface. Various types of fouling have been studied in
membrane system such as biological fouling, scaling, colloidal fouling and organic
fouling. Lawson et al,. (1997) [54] revealed that fouling in MD is less of a problem
than other membrane separation. Gryta, (2008) [79] investigated the performance of
fouling during the concentration wastewater with protein and brine solution by using
DCMD. The morphology and structure of the fouling layer were studied using Fourier
transform infrared with diffuse reflectance spectroscopy (FTIR) and scanning electron
microscopy (SEM). It was found that the fouling was built not only on the membrane
surface but also in the membrane pore. As a result in their occurrence, it was found
the efficiency of MD could reduce fouling more than 50 percents. Alklaibi and Lior,
(2005) [47] proposed that pre-treatment is very important to preserve the membrane

fouling and in order to enhance the permeate flux.
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1.3 Objectives
The main objectives of this research are:
- To design and set up the new experiment of direct contact membrane distillation
(DCMD) process.
- To study the feasibility of direct contact membrane distillation for recovers some
valuable compounds such as protein, sucrose and pure water product.
- To evaluate the effect of operating condition on direct contact membrane

distillation performance.

1.4 Scope of work

Effect of operation conditions on DCMD for Recovery
Valuable compounds and water from food wastewater

|

Design the lab scale experiment and set up

A4
Effect operation condition

A y

Effect of heat transfer and mass transfer Effect of heat transfer and mass transfer
1. Type of model solution 1. Type of raw wastewater solution

- NaCl 3.5 wt.% - Brine solution

- Sucrose 5 wt.% - Soy whey

- BSA 400 mg/I - Tuna cooking juice
2. Temperature different 40-70 °C 2. Optimum temperature (70 °C)
3. Cross flow velocity (0.14-0.42 I/min) 3. Optimum cross flow velocity (0.28 I/min)

v

Optimum operating condition in term of
energy consumption

Figure 1.6 Flow chart of scope work
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Chapter 2
Research Methodology

The experiments in this section are divided into three parts for
recovery and concentrate of three wastes from desalination plants, Tofu whey
household factory, and Tuna canning industry. The first part is the experiments
performed with 3.5 % of NaCl solution (synthesis solution) and brine solution (real
wastewater) for feed solutions. The second part was carried out with 5 % of sucrose
solution (synthesis solution) and Tofu whey (real wastewater) for feed solutions, and
the third part was applied with bovine serum albumin (BSA as synthesis solution) and
tuna cooking juice (real wastewater) for feed solutions. All experiments were carried

out at Membrane Science and Technology Research Center (MSTRC).

2.1 Materials
2.1.1 Preparation of synthesis solution
2.1.1.1 Sodium chloride (NaCl)

The sodium chloride (NaCl) was obtained from Sigma Aldric. A 3.5
wt. % of NaCl was prepared by mixing the NaCl and Ro water using a magnetic
stirrer for 30 min at room temperature (30 °C). 5 L of 3.5 wt. % of NaCl solution was

used as the feed solution for each experiment.
2.1.1.2 Sucrose

The sucrose was obtained from the commercial used. Before starting

the experiment, sucrose was prepared the stock solution. A 5 Brix ('B) of the sucrose

stock solution was used as feed solution.
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2.1.1.3 Bovine serum albumin (BSA)

The BSA powder (cold ethanol precipitated, 98-99%, A3350,
Lot36H0417) was obtained from Sigma Chemical Co, St Louis, MO, USA. A 0.04
wt.% of BSA solution was prepared by mixing the BSA powder and RO water using a
magnetic stirrer for 30 min at room temperature (30 °C). 5 L of BSA solution was

used as feed solution for each experiment.

2.1.2 Preparation of brine solution

Brine solution was supplied by Cocacola Company Limited from Surat
thani provine, Thailand. The brine solution was collected from reverse osmosis
treatment discharged. The sample was stored at ambient temperature until required

further experiment or analysis.

2.1.3 Preparation of tofu whey

Tofu whey was supplied from homemade process in Hat Yai district,
Songkla province, Thailand. The hot tofu whey was collected and transfer to
laboratory immediately. The suspended solid in tofu whey was removed by using
cotton filtration. The sample was stored at 2-4 °C until required further experiment or

analysis.

2.1.4 Preparation of tuna cooking juice

Tuna cooking juice was supplied by canned tuna processor, Tropical
Canning (Thailand) Public Company Limited (Hat Yai). The suspended solid in tuna
cooking juice was removed by cotton filtration. The pre-treated sample was heated at

60 °C, holding time of 10 min and kept overnight at 4 °C for fat removal and stored at

-20 °C until required for further experiment or analysis [38].



26

2.1.5 Membrane

A hollow fiber PVDF (Polyvinyledene Fluoride) membrane was
supplied from Econity, (South Korea)with normal pore size of 0.1 pm, porosity 70 %,
membrane thickness 250 pm, and membrane length 240 mm. The overall

characteristics are presented in Table 2.1.

Table 2.1 Characteristics of PVDF hollow fiber membrane

Parameters Value
Hollow fiber membrane Polyvinyledene Fluoride (PVDF)
Contact angle (°) 90.4
Porosity (%) 70
I.d of fiber (mm) 0.7
O.d of fiber (mm) 1.2
Mean pore size (um) 0.1
Thickness (um) 250
Effective length (mm) 240
Number of fiber 11
Effective area (m?) 0.01

*1.d: Inner diameter membrane

O.d: Outer diameter membrane
The characteristics of the flow through the shell and lumen sides are listed in the
Table 2.2.

Table 2.2 Membrane module characteristics and channel dimensions

Hydraulic ~ Effective
diameter ~ membrane
(m) area (m?)

Membrane  Module outer Module inner  Length
module diameter (m)  diameter (m) (m)

Shell flow 1.5%x107 9%x10° 24x101  42x10°  5.91x10°

Lumen flow  1.5x107 9%x10° 24x101  7x10* 4.23%10®
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- Membrane module design

A cross flow PVDF hollow fiber membrane and cylinder module have
been studied omit the heat transfer limit. The hollow fibers were arranged in staggered
fashion in the cylinder module. The liquid was carried out to the shell side of cylinder
module. Within the well-designed of the module, it allowed the hot feed solution to
flow freely in cross flow outside and perpendicular to the fibers in the module. The
material of this module was using clear acrylic cast plastic with a reasonable thickness
and heat transfer resistance. The two ended bundles of the membrane were sealed

with solidified epoxy resin to form a membrane module.

