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ABSTRACT

In the present work, experimental and numerical modeling is carried out for removal of dyes
from aqueous solutions using vacuum membrane distillation. The experimental lab setup is
fabricated for conducting the various experiments at different operating conditions at different
concentrations of dyes for two types of membranes (PTFE and PVDF) of same pore size of 0.22
pm. The central composite design (CCD) and ANOVA have been used for optimizing the
process parameters such as feed temperature, vacuum degree, flow rate, and initial dye
concentration. A CFD model is also developed for determining the membrane interfacial
temperatures and permeate flux which comprising heat and mass transfer effects using
COMSOL multi-physics commercial software. From the central composite design of
optimization, it was found that 85 °C of feed temperature, 750 mmHg of vacuum degree, 5 Ipm
of flow rate and 30ppm of initial dye concentration for the maximization of permeate flux,
percentage removal and minimization of specific energy consumption for both PTFE and PVDF
membranes. At the optimum conditions of operating parameters, the permeate flux was found to
be 53.89 and 54.51 kg/m®h, specific energy consumption was found to be 2.98, and 2.23
kWh/kg and percentage removal were found to be 99.69% and 99.85% in case of PTFE and

PVDF membrane respectively.

The exponential increment in permeate flux from 1.95 to 53.51 kg/m%h and 2.85 to 55.12
kg/m?.h was observed on increasing feed temperature from 25 to 85 °C at the flow rate of 5 Ipm
and vacuum degree of 750 mmHg and initial dye concentration of 30 ppm for PTFE and PVDF
membrane respectively. This is due to exponential increment in trans-membrane vapor pressure
difference (driving force) on increasing the feed temperature. The comparison of CCD and CFD
model was carried out with experimental flux and it was found that CFD model was best fitted
with R? and MAPE as 0.995 and 7.63 in case of PTFE membrane and 0.991 and 5.81 in case of
PVDF membrane. The specific energy consumption was also reduced from 7.12 to 0.95 kWh/kg
and 6.89 to 0.72 kWh/kg on increasing feed temperature from 25 to 85 °C because the amount of
permeate volume is increased effectively. The linear increment in permeate flux was observed
on increasing the vacuum degree from 670 to 750 mmHg and flow rate from 2 to 10 Ipm for

both membranes.

The effect of operating time on permeate flux was also analyzed and it was found that the
permeate flux is reduced up to 4.5% and 8.08% in 60 hrs at the feed temperature of 85 °C,
vacuum degree of 750 mmHg, flow rate of 5 Ipm and initial dye concentration of 30ppm in case
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of PTFE and PVDF membrane respectively. This reduction in permeate flux was due to
deposition of dye molecules at the surface of the membrane which blocked the pores of the
membrane. SEM images with EDS have confirmed the deposition of dye molecules at the
membrane surface and the pore size distribution graph confirms the reduction in pore size after

the 60 hours of operating time.

The heat and mass transfer correlations was developed at the varying feed temperature from 25
to 85 °C, flow rate of 2 to 10 Ipm at vacuum degree of 730 and 750mmHg and initial dye
concentration of 30ppm. The heat transfer correlation was obtained as Nu =1.25Re®¥" Pr®*,
The heat transfer coefficient is significantly increased with increasing feed temperature which

confirmed that heat is transferring with vapor molecules. The mass transfer correlation was

obtained as Sh = 45.58Re’* Sc®*. The heat and mass transfer coefficient of dye-water system is

compared with available NaCl-water mixture to understand the system behaviour.

The experimental recovery was also calculated through the VMD process and it was found to be
70% in 60 hours for lab scale setup with membrane area of 0.00212 m?. The sensitivity analysis
of feed temperature and vacuum degree is also checked with permeate flux. The ANN model is
also developed for predicting the permeate flux using 4 input and 1 output conditions. The
developed ANN model was found to be best fitted with experimental conditions as compared to

central composite design model.
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CHAPTER 1. INTRODUCTION

The accessibility of safe drinking water is diminishing hugely while its demand is improving
under social and monetary parts. It is a major problem in our nation to meet out safe savoring
water in urban and country territories. The groundwater accessible in over 90% of the territories
is containing multi-particles over as far as possible and making the risk for a prudent treatment
system to make it ok to drink water. It is notable that 97% of the aggregate water store on earth
is salty water and around 3% is fresh water. 2% water is in the form of icecaps, icy masses on
north and south post, whose usage is an intense activity. Just 0.5% of aggregate water accessible
on the earth could be used as new water by humanity, while its vast majority fall in the

classification of utilized groundwater which is non-sustainable(Li & Tian 2009).

Colors are a natural substance which includes fragrant aryl rings that contain delocalized
electron frameworks. Colors are widely utilized in material, calfskin tanning, paper generation,
sustenance, hair colorings businesses, and so forth. Another utilization of these engineered hued
colors is in groundwater following to decide particular surface territory of enacted slime,
wastewater treatment, and sewage and so on. Compound goes into normal sea-going frameworks
by a few means, viz. coordinate dumping of squanders originating from enterprises and so forth
and effluents from wastewater treatment plants with ill-advised treatment. Also, tremendous
amounts of these solutes are being found even in the wake of voyaging long separations from
their cause. Deficient treatment of dyestuff containing effluents prompts shading pollution of the
earth, for example, soil and characteristic water bodies. Shortage of consumable water is one of
the real dangers for living creatures because of compound contamination of water which is
caused by synthetic contaminants from overwhelming metals, colors, solvents, pesticides, and so
forth. Indeed, low thought discharges prompt a significant number of unending impacts that

typically distinguished after an extended period (Criscuoli et al. 2013).