2.1.6 Instruments

Permeate Tank

| '
= SR ®-|<@® Hollow fiber module
@_ % Eooler L i /
E ! Feed Tank
| i s Flow
e ————— e ——1 meter [t

L A
Balance Penmneate pump

Feed pump

—
i_. E Data acqusition module

_l"_____"_—__—_

ror

Figure 2.1 Experiment set up of DCMD diagram
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The unit for DCMD experiments was designed and fabricated in our
Membrane Research Laboratory. It divided into three parts: feed, membrane module,
and permeate. The schema of DCMD process was illustrated in Figure 2.1 with the

numbers indicating the following items.

2.2 Experimental procedure
2.2.1 Analytical method

The salt concentration (assessed by measuring conductivity) and pH
were measured at regular intervals thought out each run. The samples of feed side of
the synthesis solutions and real wastewater were collected 30 min interval each run
and at the end of each run for permeate side [80]. The protein content was determined
by using Lowry method [81-82]. The samples were diluted to ensure that the
measured absorbance was <1.0. The viscosity was measured by capillary viscometer,
the sucrose content was measured by using refractometer (°Brix) (see Appendix A).
The conventional parameter for wastewater treatment such as COD, SS, Total
nitrogen (TN), ammonia nitrogen (NHs-N), Total phosphorous (TP) were determined
according to AWWA (2012) methods [83].

The experiment setup was performed in circulation mode using hollow
fiber membrane in DCMD. The membrane module was installed in vertically to omit
the effect of free convection and air bubble removal. RO-deionized water was used as
feed and permeate solutions. The feed solution was heated and maintained at the
requirement temperatures by heater, and the permeate solution was maintained at the
constant temperature by chiller. Both feed and permeate solutions were carried out
into the shell side of the membrane module and flowed co-currently. The solutions

were circulated through the close loop system.
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2.2.2 Performance test

The performance test was carried out in close loop to the membrane
module. The RO-deionized water was operated in both feed and permeate sides. The
feed solution was heated and maintained to the required temperature by heater model
ED JULABO with Temperature stability £0.03 °C and carried out to the shell side of
the membrane. The feed temperature was varied from 40 °C — 70 °C. Simultaneously,
the permeate solution water was cooled down to the constant temperature at 20 °C by
chiller model HAILEA HS-66A. The temperature at inlets and outlets of both feed
and permeate sides were measured by thermometer. The pressures were measured by
pressure gauges which connect to data logger model Luthron MPS 384SD. On the
other hand, permeate was fed into the lumen side of the membrane. Both feed and
permeate were operated by peristaltic pump model Master flex and adjusted the cross
flow rates. The feed and permeate temperature were recorded for interval time. The
over water level of the permeate flux was recorded by using an analytical balance
model AND, GF-3000 with accuracy +0.01g.
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The DCMD experiments of this study were performed with 3 different

cross flow velocities for each temperature condition. The experimental conditions are

listed in Table 2.3.

Table 2.3 Operating conditions of the experiment

Temperature Velocities Reynolds number
Run (°C) (m/s) (dimensionless)
Feed Permeate Feed Permeate Feed Permeate

1 40 20 900 1,372

2 50 20 1,081 1,372
0.14 1.97

3 60 20 1,250 1,372

4 70 20 1,449 1,372

1 40 20 1,801 1,372

2 50 20 2,126 1,372
0.28 1.97

3 60 20 2,500 1,372

4 70 20 2,898 1,372

1 40 20 2,701 1,372

2 50 20 3,243 1,372
0.42 1.97

3 60 20 3,751 1,372

4 70 20 4,347 1,372

2.2.3 Synthesis solutions performance

The experiments were performed with different synthesis solutions to

represent the real wastewater of Brine solution, Tofu whey, and Tuna cooking juice

by using 3.5 wt.% of NaCl, 5 wt.% of sucrose, and 400 mg/l of BSA, respectively.

The synthesis solutions performance test was carried out in close loop

to the membrane module. The feed solution was heated and maintained to the required

temperature by heater and carried out to the shell side of the membrane. The feed

temperature was using the varied from 40 °C — 70 °C. Simultaneously, the RO-
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deionized water was used as permeate and cooled down to the constant temperature at
20 °C by chiller. The temperature at inlets and outlets of both feed and permeate sides
were measured by thermometer. The pressures were measured by pressure transducers
which connect to data logger. On the other hand, permeate was fed into the lumen
side of the membrane. Both feed and permeate were operated by peristaltic pump and
adjusted the cross flow rates. The feed and permeate temperature were recorded for
interval time. The sample was collected for 30 min for interval time keep preserved in
the refrigerator at 4 °C. The over water level of the permeate flux was recorded by

using an analytical balance.

2.2.4 Real wastewater performance

The real wastewater performance was followed the application of the
synthesis solution performance by using the optimum value which obtained from the
synthesis solution. The feed and permeate temperature were recorded for interval
time. The sample was collected for 30 min for interval time and analyzed after each
run. The over water level of the permeate flux was recorded by using an analytical

balance.

2.2.5 Cleaning mode

Membrane cleaning was taken place through the external and internal
cleaning in CIP mode (clean in place). The membrane module was flushing with RO-
deionized water for 30 min. Then, the membrane was rinsed with chemical reagent for
30 min and finally, the membrane module was re-rinsed with RO-deionized water
until the neutral pH. The various chemical reagent used in this study are presented in
Table 4. The cleaning efficiency was calculated as the ratio between flux before and

after cleaning the membrane (J/J,).
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2.2.5.1 External cleaning mode

Membrane cleaning was carried out through the shell side with flow
rate approximately 1000 ml/min at feed side and 500 ml/min at permeate side. The
solution of feed side was flushed to the hollow fiber module to remove the deposit on
membrane surface without pass through to the membrane pore. The system was

operated in ambient temperature.

2.2.5.2 Internal cleaning mode

The internal cleaning was taken to account to consider the most
effective cleaning mode. The reagents solution was applied to hollow fiber module in
shell side of the membrane and on the permeate side; the RO-deionized water flew
bottom-side up and directly to discharge likewise the microfiltration mode. The flow
rate of both feed and permeate sides were carried out at 1000 ml/min and 500 ml/min

and in ambient temperatures, respectively.