It has been anticipated that the worldwide material market was worth 1557.1 billion USD with
the creation of more than 88.5 million tons every year until the finish of 2015. The commitment
of creating nations in the worldwide material market has come to 58.6 % as far as expense inside
a decade ago. The vast majority of the colors utilized in material handling are inadequate in the
total obsession of colors to textures, and in this way, 20% of colors enter the earth which
produces color containing hued effluents. The worldwide generation of dyestuffs is around 10
million kg for every year, roughly 2 million kg of dynamic color every year enter the biosphere,

either in broke down or suspended shape in the water.



A small amount of dye in water is not acceptable for drinking and other work from the safety

point of view. Even little amount of dye is visible in water due to the presence of chromophores

which are responsible for the color of the dye. Due to the presence of dye, the BOD and COD

level of the water body is increased, and also it disturbs the photosynthesis of the aquatic plants

by reducing the penetration of the sunlight into the water and thus the DO level in water is

decreased which is very harmful to aquatic animals. Moreover, dyes are carcinogenic and toxic

which damage the living organism. So, the treatment of dyes before discharge is essential.

Table 1.1: Comparison of different dye removal techniques

Process

Technology

Advantages

Disadvantages

References

Conventional

Adsorption

High removal, low-

The insignificant effect for

(Hameed et al.

process cost adsorbents removal of disperse dyes, | 2007; Tan et al.
regeneration of adsorbent is | 2008)
difficult
Biodegradation | Simple and | Produced high sludge and | (Xuezhi Zhang et
Coagulation/ economic disposal problems al. 2016; Kiran et
Flocculation al. 2006)
Recovery Membrane Very high removal, | Expensive and treatment of | (Mericq et al.
based technique can remove all | large volume is difficult 2010; Baghel,
processes types of dyes Upadhyaya, et al.
2017)
Oxidation Efficient and Rapid | High energy consumption, | (Zhong et al.
removal chemicals are required 2010)
lon-Exchange Sorbent loss is | Can’t be used for disperse | (Thomas 1944)
negligible, high | dyes, high cost
removal
Advanced Advanced No Sludge, higher | Costly, by-products | (Dao et al. 2016;
removal Oxidation removal formation, constraint to | Ahmadi et al.
processes technical knowledge 2005)
Biomass Operating cost is | Process is slow which | (Chu & Chen
lower; toxic effect | depends on various | 2002; Hameed &
is negligible parameters such as salts | Ahmad 2009)
concentration and pH
Selective Highly  selective, | Chemical modification is | (Khattri & Singh
Bioadsorbents no regeneration is | required 2000)

required




Various treatment technologies have been developed for the removal of dyes from wastewater.
The most common adsorption process is used for the removal of dyes. However, other
conventional techniques such as photochemical, chemical techniques are used for removal of
dyes from wastewater(Crini 2006; Zhong et al. 2010; Navarro et al. 2009; Singh et al. 2011).
The comparative analysis of different dye removal techniques is given in Table 1.1. Nowadays,
membrane-based processes are also extensively used for the treatment of wastewater containing

non-volatile solutes.

Membrane-based separation processes can be majorly classified according to their working
principles, which are mainly the following: pressure-driven membrane processes, concentration
driven membrane processes, electrical driven membrane processes, and thermal driven
membrane processes. Membrane distillation is considered as a new and prominent technique for
the removal of dyes from wastewater. Membrane distillation (MD) process is the hybrid system
of thermal distillation and the membrane technology known for about 50 years. In this process,
the vapor molecules are transported through the non-wetted porous hydrophobic membrane, the
driving force being the vapor pressure difference across both sides of the membrane. The
membrane in MD acts as a physical barrier which does not allow the passing of liquid molecules
through the membrane and forms liquid/vapor interface at the entrance on the pores of the
membrane. The first patent was made in 1963 on MD and the first paper published after four
years later. The MD processes became more attractive and interesting in the early 1980s when
the novel membranes with better membrane characteristics became available. MD became more
promising separation technique due to the capability to utilize waste and alternative energy
sources for different purposes. Simultaneous heat and mass transfer occur in all the MD
configurations such as (i) direct contact membrane distillation (DCMD), (ii) air gap membrane
distillation (AGMD), (iii) sweeping gas membrane distillation (SGMD) and (iv) vacuum
membrane distillation (VMD).

In this work, the optimization of the process parameters such as feed temperature, vacuum
degree, flow rate and initial dye concentration for maximization of permeate flux and percentage
removal and minimization of specific energy consumption using the central composite design
method is studied. The 3D CFD model has been developed for studying the interfacial
temperatures and permeates flux through the membrane which comprises heat and mass transfer
effects. Heat and mass transfer coefficients are determined using heat and mass transfer

correlations, and the comparison is carried out with another developed model.



1.1. Organization of Thesis

The thesis is divided into the following chapters:

Chapter 1 deals with the introductory information regarding the problems arising due to the

presence of dyes in water and membrane process to remove the dyes from water.

Chapter 2 is regarding the literature review about the key aspects of vacuum membrane
distillation and objective of the thesis.

Chapter 3 presents the theoretical modeling of the VMD process along with recovery,
sensitivity and ANN modeling.