Table 2.4 Chemical cleaning agent and cleaning protocol used in the lab-scale

cleaning
Types of feed solution Cleaning reagent References
NaCl 3.5 wt.% o
DI water, 2 wt.% of citric acid [84]
Brine solution
Sucrose 2 wt.% of citric acid, a.5 wt.% of
[85]
Tofu whey NaClO
BSA 2 wt.% of citric acid, 2 wt.% of
[84, 85]

Tuna cooking juice NaClO, 1.5 wt.% of HCI
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Chapter 3

Results and discussion

3.1 Characteristics of real wastewater

3.1.1 Brine solution

The chemical properties of brine solution are shown in Table 3.1. The
results of solute rejection test are reached to 99.99 % at pH in range of 7.0 and 9.0,
which indicated that the membrane had no leakage and no significant influence of
fouling on the membrane surface during the DCMD process. All the results showed
that the membrane was suitable for DCMD application in salt removal from the brine

solution.

Table 3.1 Chemical compositions of brine solution at feed, concentrate, permeate side

and percent rejection

Percent
] ] ] Permeate o
Brine solution Feed side  Concentrate " rejection
side
(%)
pH 8.22 8.97 7 -
Conductivity
10.2 17.5 0.0004 99.99
(mS/cm)
TDS (mg/l) 6,530 11,200 0.25 99.99

Salinity (mg/I) 7,171 12,302 0.28 99.99
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3.1.2 Tofu whey

The performance of DCMD system is presented in percent rejection
and % recovery. For tofu whey recovery in water production obtain for 12.79 kg/m2.h
and the salt rejection is reach to 99.99 %. Moreover, 26.21 wt.% of sucrose was
recovered from tofu whey. The wastewater characteristic of feed and permeate of tofu

whey are shown in Table 3.2.

Table 3.2 Chemical compositions of tofu whey at feed, concentrate, permeate side

and percent rejection

- Tofuwhey  Tofuwhey  Tofu whey Tofu whey
Compositions

feed concentrate permeate rejection (%)

pH 6.45 6.55 6.5 -
TS (mg/l) 3,660 4,097 71 98.06
TKN (mg/l) 335 375 12 96.42
BOD (mg/l) 3,352 3,752 27 99.19
COD (mg/l) 9,445 10,572 141 98.51
Sucrose (mg/l) 11,000 13,000 ND 100
Protein (mg/l) 2,494 2,649 ND 100
PO,-P (mg/l) 13 15 11 91.82
TOC (mg/) 100 112 45 95.52
TDS (mg/l) 4,125 4,617 22 99.47
Ash (%. W/v) 0.14 0.16 0.002 98.57
Salt concentration (mg/l) 4,460 4,992 0.7 99.98
Conductivity (mS/cm) 6.47 6.21 0.001 99.98
Turbidity (NTU) 104 116 ND 100

*ND: Not Detected
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3.1.3 Tuna cooking juice

Percent recovery of real waste water was achieved during DCMD as

represent in Table 3.3.

Table 3.3 Chemical compositions of tuna cooking juice at feed, concentrate, permeate

side and percent rejection

Tuna Tuna ]
Tuna ] ] Tuna cooking
. ) cooking cooking o
Compositions cooking o o juice
o juice juice o
juice feed rejection (%)
concentrate permeate
pH 6.33 6.45 6.6 -
TS (mg/l) 11,450 12,237 17 99.85
TKN(mg/l) 620 663 ND 100
COD(mgl/l) 19,033 20,341 <5 99.97
Protein (mg/l) 9,200 11,408 ND 100
TDS(mg/l) 12,510 133,369 255 99.79
Salt concentration (mg/l) 11,476 12,654 0.026 99.99
Conductivity (mS/cm) 15.5 18 0.0012 99.99
Turbidity (NTU) 715 764 ND 100

*ND: Not Detection

In comparison, approximately 17 % to 50% water flux recovery of
brine solution was higher than tofu whey and tuna cooking juice. As the results it was
expected that the flux recovery would be higher due to the pre-treatment and cross
flow velocity take place. On the other hand, 32.53 wt. % were obtained from recover

tuna cooking juice, respectively.
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3.2 Performance of the system

3.2.1 Effect of temperature on permeate flux

The experiments were carried out with various synthesis and real
wastewater solution at a range of temperatures, 40, 50, 60, and 70 °C, respectively.
The highest permeate flux was obtained at the feed temperature of 70 °C. Generally
the feed temperature was the driving force to increase vapor pressure of the DCMD
system [86]. When the feed temperature increases, it leads to improve the heat
transfer coefficient (hf) and induce to higher sensible heat loss which supports the
increased permeate flux. As shows in Figure 3.1, 3.2 and 3.3, the variation of
permeate flux increased with increasing the feed temperature. It can be seen that the
feed synthesis solution of NaCl and sucrose were obtained similar flux at the feed
temperature of 70 °C, otherwise at the low feed temperature in range of 40 to 60 °C
was a little different. Generally, as the feed temperature increases the structure of
BSA molecule on membrane surface undertaken conformational changes in form of
unfolding, which reduces the electrostatic repulsion between BSA molecule and
between BSA and membrane surface. This can cause the viscosity of sucrose at low
temperature to be higher than that at the high temperature. Furthermore, unfolding of
BSA at high temperature leads to increase the hydrophobic interactions between BSA
molecules causing to higher rate of deposit [87]. These results can be concluded that
the temperature increasing, the permeat flux reaches 0.34 kg/m.h for sugar and NaCl
while the BSA increased in exponential function. On the other hand, it can be
observed that the permeate flux curve of BSA was the lowest amount in the synthesis
solution. Then, the systems obtain higher flux at high temperature than that at low

temperature but the rate of increasing and the functional depend on types of solution.
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Figure 3.1 Permeate flux versus operating time during MD of 3.5 wt.% NaCl at 0.28

m/s as varying by temperature (o) 70 °C; (A) 60 °C; (o) 50 °C; (0) 40 °C
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Figure 3.2 Permeate flux versus operating time during MD of 5 wt.% sucrose at 0.28

m/s as varying by temperature (o) 70 °C; (A) 60 °C; (o) 50 °C; (0) 40 °C
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Figure 3.3 Permeate flux versus operating time during MD of 0.04 wt.% of BSA at
0.28 m/s as varying by temperature (o) 70 °C; (A) 60 °C; (o) 50 °C; (0) 40 °C

3.2.2 Effect of cross flow velocity on permeate flux

The DCMD experiments were performed by using PVDF hollow fiber
membrane to investigate effect of velocity on permeate flux. A results of the different
solutions and as well as each velocities are presented in Figure 3.4, 3.5, and 3.6.
These experiments were carried out with feed and permeate temperature of 70 °C and
20 °C (AT=50°C), respectively. Results indicate that permeate flux increases with
increasing flow velocity. This was expected due to enhanced mixing in the flow
channel and a decrease in the thickness of the temperature boundary [88-90]. At high
flow rates, high turbulence will increase the heat transfer so as to increase the
interface temperature and permeate flux, but the high turbulence will also incur a
higher compressive pressure on the membrane surface. The real wastewater obtained
lower flux values than synthesis solution. This is most likely due to the thicker of
substance imposed higher of resistance to vapor diffusion on pores size of the

membrane and results in lower permeate flux [54, 88].
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Figure 3.6 Permeate flux versus cross flow velocity of 0.04 wt.% of BSA at feed
temperatures (o) 70 °C; (A) 60 °C; (o) 50 °C; (0) 40 °C.

3.2.3 Effect of feed solution on permeate flux

The obtained results confirmed a significant influence of the different
feed solution on the process efficiency of permeate flux. The experiments were
performed with three synthesis solution before applied the real wastewater. It can be
seen in Figure 3.7 that the permeate flux of NaCl and brine solution were obtained
similar level about 12.79 kg/m2.h. On the other hand, the permeate flux of sucrose and
tofu whey was obtained in range of 12.38 kg/m2.h and 10.59 kg/m2.h. Due to tofu
whey contains the organic compounds that undergo transformation into the membrane

surface, which causes the reduction of permeate flux.

Apparently, the tuna cooking juice permeate flux decline became much
faster than BSA since tuna cooking juice contain substance of high salt concentration,
proteins and other various compounds. The interaction of hydrophobic between
proteins molecule and hydrophobic membrane was represented the ability of fouling
being sucked [91, 92].
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Figure 3.7 Permeate flux versus operating time of different feed solutions (¢) DI
water; (A) 5 wt.% of Sucrose; (0) 3.5 wt.% of NaCl; (o) 0.04 wt.% of BSA at cross
flow velocity of 0.28 m/s

3.2.4 Permeate flux of real wastewater

Theoretically, the feed concentration should have influence on the
permeate flux. This study found that the difference of concentration between the
synthesis and real wastewater flux variation incurred by the feed concentration about
33.26, 20.57, and <100 % for brine, tofu whey and tuna cooking juice, respectively. In
terms of permeate flux decline pattern, a similar trend were observed for each
synthesis and real wastewater in Figure 3.7 and 3.8. The 3.5 wt.% of NaCl showed a
approach permeate flux declining pattern about 12.48 kg/m®h and 12.80 kg/m2h
properly. Also, higher permeate flux decline was observed with 5 wt.% of sucrose, in
comparison to the permeate flux of tofu whey. Consequently, 14.53% of permeate
flux of tofu whey was less than 5 wt.% of sucrose about 12.39 kg/m®h to 10.59
kg/m®.h. Beside, a faster permeate flux decline was discovered with tuna cooking
juice compared to 0.04 wt.% of BSA. As a result, 46.37% of permeate flux of tuna
cooking juice was slighter than BSA within about 10.48 kg/m®h to 5.62 kg/m*h.
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Similar to other study results shown by Zhang et al, (2011) [93] conclude that the
higher the concentration of the NaCl solution and protein are, the higher the results
boiling point. The decrease in vapor pressure and less vaporization at the membrane

surface causes a decrease in the amount of vapor flow through the membrane [94].
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Figure 3.8 Permeate flux versus operating time of different feed solutions (0) brine

solution; (A) tofu whey; (0) tuna cooking juice at cross flow velocity of 0.28 m/s.

3.3 Effect of mass transfer on heat transfer rate and heat transfer analysis in
DCMD

Mass flux for laminar and turbulent flow conditions were determined
at each operating condition listed in Table 2.3. The measured fluxes were used to
study the effects of mass transfer on heat transfer rates and heat transfer coefficients.
In addition, it were applied to determine the significance function of each heat transfer
mechanism, illustrated the temperature distribution inside the membrane, and to

calculate the temperature polarization coefficients.
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3.3.1 Temperature polarization coefficient

The effect of mass transfer on heat transfer coefficients were calculated
by Eqg. (1.9)-(1.12). The correlation significance of each heat transfer coefficient
mechanism in feed, membrane, and permeate streams were analyzed by heat transfer

coefficient model in Table 1.5.

The correlation of heat transfer coefficient between Nu; (Nusselt
number for laminar flow) and Nut (Nusselt number for turbulent flow) in this study

were applied to propose the heat transfer correlation expressed as [73],

Re.Pr.dh)O‘33
L

Nu = 1.86 ( Re<2100  (3.1)

Nu = 0.023Re?8Re?33 Re>2100 (3.2)

Figure 3.9, 3.10, and 3.11 show the temperature polarization
coefficients (t) in function of feed temperature of each synthesis solution (3.5 wt.% of
sodium chloride, 5 wt.% of sucrose and 0.04 wt.% of BSA). According to the curves
can be explained that the temperature polarization coefficients at feed velocity of 0.14
m/s were lower than 0.28 m/s and 0.42 m/s. Moreover, it decreased with increasing
feed temperature due to higher energy consumption from vaporization at the feed to
membrane surface at higher feed temperatures.