Chapter 4 is regarding the information about the experimental materials and methods along

with an experimental procedure for conducting various experiments.
Chapter 5 includes a detailed discussion of results obtained through the previous sections.

Chapter 6 is the concluding chapter which summarizes the thesis.



CHAPTER 2. LITERATURE REVIEW

Treatment of dye-containing wastewater is a major problem for many industries like paint,
pigment, textile, pulp and paper industries. A large amount of water is required for the
production of textile and discharged as wastewater which contains a high concentration of azo
dyes, reactive dyes, other chemical residue and non-biodegradable compounds with high BOD
and COD(Dasgupta et al. 2015; Tang & Chen 2002). The discharge of colored wastewater into
fresh water sources caused the problem of non-aesthetic, eutrophication, due to their high
solubility. The degradation of dye can form toxic and carcinogenic products even at a lower

concentration. Azo dyes are characterized by the presence of azo bonds (—N =N -) with

aromatic rings and auxochromes such as —OH , —NH,, —COOH , —SO,H etc. Due to high

solubility in water, the removal of azo dyes from wastewater is very difficult using conventional
techniques coagulation, sedimentation, activated sludge process, etc.. Biological methods and
physicochemical methods cannot remove dye from wastewater to the desired limit that has a
great impact on the environment and human health. These conventional techniques also have
various limitations such as high cost, a large amount of sludge production, the complexity of the
process, etc. (Maria et al. 2008). Nowadays, dissolved air flotation (DAF) is also used for
removal of oil and solids from the water and commercially used for deinking of newspapers. The
air is dissolved in the flotation tank and then release at atmospheric pressure. The tiny bubbles
are formed with the air, and the suspended solids float to the upper water surface and removed
using various skimming devices (Amaral Filho et al. 2016; Xuezhi Zhang et al. 2016). The
colloidal particles are coagulated using different coagulant such as ferric chloride/aluminum
sulfate and the bigger clusters can form from the coagulated particles using flocculent. Effective
removal and easy to use are the major benefits of this process. The major disadvantages of this

system include size, percent air, and power usage.

Membrane-based separation processes are considered as promising techniques for treatment of
textile effluent wastewater due to its simplicity, higher rejection rate and easy
maintenance(Alcaina-Miranda et al. 2009; Aouni et al. 2012; Han et al. 2009; Kyoungjin et al.
2017; Mo et al. 2008; Yatmaz et al. 2017). One of the membrane technique is membrane
distillation considered as a prominent technique for known about 55 years. Membrane
distillation (MD) process is the hybrid system of thermal distillation and the membrane
technology known for about 50 years. In this process, the vapor molecules are transported

through the non-wetted porous hydrophobic membrane, the driving force being the vapor



pressure difference across both sides of the membrane. The membrane in MD acts as a physical
barrier which does not allow passing liquid molecules through the membrane and forms

liquid/vapor interface at the entrance on the pores of the membrane.

The first patent was made in 1963 on MD, and the first paper published 4 years later. The MD
processes became more attractive and interesting in the early 1980s when the novel membranes
with better membrane characteristics became available. MD became more promising separation
technique due to the capability to utilize waste and alternative energy sources for different
purposes. Simultaneous heat and mass transfer occur in all the MD configurations such as (i)
direct contact membrane distillation (DCMD), (ii) air gap membrane distillation (AGMD), (iii)
sweeping gas membrane distillation (SGMD) and (iv) vacuum membrane distillation (VMD), as

explained below.

2.1. Membrane Distillation Configurations

The MD processes are classified based on condensation of the vapors on the permeate side while
feed solution remains in direct contact with the feed side membrane surface. The various MD
configurations are described below:

2.1.1. Direct Contact Membrane Distillation

This is the simplest form of MD configuration shown in Figure 2.1. In this configuration, the
feed solution remains in direct contact with one side of the hot membrane surface. Feed solution
is evaporated at the surface of the membrane, and due to the hydrophobic nature of the
membrane, only vapor molecules pass through the dry pores of the membrane. An aqueous
solution which is colder than the feed solution is maintained at the permeate side of the
membrane to condense the vapor molecules passing through the membrane. Due to direct
contact of cold aqueous solution on the permeate side, this configuration is known as direct
contact membrane distillation. There is another variant of DCMD known as DCMD with the
liquid gap, in which a stagnant of cold distilled water is kept in direct contact with the permeate
side of the membrane (Figure 2.1). The major disadvantage of the DCMD process is the heat

loss by conduction inside the membrane module.

2.1.2. Air Gap Membrane Distillation

In this configuration, the stagnant air gap is introduced between the condensing surface and the
membrane surface on the permeate side. The vapor passes through the membrane and is
condensed on the condensing surface after passing through the air gap in the membrane module

shown in Figure 2.1. The main advantage of the stagnant air gap is to reduce heat loss by
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conduction however additional mass transfer resistance is created which is considered a major

disadvantage of this process.

2.1.3. Sweeping Gas Membrane Distillation

In this configuration, vapor molecules passing through the membrane are carried out outside the
membrane module from the permeate side by using cold inert gas shown in Figure 2.1. The
condensation takes place outside the membrane module in the external condenser. Due to
sweeping of vapor molecules, heat loss by conduction and mass transfer resistances are reduced,
but the sweeping gas temperature increases on the permeate side considerably due to heat
transferred from feed side to the membrane along the length of the membrane module which
results in the reduction in driving force. So, to minimize the temperature of the sweeping gas, a
cold wall is used on the permeate side of the membrane; this SGMD variant is known as
Thermostatic Sweeping Gas Membrane Distillation (TSGMD). The operational cost of the

system is also increased due to external condensation system.