The temperature polarization coefficient can be determined by Eq.
(1.13) which describes the effective temperature gradient across the membrane. The
collaboration of heat transfer from the feed side over conduction and latent heat of
vaporization with the vapor transport cause a decrease in temperature on the
membrane surface and increase the corresponding the permeate temperature. As the
result, the driving force between two phases reduces. Additionally, an increase in feed
velocity improves the Reynolds number of the fluid and decreases the thickness of
boundary layer. Consequently, the difference between temperature of bulk feed

solution and membrane surface are decrease. As illustrated in Figure 3.12, the
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increases in TPC with Reynolds number is quite significant at low values of Re. In
transition region, the TPC values increases but the slope of the curve for this region is
slightly decreases than that for the laminar. Moreover, the slope further decreases as

the turbulent region is approached.
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Figure 3.9 Temperature polarization coefficient at various feed temperatures for 3.5
wt.% of NaCl; (A) 0.14 m/s, (o) 0.28 m/s, and (0) 0.42 m/s.
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Figure 3.10 Temperature polarization coefficient at various feed temperatures for 5
wt.% of sucrose; (A) 0.14 m/s, (0) 0.28 m/s, and (©) 0.42 m/s.
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Figure 3.11 Temperature polarization coefficient at various feed temperatures for
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Figure 3.12 Temperature polarization coefficient at various feed temperatures for (0)
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3.3.2 Concentration polarization coefficient

Typically, high mass transfer coefficient was found in pressure driven-
based process. For instance, ultrafilration process (UF), nanofiltration process (NF),
reverse osmosis (RO) and almost conventional processes which applied at high
operating pressure. The effect of high mass transfer coefficient in UF process can be
calculated from using Sherwood correlation for different flow mode. In this case
study, the correlations of Sherwood for laminar Eq. (3.3) and turbulent flow Eq. (3.4)

were summarized in Table 3.4.

Table 3.4 Mass transfer correlation in DCMD

Type Correlation Equation Reference

Laminar flow Sh = 0.13Re%645¢033 (3.3) [73]

Turbulent flow Sh = 0.0233Re?%85¢0-33 (3.4) [73]
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Figure 3.13 shows the concentration polarization coefficient (CPC)
versus the feed temperature difference at feed velocity of 0.28 m/s. As illustrated, the
CPC were increased with increasing feed temperature. This is due to increasing in
flux, which according to Eq. (1.17) and (1.18) the higher accumulation of feed
concentration on membrane surface, consequently the concentration polarization is
occurred [49]. The results can be illustrated that there were less concentration
polarization occurred in feed boundary layer of NaCl and sucrose when the feed
concentration were low and less significant effect on permeate flux. On the other
hand, the concentration polarization of BSA was linear increased which leading to

decrease permeate flux.

1.5 A <

1.3 A

>0

1.1 A n %

CPC
=O

0.5 T T T
35 45 55 65 75

Feed temperature (°C)

Figure 3.13 Concentration polarization coefficient at various feed temperatures for
(©) 0.04 wt.% of BSA,; (o) 5 wt.% sucrose, and (A) 3.5 wt.% NaCl at feed velocity of
0.28 m/s
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3.4 Fouling behavior

Generally, fouling is the aggregation deposits on the membrane surface
or inside the pores of the membrane that degenerate the permeate flux and salt
rejection performances [95, 96]. Fouling is one the major problems in membrane-
based processes which could be a very harmful influence to the desalination and
purification process. Generally, the foulants are colloidal in nature that interact with

each other, or interact with membrane surface to form deposits.

3.4.1 Fouling behavior during the experiment

A feasible mechanism behind these fouling of tofu whey was
investigated. As given in Figure 3.14 shows the flux versus long operating time in
DCMD process for the membrane during fouling and after cleaning in different mode
of synthesis solution of sucrose and real wastewater of tofu whey. The cleaning
results of sucrose fouling presented over 100 % flux restoration after water flushing
and acid cleaning. This result proves that the fouling of sucrose can be removed
during cleaning process. However, the tofu whey was obtained over 100 % flux
restoration at the starting time and the flux declined dramatically thereafter. It is
proposed that the fouling is occurred by interaction of the various components which
were consisted in solution such as sucrose (polysaccharide), proteins, and as well as
sodium chloride in result leading to a marked flux decline. This could be due to whey
components blocking the pores of the membrane [97]. In addition, sodium chloride is
known as foulant, not only due to the precipitation, but also because it can affect the
electrical layer of proteins much more and letting them to approach more closely. It
can also act as a connector between the membrane and proteins, as well as between
proteins [98, 99].
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Figure 3.15 Permeate flux and transmembrane pressure versus operating time of tofu
whey at feed velocity of 0.28 m/s with feed temperature of 70 °C and permeate

temperature of 20 °C.
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Figure 3.15 shows the permeate flux and transmembrane pressure versus operating
time of tofu whey at feed velocity 0.28 m/s at feed temperature of 70 °C. The average
of permeate flux about 10.59 kg/m2.h was found at average TMP 79.41 kPa. It can be
noticed that the permeate flux was decreased with increasing the TMP from 66.8 kPa
to 79.7 kPa. Normally, high pressure supply could be eliminated the driving force
which was the main point to generate the thermal efficiency since MD is the thermal-
based process. In result leading to flux decline and the concentrated were also more
serve at high TMP.

3.4.2 Morphology of membrane (SEM)

Fouling was found to be a large problem during concentrated water
production from industrial wastewater by DCMD process. Gryta, (2008) [79] have
been investigated fouling during concentrated saline wastewater from meat processing
which consists sodium chloride, proteins and polysaccharide. The author revealed that
the permeate flux was declined rapidly during DCMD process due to the deposits
formed on membrane surface, which diminished the membrane permeability and
increased temperature polarization.

After the completion of all experiment, the hollow fiber membrane was
removed from the module to observe the fouling. Two points at the middle and the
end of the fiber were selected for SEM test. Figure 3.16 shows the different affecting
of membrane fouling: (a) shows the original membrane; (b) shows the deposit
completely covered the membrane surface compared to the original membrane.
Moreover, there were some particles which could be stuck on the membrane between
the fibers and the seal resin of the module. And (c) shows the fouling membrane at the
middle point of the fiber. At this point, it can be seen that the membrane surface also
formed by the deposits like the previous point as well. The results show the effect of

hydrodynamics to prevent the foulants on membrane surface.



Figure 3.16 SEM pictures of the PVDF membrane: (a) original membrane, (b)

fouling membrane at the top point, (c) fouling membrane at the middle point of the
fiber, and (d) BSA fouled membrane, review [100].

Gryta, 2008 [79] reported that higher velocity would affect the growth rate of the
fouling layer as well as the morphology and size of deposits and also porous deposits
layer, while the lower velocity produced the thick deposits layer that found in this
study as well.

However, in this study shows that the scaling was the major fouled on

the membrane surface of the different solution either tofu whey or tuna cooking juice.
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Kuberkar et al, 2001 [100] have studied the performance with and without
crossflushing or backflushing by using yeast and BSA. Figure 3.16 (d) indicates SEM
photograph of representative areas of the fouled membrane. The membrane surface
was completely covered by cake in multilayer during the experiments. In this study
could be concluded that the backflushing was only partially effective for removal of

internal foulants during BSA experiments.

3.5 Energy consumption

The energy consumption of this process was assuming from the pump
power needed for flow through the MD channel of both hot and cool side.
The equation used for obtained the heating and cooling energy is
reported below:
Qn=Vs Cps (Ttin-Tt.ou) (3.5)

Qc=VpCpp (Tp,in-Tp,out) (3.6)

When the Qn and Qc.are the heating and cooling energy (W), Vs is the feed flow rate
(kg/h), V, is the permeate flow rate (kg/h), Cps is the feed specific heat (J/kg.K), Cpp
is the permeate specific heat (J/kg.K), Tsin and Ty, are the feed and permeate inlet
temperatures (K), and Trouw and Tpou are the feed and permeate outlet temperature
(K). The Table 3.5 shows the comparison in terms of permeate flux, energy

consumption and evaporation efficiency among the different test.
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Table 3.5 Energy consumption and evaporation efficiency of synthesis and real

wastewater at permeate velocity of 1.97 m/s and T+=70 °C and T,=20 °C.

Energy
Solutions Vi (m/s) consumption EE (%) J (kg/m2.h)
(W)
0.14 283.05 37.75 10.11
NaCl 0.28 188.60 34.74 12.48
0.42 240.36 36.65 13.80
0.14 230.53 35.80 9.80
Sucrose 0.28 366.28 35.49 12.39
0.42 377.68 36.69 13.96
0.14 298.10 29.34 9.60
BSA 0.28 347.50 30.95 10.48
0.42 533.02 34.43 12.14
Brine solution 0.28 369.83 37.19 12.80
Tofu whey 0.28 465.22 30.39 10.59
Tuna cooking juice 0.28 461.57 19.34 5.62

Table 3.5 was illustrated the comparison of energy consumption and
evaporation efficiency in different feed solution of synthesis and real wastewater. The
optimized results in terms of energy consumption and evaporation efficiency of
synthesis solution was obtained at feed velocity of 0.28 m/s and temperature at 70 °C
before applied with real wastewater. In terms of permeate flux, energy consumption
and evaporation efficiency among the different of wastewater at optimized condition,
it can be noticed that the permeate flux obtained were 12.48 kg/m2.h, 12.39 kg/m2.h,
10.48 kg/m2.h for 3.5 wt.% of NaCl, 5 wt.% of sucrose and 0.04 wt.% of BSA which
corresponding to the appropriate values of energy consumption were 188.60 W,
366.28 W, and 347.50 W, respectively. On the other hand, for the real wastewater
which consists several of waste components also obtained the best result for each
solution. As follows, the permeate flux about 12.80 kg/m2.h, 10.59 kg/m2.h and 5.62
kg/m2.h were obtained from brine solution, tofu whey and tuna cooking juice,
respectively. Even though the three real wastewater were obtained less permeate flux

compared to synthesis solution, but the higher energy consumption were able to
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supply to each wastewater about 369.83 W, 465.22 W and 461.57 W for brine
solution, tofu whey and tuna cooking juice, respectively. Since tofu whey and tuna
cooking juice contained higher salt and waste components than brine solution leading
to decrease the vapor pressure and less vaporization on the membrane surface, in

results less flux was obtained at high energy consumption [93, 94].

As the results shown in Figure 3.17 and Figure 3.18 can be seen that
the permeate flux was increased with increasing feed temperature and as well as cross
flow velocity. Otherwise, the value of EE (%) seems likely stable with increasing
cross flow velocity. That can be concluding that the cross flow velocity is not effect
on % EE.

It would clearly explained that the correlation between permeate flux
and EE (%) was effected with feed temperature more than velocity. Martinez et al,
2001 [56] was studied the effect parameter on EE (%) in MD that the increase in heat
of the cooling water is a sum of the latent heat of evaporation and the conduction heat
lost through the membrane from the feed to the cooling water, as result low EE (%)

was obtained.

In comparison, the process of DCMD was obtained high efficiency
approximately 99.98 % of waste removal and less energy consumption to
conventional processes such nanofiltration (NF), and ultrafiltration (UF). Normally,
NF and UF was employed pressure as a driving force in range 1 to 5 bar to operate
[16, 102], while 0.2 bar was applied for DCMD. Even though, high rejection, DCMD
need to improve the design their configuration and enhanced the surface properties for

obtain the permeate flux equal to NF or UF.
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Figure 3.17 Permeate flux and evaporation efficiency EE (%) in function with
velocity of synthesis solution; 3.5 wt.% 0f NaCl, 5 wt.% Of sucrose, and 0.04 wt.% of
BSA at feed temperature of 70 °C.
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Figure 3.18 Permeate flux and evaporation efficiency EE (%) in function with feed

temperature of synthesis solution; 3.5 wt.% of NaCl, 5 wt.% of Sucrose, and 0.04
wt.% of BSA at feed velocity of 0.28 m/s.
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3.6 Gained output ratio

The cost of treatment process of food wastewater can be compared in
terms of operational cost. Recently, energy consumption is the most challenges for
MD treatment, which was estimated to be more than 450 kWh/m® compare to reverse
osmosis is approximately 7 kWh/m?, respectively [103, 104]. On the contrary, since
MD depend upon only the temperature to generate the thermal driving force across
the membrane, which enable to replace by waste heat or renewable solar energy to

reduce the water production cost [103].

To measure the performance of thermal of the system, gained output
ratio (GOR) was applied. The GOR is defined as the energy ratio of the latent heat of
evaporation of the product water to the input thermal energy [105, 106]:

GOR = AHyMproduct 3.7)
input
Qinput =my Cpf(Tf,in - Tf,out) (38)

Where AHy, is the heat for water saturated vapor, Mproduct IS the water production, my is
the feed flow rate, Cy is the specific heat capacity of feed solution, and Ty, and Tt ou

are the feed inlet and outlet temperatures.
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Figure 3.19 Energy consumption for the DCMD system under different operating
conditions: (a) effect of flow rate (feed temperature: 70 °C and permeate temperature:
20 °C), and (b) effect of feed temperature (flow rate: 1 L/min and permeate

temperature: 20 °C).
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In the MD process, the energy consumption and GOR are important
parameters. In Figure 3.19 shows the effect of feed temperature (a) and feed flow rate
(b) on energy consumption and GOR ratio in different operating conditions. The GOR
ratio was calculated to be in the range of 0.15 to 1.89 for three synthesis solutions. It
can be seen that the optimized conditions to obtain the highest GOR of each solutions
are steps as following:

» 3.5 wt.% of NaCl, the GOR reached 1.89 at feed temperature 60 °C

with feed flow velocity of 0.28 m/s.