2.1.4. Vacuum Membrane Distillation

In this configuration, the vacuum is applied on the permeate side of the porous membrane so that
driving force can be maintained as shown in Figure 2.1. The heat loss and the mass transfer
resistances are reduced due to the vacuum on the permeate side. The applied permeate pressure
should be lower than the equilibrium vapor pressure of the feed. The vapors are taken outside the
membrane module and condensed in the external condenser. The major disadvantage of this

process is the probability of pore wetting.
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Figure 2.1 various membrane distillation techniques

The comparison of different MD configurations is given by Table 2.1.

Table 2.1: Advantages and disadvantages of different MD configurations

Configurations

Advantages

Disadvantages

Direct Contact

1. Permeate flux is high.

1. Effect of concentration and

Membrane 2. Simple in design and easy to operate. | temperature polarization is high.
Distillation 3. Recovery of internal heat is possible | 2. Thermal efficiency is low.

3. Higher purity cannot be obtained
Air Gap 1. Thermal Efficiency is high. 1. Lower permeate flux due to
Membrane 2. Heat recovery is possible. resistance.
Distillation

2. Large footprint.

Sweeping Gas

1. Heat loss by conduction is low.

1. External condenser is required.

Membrane 2. Mass transfer rate is higher. 2. Recovery of heat is very difficult.
Distillation . .
3. Flux reduction due to the high
sweeping gas temperature
Vacuum 1. Permeate flux is higher. 1. Pore wetting is possible due to
M_embrqne 2. Heat loss due to conduction is lower. | vacuum.
Distillation

2. Heat recovery is difficult.




Compared to other membrane distillation Techniques, higher permeate flux can be obtained due
to higher partial pressure gradients in vacuum membrane distillation. The major drawback of
VMD process is higher energy requirement to heat the feed solution to the desired temperature.
So, to overcome this problem, the recovery of heat from permeate is necessary, and various
internal and external heat recovery techniques are used in MD. A heat pump is also newer
technology for the transfer of heat from the low-temperature energy source to a high-temperature
energy source like a refrigerator by Zhang et al. (2015). Wang et al. (2009) studied the lithium
bromide absorption refrigeration system for desorption in Vacuum membrane distillation
system. The PVDF hollow fiber membrane module was used for carried out experiments, and

the high rejection ratio of 99.99% was observed for lithium bromide solution.

One of the most important benefits provided by VMD is coupling with possibly available
various industrial applications in different fields like osmotic distillation, multi-stage flash
evaporation, reverse osmosis and direct contact membrane distillation, etc. and renewable energy
sources such as geothermal energy, solar energy, etc. In the food industry, the VMD process
coupled with osmotic distillation played a significant role in the recovery of volatile aroma
compounds because aroma compounds can’t bear higher temperatures. Bagger-Jgrgensen et al.
(2004) studied the recovery of seven black aroma compounds from current black juice at low
temperature ranges from 10 to 45 °C at lab scale. Knudsen diffusion is found as the significant
mechanism of vapor transport across the membrane by obtaining the linear relationship between
the permeate and vapor pressure difference experimentally. The highest amount of more volatile
aroma compounds mainly esters were achieved at 10 °C and 400 I/h. In VMD, 68% to 83%
highly volatile and 32% to 38% poorly volatile aroma compounds were extracted from the feed.
Due to low operating temperature, VMD is considered a suitable technique for conservation of
thermosensitive aroma compounds of various fruit juices in its original qualities as compared to
other conventional processes. Hasanouglu et al. (2012) also studied the coupled system of
osmotic distillation with vacuum membrane distillation for recovery of four volatile aroma
compounds namely ethyl acetate, ethanol, butanol, and acetaldehyde from aqueous fruit juices.
74.5% volatile aroma compounds were recovered from feed on the distillate side due to low feed
temperature and high vacuum pressure, which is much higher compared to traditional thermal
systems. It was found that recovery was significantly affected by membrane properties such as
porosity, the affinity of aroma compounds with the hydrophobic membrane surface as well as

operating variables like feed circulation velocity and vacuum pressures.



In desalination plant, Xing et al. (2016) utilized the Polytetrafluoroethylene hollow fiber
membranes modules to test the performance of integrated multi-effect vacuum membrane
distillation with multi-effect flash evaporation system for production of 2.0 t/d fresh water. The
hollow fiber membrane module was used for experiments with specifications as membrane pore
size 0.2um, membrane porosity 50%, membrane thickness 0.4mm, fiber inner diameter 0.8 mm,
fiber number 2000 pcs and effective fiber length 0.7m. The exponential increment in the
permeate flux by 55% was observed on increasing feed temperature from 75 °C to 90 °C. While
25% increment in water production and 4.5% decrement in gain output ratio (GOR) were
observed on improving the vacuum degree from 70 kPa to 82 kPa. The minor effects of feed

flow rate and the feed concentration were found on permeate flux.