» 5 wt.% of sucrose, the GOR reached 0.52 at feed temperature 70 °C

with feed flow velocity of 0.14 m/s.

> 0.04 wt.% of BSA, the GOR reached 0.44 at feed temperature 70 °C
with feed flow velocity Of 0.14 m/s.

In general, higher GOR in the systems represent more thermal energy
efficiency were gained and consumed less energy. In review reported that GOR of
membrane modules mostly has ranged from 0.3 to 6 (106-2100 kWh/m?®) [107-109].



59

Chapter 4

Conclusion and further works

The direct contact membrane distillation (DCMD) process in this study
was applied in two steps. First, the DCMD was applied on synthesis solutions (3.5
wt.% of NaCl, 5 wt.% of sucrose and 0.04 wt.% of BSA) to study the effect of
operating condition on permeate flux. The optimum conditions of feed temperature at
70 °C with flow velocity of 0.28 m/s were found to be appropriated for next step
process. Second, using the optimize condition apply on real wastewater (brine
solution, tofu whey and tuna cooking juice) to recover valuable compounds such as
protein, sucrose as well as water production. All results can be indicated that highly
temperature and velocity obtain higher permeate flux. The flux increases with an
increasing in feed temperature difference (AT=50), but decreases with an increasing in
NaCl and protein concentration. The flux increases with flow rate, but permeate flux
limited eventually causes a plateau. The maximum permeate flux value of a 0.1 pm
PVDF membrane was observed to be 12.80, 10.59, 5.62 kg/mz.h for brine solution,
tofu whey and tuna cooking juice, respectively. The minimum salt concentration and
protein would be limited the system at 4,5 g/l and 2,5 g/l, respectively.

The percent rejection of waste characteristics was reached 99.98 %
which enable to discharge free to water source or recycle used. Moreover, 26.21% and
32.53 % of sucrose and as well as protein concentration recovery from tofu whey and
tuna cooking juice were achieved.

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. The increasing temperature is more

significant effect on the energy efficiency than cross flow velocity.
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The optimized conditions to obtain the highest GOR of each solution
are steps as following:

> 3.5 wt.% of NacCl, the GOR reached 1.89 at feed temperature 60 °C
with feed flow velocity of 0.28 m/s.

> 5 wt.% of sucrose, the GOR reached 0.52 at feed temperature 70 °C
with feed flow velocity of 0.14 m/s.

> 0.04 wt.% of BSA, the GOR reached 0.44 at feed temperature 70 °C
with feed flow velocity Of 0.14 m/s.

In general, higher GOR in the systems represents the more thermal
energy efficiency were gained and consumed less energy. In review reported that
GOR of membrane modules mostly has ranged from 0.3 to 6 (106-2100 kWh/m®).

For the further study are going to develop the configuration and
modify the surface properties for enhance flux and maintain the less energy

consumption.
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APPENDIX A

Protein concentration by Lowry method (Lowry et al., 1951)
Apparatus

Spectrometer

Flask

Beaker

Test tube

Reagents
1. BSA stock solution (1 mg/ml)
2. Analytical reagents
(@ 50 ml of 2 % sodium carbonate mixed with 50 ml of 0.1N NaOH
solution
(b) 10 ml Of 1.56 % copper sulphate solution mixed with 10 ml of 2.37%
sodium potassium tartrate solution.
(c) Prepare analytical reagents by mixing 2 ml of (b) with 100 ml of (a)
(d) Folin- Ciocalteau reagent solution dilute with distilled water 1:1
Procedure

1. Different dilutions of BSA solutions are prepared by mixing stock BSA
solution (1 mg/ ml) and water in the test tube as given in the table. The final
volume in each of the test tubes is 5 ml. The BSA range is 0.05 to 1 mg/ ml.

2. From these different dilutions, pipette out 0.2 ml protein solution to different
test tubes and add 2 ml of analytical reagent (c). Mix the solutions well and
incubate at room temperature for 10 min.

3. Then add 0.2 ml of analytical reagent (d) to each tube and incubate for 30 min.
Zero the colorimeter with blank and take the optical density (measure the
absorbance) at 750 nm.

4. Plot the absorbance against protein concentration to get a standard calibration
curve.

5. Check the absorbance of unknown sample and determine the concentration of

the unknown sample using the standard curve plotted above.
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Capillary viscometer (AOAC, 2012)
Apparatus

Capillary viscometer branch Schott 531-10

Procedure

1.

Place the viscometer in thermostatic water bath and maintained the
temperature at 25 °C.
Transfer a sample about 2 ml to the tube A.
Transfer the sample to the tube B by suction until the sample raise to point C,
when the sample flowed down from the point D to E of the capillary tube
then measure the flow time (t=0 to t=t) by using stop watch.
Follow the step 2 and 3 for triple.
Using the average time to calculate the viscosity.
Using the equation as expressed below,

y=Dkt

= Viscosity of solution

D= Thickness of solution (kg/m°)

k= Viscometer constant 0.01 (mm?/s)

t= flow time (s)

M= Mass of solution which get from weight the 2 ml of solution

V= Quantity of solution (m?)

Refractometer (AOAC, 2012)
Apparatus
Hand-held refractometer model ATAGO. Master-PM (Brix 0.0~33.0%)

purchased from Japan with tolerance +0.03%.

Procedure

1.

First, Calibrate equipment by using deionized water drop on the plate which
the value indicate O value.
Drop the sample on the plate and read the value

Do the step for triple times for average value.



73

Total kjeldahl nitrogen (TKN) by Kjeldahl method (AWWA, 2012)
Procedure
1. Selection of sample volume and sample preparation: Place a measured volume
of sample in an 800-mL kjeldahl flask. Select sample size from the following

tabulation:

Organic Nitrogen

in Sample Sample Size
mg/L mL
0-1 500
1-10 250
10-20 100
20-50 50.0
50-100 25.0

If necessary, dilute sample to 300 mL, neutralize to pH 7, and
dechlorinate.