Carnevale et al. (2016) also studied the treatment of oil mill wastewater (OMWW) using direct
contact and vacuum membrane distillation to recover polyphenols and to purify the steam so that
it can be disposed of without any environmental problem. The commercially available
polypropylene membranes are used in the capillary membrane module to treat the OMWW. The
rejection of up to 99.9% was observed at 50 °C with around 6.5 kg/m®h permeate flux in
DCMD, but after 20 hours 25% reduction in permeate flux was obtained. VMD is coupled to
DCMD to enhance the process efficiency, and the DCMD waste with 2500 ppm was treated at
50 °C. The permeate flux was obtained around 19 kg/m?.h with the rejection of 99% and thus the
DCMD followed by VMD was found as the promising alternative for treatment of oil mill
wastewater in a single unit. Mericq et al. (2010) also studied desalination of seawater brine using
vacuum membrane distillation coupled with the reverse osmosis to treat reverse osmosis
concentrated brine to increase the global recovery of the system. Three different types of
synthetic salt solutions are used as feed solution at various salt concentrations such as 94.2 g/L,
148.6 g/L and 291.1 g/L which only containing mineral part of seawater. Due to coupling, the
water production was more than doubled, and the recovery was increased up to 89% which was
40% in the case of only the RO system and the rejected volume reduced by a factor of 5.5. The
linear decrement in permeate flux was seen for increasing the permeate pressure from 2000 Pa to
10000 Pa while the exponential increment in permeate flux was seen on increasing feed
temperature from 20 °C to 70 °C. For obtaining higher permeate flux ranges 7 I/m*h to 17 I/mh
using VMD for concentration RO brines from 64 g/l to 300 g/l, the optimized conditions of
operating parameters was found 6000 Pa, 50 °C, and 4000 as permeate pressure, feed
temperature and Reynolds number respectively. The fouling on the membrane surface was

observed due to higher feed concentration using SEM analysis. During the continuous operation,
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the decrement in permeate flux and permeability was obtained but after that permeate flux and
permeability found constant which emphasizes that the impact of scaling, organic fouling and
biofouling was very limited. The fouling was mainly responsible due to the calcium crystals
deposition. The deposition of various crystals such as Na, K, Ca, Mg, Br was confirmed using

the EDS analysis. This flouling can be easily removed by washing of membrane with water.

2.2. Characterization of membrane for VMD

The performance of the vacuum membrane distillation process has a direct relationship with the
structural and physiochemical parameters of the membrane. The membranes used in VMD are
commercially available in flat sheet and capillary forms(Chernyshov et al. 2003) and the
essential membrane properties required for VMD are given by many authors(Khayet & Matsuura
2001; Lawson & Lloyd 1997; Findley 1967; Khayet & Matsuura 2003; Bier & Plantikow 1995;
Khayet, Mengual & Zakrzewska-Trznadel 2005; Couffin et al. 1998). A good hydrophobic
membrane possesses lower mass and heat transfer resistances, high liquid to entry pressure, good
thermal conductivity, and high chemical resistance to the feed solutions. The relationship

between flux and membrane parameters is given as follows(Lawson & Lloyd 1997):

a

re
0,7 (2.1)

Where N is the molar flux, r is the mean pore size of the membrane, a factor has value equals to

N oc

1 and 2 for Knudsen and viscous flow respectively, & ¢ is the membrane porosity, dy thickness
of the membrane, 7 is the membrane tortuosity. The effect of the different membrane parameters

is discussed in the subsequent sections in detail.

2.2.1. Membrane Thickness

The membrane thickness has a significant role in the VMD process. The permeate flux is
inversely proportional to the thickness of the membrane because on increasing thickness the
mass transfer resistances increases but the heat loss from the membrane is reduced. So, to
achieve the permeate flux, membrane should be as thin as possible, while to reduce the heat
transfer losses by conduction the membrane should be as thick as possible (Lawson & Lloyd
1997; Schofield et al. 1987; Khayet et al. 2003; Lagana et al. 2000; SAKAI et al. 1986). By
using the computer simulation, it was found that the optimum thickness of the membrane should
be in the range of 30 to 60 um(Lagana et al. 2000) but Upadhyaya et al. (2015) used a PTFE
membrane of 175um thickness with thermal conductivity 0.28 W/m.K in VMD for desalination.
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2.2.2. Membrane Porosity

Membrane porosity is defined as the ratio of the volume of the pores to the total available
volume of the membrane. The permeate flux is directly proportional to the porosity of the
membrane because it provides the larger evaporation surface area and also the heat loss by
conduction is lower. The porosity (¢) of the membrane can be determined by the Smolder-
Franken equation (2.2).

8:1—&

Ppol (2.2)
Where pm and ppo are the densities of the membrane and the polymeric material respectively.
Generally, membrane porosity varied from 30 to 85%. The higher porous membrane exhibit
lower heat loss because the heat transfer coefficient depends on the gases filled in the pores of
the membrane which results in the higher flux(Lawson & Lloyd 1997; Schofield et al. 1987;
Schofield, Fane, Fell, et al. 1990; Schofield, Fane & Fell 1990; Khayet, Mengual & Matsuura
2005).

2.2.3. Membrane Tortuosity

In VMD processes, the vapor molecules which diffuse through the hydrophobic membranes pass
through tortuous path. It happens because the pores of the membranes are not straight so pore
tortuosity of the membrane is defined as the deviation of the average length of the pores
structure compared to the membrane thickness from the cylindrical shape. Tortuosity (z) is
considered as the correction factor as a value of 2 in various VMD processes which is used to
predict the flux across the membrane(Lawson & Lloyd 1997; Schofield et al. 1987; Bandini et
al. 1997; Phattaranawik et al. 2003a; KHAYET et al. 2004; Khayet et al. 2001) while the highest
value of the tortuosity factor was reported as 3.9(Fernandez-Pineda et al. 2002). The tortuosity
(z) of the membrane is proportional to the thickness of the membrane, and due to this fact, the
permeate flux is inversely proportional to the tortuosity factor. The tortuosity of the membrane
can be determined using the Macki-Meares equation(El-Bourawi et al. 2006):

. @ —g £) (2.3)

Upadhyaya et al. 2011 carried out the sensitivity analysis of different parameters such as
membrane characteristics, feed inlet temperature, downstream pressure and diameter of pores for
vacuum membrane distillation system. They were found that the normalized sensitivity was
positive in all cases except downstream pressure which indicates that the permeate flux

decreased with increase in downstream pressure.

12



2.2.4. Liquid Entry Pressure and Wettability
In VMD processes, porous and hydrophobic membranes are used which does not allow to
penetrate the liquid molecules through the pores of the membrane until the pressure applied on
the membrane does not exceed from the limit of the membrane. This limited pressure is known
as the liquid entry pressure of the membrane after this the liquid molecules can penetrate through
pores of the membrane(Banat et al. 2007a; Li & Sirkar 2005). LEP is mostly affected by the pore
size and the hydrophobicity of the membrane. If the maximum pore size of the membrane
increases then there is more chance of the membrane pore wetting(Banat et al. 2007b). The LEP
can be estimated using the following equation(Saffarini et al. 2013):
2B, y, cos@
r

max

AP =P, - F’p = (2.4)

Where 4P is defined as the difference in the hydraulic pressure (P & Pp) on the feed and the
permeate side of the membrane. B, is the geometric pore coefficient which is considered as 1 for
cylindrical pores. y, is the surface tension of the liquid. € is the contact angle of the water on the
membrane surface; it should be as high as possible for the strong hydrophobicity of the
membrane. The value of contact angle varied from 107°to 109° for PVDF membranes; 120° for
PP membranes and 108°to 115° for Teflon surfaces membranes(Zhou et al. 2014). The ceramic
membranes have higher contact angle varied from 177°to 179° so these are more hydrophobic as
compared to polymeric membranes. rmay is the maximum pore size of the membrane (Dong et al.
2014).

In VMD processes, the wettability of the membrane pores is higher due to the higher pressure
drop across the membrane. So, the membrane should have a minimum pore size and the contact

angle should high to prevent the pore wetting.

2.2.5. Thermal Conductivity

Thermal conductivity of the membrane depends on the thermal conductivity of the polymeric
material and the air. Thermal conductivity of the membrane should be low to reduce the heat
transfer losses due to conduction through the membrane. Generally, thermal conductivity of the
membrane is defined using the volume average of conductivities of polymeric material and air as
follows(Zhang, Dow, et al. 2010):

Ao =[A—-8)A, +&l, (2.5)
where Ay is the thermal conductivity of the membrane. 7, is the thermal conductivity of the
polymeric material and 1, is the thermal conductivity of the air or gas. The heat transfer

coefficient through the membrane can be computed as follows:
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A (2.6)

Where hy, is the coefficient of heat transfer and J,, is the membrane thickness. Phattaranawik,
Jiraratananon, and Fane 2003b also proposed the method of calculation of thermal conductivity

based on the volume-average of gas (or air) and polymeric material resistances as follows:

i :{iJr@T (2.7)
A A

2.2.6. Membrane pore size and pore size distribution

The pore size of the membranes ranges from 100 nm to 1 pm for VMD processes and it was
found that the permeate flux of VMD is directly proportional to the membrane pore size. It is
due to the fact that the mass transfer through the membrane is controlled by Knudsen diffusion if
the pore size of the membrane is small, although, Knudsen-viscous transition diffusion is the
controlling mechanism when the pore size of the membrane is large which shows higher
permeate flux(Schneider et al. 1988; Cath et al. 2004). But in VMD, the membrane pore wetting
is high due to the higher trans-membrane pressure difference so the small pore sizes are desired

to prevent the pore wetting.

The pore size distribution is considered in the VMD membranes other than the uniform pore
size. It was found that more than one transport mechanism takes place simultaneously in the
system depending upon the pore size of the membrane on particular operating conditions. The
structural properties and permeation parameters are used to analyze the pore size and pore size
distribution for VMD membranes. The effect of the pore size distribution is rarely studied in
VMD(KHAYET et al. 2004; Khayet & Matsuura 2004). The various methods for determining
the pore size distribution are as follows:

2.2.6.1. Scanning Electron (SE) & Atomic Force (AF) Microscopy

SEM is used to study the geometry of the pores of the membrane by analyzing the top and
bottom surfaces. It is used to estimate the surface morphology, pore size, and pore size
distribution. In this technique, the electron beam with high energy strike on the atom of the
surface of the sample which increases the energy level of the atoms of the surfaces. The atoms
with higher energy liberated from the surface of the sample which determines the micrograph. A
thin layer of the gold is coated to protect the surface of the sample. M Khayet, Mengual, and

Zakrzewska-Trznadel 2005 used the SEM technique to analyze the surface morphology of the
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membrane. Franken et al. 1987 are used SEM technique to analyze the thickness of the

hydrophobic ceramic membranes also.