2. Ammonia removal: Add 25 mL borate buffer and then 6N NaOH until pH 9.5
is reached. Add a few glass beads or boiling chips such as Hengar Granules
#12 and boil off 300 mL. If desired, distill this fraction and determine
ammonia nitrogen. Alternately, if ammonia has been determined by the
distillation method, use residue in distilling flask for organic nitrogen
determination.

3. Digestion: Cool and add carefully 50 mL digestion reagent (or substitute 6.7
mL conc H,SO4, 6.7 g K2SO4, and 0.365 g CuSOy) to distillation flask. Add a
few glass beads and, after mixing, heat under a hood or with suitable ejection
equipment to remove acid fumes. Boil briskly until the volume is greatly
reduced (to about 25 to 50 mL) and copious white fumes are observed (fumes
may be dark for samples high in organic matter). Then continue to digest for
an additional 30 min. As digestion continues, colored or turbid samples will
become transparent and pale green. After digestion, let cool, dilute to 300 mL

with water, and mix. Tilt flask away from personnel and carefully add 50 mL
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sodium hydroxide-thiosulfate reagent to form an alkaline layer at flask bottom.
Connect flask to a steamed-out distillation apparatus and swirl flask to insure
complete mixing. The pH of the solution should exceed 11.0.

Distillation: Distill and collect 200 mL distillate. Use 50 mL indicating boric
acid as absorbent solution when ammonia is to be determined by titration. Use
50 mL 0.04N H,SO, solution as absorbent for manual phenate or electrode
methods. Extend tip of condenser well below level of absorbent solution and
do not let temperature in condenser rise above 29°C. Lower collected distillate
free of contact with condenser tip and continue distillation during last 1 or 2
min to cleanse condenser.

Final ammonia measurement: Use the titration, ammonia-selective electrode,
manual phenate, or automated phenate method.

Standards: Carry a reagent blank and standards through all steps of the

procedure.

Biochemical Oxygen Demand (BOD) by standard method, 5210 B (AWWA,

2012)

Procedure

1.

Determine the amount of sample to be analyzed; if available; use the historical
results of a previous test of BODs for a particular sampling site.
Place a clean, calibrated thermometer into the constant temperature chamber.
Turn on the constant temperature chamber to allow the controlled temperature
to stabilize at 20°C £1°C.
Turn on the DO instrument, but not the stirring attachment. Some DO
instruments need to be turned on 30 to 60 minutes before calibration.
Aerate dilution water before adding nutrient solutions.
After aeration,
a. Add to dilution water
* 1 mL each of the potassium phosphate, magnesium sulfate, calcium
chloride, and ferric chloride solutions per 1 L of dilution water, or
» Hach Company nutrient buffer pillows to a selected volume of dilution

water per the manufacturer’s recommendation.
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b. Shake the container of dilution water for about 1 minute to dissolve the
slurry and to saturate the water with oxygen.

c. Place the dilution water in the constant temperature chamber to maintain a
temperature of 20°C until sample dilutions and analyses begin.

d. The initial and final (after 5 days = 4 hours) DO tests of the dilution water is
determined and recorded simultaneously with each batch of environmental
samples.

7. Check the temperature of the air incubator or water bath using a laboratory
thermometer to ensure that the temperature has been maintained at 20° = 1°C.
A minimum/maximum recording thermometer can be used to audit the
temperature during times when checks cannot be made.

8. Place the sample container in the constant-temperature chamber or water bath
to begin warming the sample to 20°C £ 1°C. While the sample is warming,
insert the air diffusion stone into the container and aerate the sample for about
15 minutes. After removing the air diffusion stone, allow several minutes for
excess air bubbles to dissipate. The initial DO of the BOD sample needs to be
at or slightly below saturation.

Calculation

The general equation for the determination of a BODs value is:

BODs (mg/L) = %

Where D; = initial DO of the sample,
D, = final DO of the sample after 5 days, and

P = decimal volumetric fraction of sample used.

Chemical Oxygen Demand (COD) by standard method, 5220 C (AWWA, 2012)

Procedure



76

1. Turnon the COD Reactor and preheat to 150 °C.

2. Homogenize 100 ml of sample for 30 seconds in a blender.

3. Remove the cap of a COD reagent vial and transfer the appropriate amount of
sample into the vial. The dichromate ultra low range, low range, and high
range COD products require 2.00 mL of sample. The dichromate high range
plus COD requires 0.20 mL and the Manganese |11 COD reagent uses 0.50 mL
of sample.

4. Replace the vial cap tightly. Hold the vial by the cap and invert several times
over a sink to mix.

5. Place the vials into the pre-heated COD Reactor. Heat the vials for 1 hour (Mn
I11 COD Reagent) or 2 hours (Dichromate COD Reagents).

6. Remove the vials from the reactor and cool to room temperature.

Total Alkalinity by titration method (AWWA, 2012)
Procedure

1. Using a clean sample bottle, collect sufficient sample from the water source to
perform the required analyses; measure alkalinity within 24 hrs. Label each
sample bottle using the date and related study identifier.

2. Before using the 0l1system, check the resistance on the digital readout of the
system. Record resistance as required. Standard resistance for Type Il O1water
is >1. If there is an error message on the screen, contact the maintenance
department. Use a balance to weigh chemical for the reagent preparation.
Accuracy of the balance should be checked daily before use with a calibration
weight set.

3. Prepare reagents as above (if needed).

4. Measure a 100 ml water sample into a 250 ml beaker. Set the sample on a
magnetic stir plate with a stir bar.

5. Using a calibrated pH meter, begin titration with the sulfuric acid solution to
an end point of pH 4.5. When nearing the end point, slow down the titration
rate and be sure that pH equilibrium is reached before adding more titrant.

6. Calculate the total alkalinity and record.

Ash (AWWA, 2012)
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Procedure
1. Heated the crucible in muffle furnace at 750 °C for 3 hours and left until
temperature down in room temperature (30 °C), then putted into desiccators
and weighed.
2. Repeated the heating for 30 minutes following as state on 1. Until its
difference of weight less than 1-3 g.
3. A 2 g of sample was added into the crucible and heated in muffle furnace at

750 °C for 3 hours and repeated the method of 1 and 2.

Calculation

Weight of ash after heating
%Ash = - — % 100
Weight of ash before heating
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