AFM is the high resolution newly developed technique which is used to study the three-
dimensional topographical surface morphology of the membranes down to the nanometer scale.
Firstly, it was developed by Binnig and Gerber 1986, and the main benefit of this technique is
that no sample preparation is required as in SEM analysis. Albrecht and Quate 1988 first used
this technique to analyze the surface morphology of the polymeric material then this technique is
extensively used for studying various types of membranes and materials(Khulbe & Matsuura
2000; Sorenson 1999). Nowadays, it is extensively used for MD membranes(KHAYET et al.
2004; Khayet 2005) for obtaining the information regarding surface morphology, pore density,

porosity, pore size, etc..

2.2.6.2. Gas permeation method (Permeability test)

Gas permeation test is one of the famous method originally given by Yasuda and Tsai 1974. It is
used to determine mean not only pore size but also the effective porosity of the membrane used
in the VMD. In this, the gas (generally nitrogen) is allowed to flow at the different trans-
membrane pressures; the rate of flow of gas is controlled by the gas flow meter. Figure 2.2
shows the experimental setup used for the gas permeation test for the flat sheet membranes
(Yasuda and Tsai 1974). The total gas flow rate through the dry pores of the membrane can be

regulated by the Knudsen-Poiseuille mechanism, and the total flux Jx.p can be given as:

Nep, 8er 1 er’ p, (2.8)

J g =
“P AP 37 J2ZRMT 5 8;RT

Equation (2.8) can be rearranged as:

%: A +Byp,, (29)
Where A, and B, can be expressed as
8er 1 (2.10)
"3 7 J2zRMT
ert 1
0 = 5877? (2.11)

Equation (2.10) and (2.11) are used to calculate the mean pore size and the effective porosity of

the membrane.
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The commercial porous hydrophobic membranes made of PTFE, PP and PVDF are used in flat

sheet, tubular and capillary forms. Initially, these membranes are developed for microfiltration,

but due to fulfilling the requirements of the membrane in VMD these are used in VMD

processes. The choice of the membrane for the VMD process depends upon the higher permeate

flux, low thermal conductivity, high separation factor under the given operating conditions and

feed solutions. Generally, these properties of the membrane should be provided by the

manufacturers to help customers to select their appropriate membrane. Table 2.2 shows the

Commercially available membranes used by some researchers in their work.

Table 2.2: Commercially available membranes used by some researchers

Membrane |Manufacturer | Membrane | Pore | Membrane| Porosity | LEP | References
Material Type size | Thickness | (%) (bar)
(pm) | (pm)
PTFE Gore Flat sheet 0.20 |64 90 3.68 | (Khayet &
Matsuura
2011)
PVDF Gore Flat sheet 045 |77 89 2.88 | (Khayet &
Matsuura

16




2011)

PTFE/PP | Gore Flat sheet 0.2 184 44 4.63 | (Khayet &
Matsuura
2011)

PTFE Millipore Flat sheet 0.22 | 175 40& 70 | 4.2 | (Mericqg et al.
2010;
Pangarkar et al.
2011)

PVDF Millipore Flat sheet 022 |60&35 |70 2.6 | (A. Criscuoli et
al. 2013)

PVDF Millipore Flat sheet 045 | 110 75 1.05 | (Banat 1994)

PP Millipore Flat sheet 0.2 163 75 6.7 | (Safavi &

Accurel Mohammadi

2E 2009)

PP Millipore Flat sheet 0.45 | 170 75 2 (Banat 1994)

PE Millipore Flat sheet 0.2 91 70 6.7 | (Banat 1994)

PP? - Capillary 0.2 1500 75 - (A Criscuoli
Membranes et al. 2008)

PP Membrana Flat Sheet | 0.2 163 75 - (Mohammadi

Accurel & Akbarabadi

2E 2005)

PVDF® |- Hollow 0.162 | - 60 - (Wu et al
fiber 2006)
membranes

PP° Membrana Capillary 0.20 | 510 75 - (A Criscuoli et
Membranes al. 2008)

PVDF Tianjin Hollow 0.16 | 150 85 - (Yang et al.

Motian fiber 2011)
membrane membranes

Eng &

Techco. Ltd.

pp¢ - Hollow 0.05- |- 60 - (Shao et al.
fiber 0.3 2013)
membranes

PP® DD water | Hollow 0.28 |- 50.76 1.32 | (Hou et al.

PVDF® group  Co. | fiber 014 |- 83.82 2.97 | 2015)

PTFE® Ltd. & SOA | membranes | 0.26 |- 45.07 1.67

Tianjin China
PTFE - Flat sheet 0.22 | 230 85 - (Mohammadi
& Kazemi
2014)
PP Membrana Flat sheets | 0.2 91 70 6.7 | (a. Criscuoli et
PP (Germany) 0.45 | 170 75 2 al. 2013)

17




PVDF 0.2 60 70 3.5

PVDF 0.2 35 70 2.5

PTFE GE Flat sheet 0.2 179 70-75 - (Naidu et al.
2014)

PP Membrana Flat sheet 0.2 91 70 - (a. Criscuoli et

PP’ Capillary | 0.2 | 400 70 - al. 2013)

3Shell and tube module; Effective filtration area, 0.036 m?; Inside diameter of the tube, 5.5 mm; Inside
diameter of shell , 25 mm; Number of tubes 3.

YHollow fiber membrane module: Total membrane area 0.159 m?; Inside diameter of hollow fibers, 0.52
mm; Effective length of the fibers, 0.51 m; Number of hollow fibers 143; Packing density, 2000 m? m®,
“Capillary membrane module: effective membrane area 0.0028 m?; Inner diameter 1.79 mm; Fibers in the
module, 3.

Hollow fiber membrane module: Inner diameter, 0.028 mm; number of fibers, 60; Useful length of the
fiber, 12 cm.

®*Hollow fiber membrane module: Effective membrane area, 50.2, 150.7, 198.4 cm?; Inner diameter, 0.20,
0.90, 0.80 mm with contact angle 94.8°, 99.5°, 129.3° for PP, PVDF and PTFE respectively.

fCapillary module: Effective membrane area, 0.1 m? ; Inner fiber diameter, 1.8 mm ; Fiber length, 47 cm ;

fibers in membrane module 40.

2.3. Membrane Modules
The various membrane modules used in vacuum membrane distillation are discussed below. The
different types of lab scale membrane module designs are shown in Figure 2.3 for flat sheet

membranes as well as capillary membranes.

2.3.1. Plate and frame module

It is observed throughout the VMD literature(Safavi & Mohammadi 2009; Mohammadi &
Safavi 2009; Lawson & Lloyd 1996a) that the laboratory-scale plate and frame modules are
designed for the commercial flat sheet membrane (dimensions ranging from 10x10 to 30x300
cm? and diameter 13 to 142 mm). In this module, flat sheet membranes can be easily changed,
replaced, examined or cleaned but there is a requirement of the support to hold the membrane if
the flow of the feed solution is high. The membrane and the support plates with spacers are
stacked together that are placed in appropriate place. The support is chosen, should have low
heat and mass transfer resistances and enough strength to prevent rapture and deflection of the
membrane. The packing density can vary between 100 m*m? to 400 m?m?® depending on the
number of membrane sheets. In these configurations feed solution are allowed to flow in the
radial direction(Safavi & Mohammadi 2009; Mohammadi & Safavi 2009; Fan & Peng 2012;
Bandini et al. 1997; Jun et al. 2006). Lawson and Lloyd 1996a; Lawson and Lloyd 1996b used
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the laboratory scale modules with small cross sectional area of 0.63cm*0.63cm to avoid the

problem of support.

2.3.2. Tubular module

Tubular membranes are housed inside the stainless steel glass shell and tube module. The
support is not required in this module and the membrane cannot be replaced easily because it is
the integrated part of it. Low tendency to fouling and high effective area makes it more
attractive. The operating cost of the tubular module is high and the packing density of the
module is low. Generally, the diameter of the tubular membranes vary from 1.0 cm to 2.5 cm
with the packing density in shell and tube modules around 300 m*m?® In VMD configurations,
tubular ceramic membranes are used to treat the aqueous solution of NaCl and more than 99%

rejection of the salt is observed by Cerneaux et al. 20009.

2.3.3. Hollow fibre membrane

In VMD system, thousands of hollow fibre membranes with diameter below 1mm are bundled
and fixed in the shell and tube unit(Xu et al. 2006; Hasanouglu et al. 2012). There are two types
of the flow arrangements; first outside/in shell and tube arrangements, the feed solution flows
outside the shell of fibre and the permeate is collected inside the shell of the fibres(Wu et al.
2006; X. Wang et al. 2009; Z. Wang et al. 2009). Second, inside/out shell and tube arrangements
in which the feed solution flows through inside the shell of the fiber and the permeate is
collected from the outside of the fibre of the module(Hasanouglu et al. 2012). The hollow fiber
membranes are quite cheaper and packing density is higher as compared to other modules.
However, hollow fiber membrane modules have several disadvantages such as difficult to clean;

low resistance to fouling and replacement of the membrane is difficult.

2.3.4. Capillary module

In Capillary module, a large number of capillary tubes with a diameter range between 1 to 3mm
are assembled in a single module. There is no need for the support (Self-supporting) for the
capillaries, and the free ends of the capillary fibers are potted with different agents such as
silicone rubber, epoxy resins, etc. There is also two types of flow arrangements(outside/in &
inside/out) as in the hollow fiber membrane modules, and the choice of the flow arrangements
depends on the different operating parameters such as pressure drop, membrane available,
etc.(Mengual et al. 2004; Wirth & Cabassud 2002). The packing density of the capillary module

is about 600 m?m?* to 1200 m*m?® as compared to hollow fiber membrane but the capillary
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module is easier to clean and liquid channeling is better due to more uniform distribution of the

capillaries inside the module as compared to hollow fibre membrane.

2.3.5. Spiral wound module

Gore & Associated Co. and Hanbury & Hodgkiess first introduced the use of the spiral wound
module in MD processes. To form a spiral wound membrane module, the feed and permeate
spacers, the flat sheet membrane and the supports are rolled and enveloped around the perforated
central collection tube(Gore 1982; Hanbury & Hodgkiess 1985). The packing density of the
spiral wound module is high and depending upon the channel height the packing density ranges
from 300 m?/m?® to 1000 m%m°. It has higher energy consumption and average tendency to the

membrane fouling(Hanbury & Hodgkiess 1985).
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2.4. Transport mechanism in VMD

Simultaneous heat and mass transfer take place through the membrane during the process in
VMD. Heat transfer is carried out from liquid to solid and then solid to gas phases, while the
mass transfer is carried out from liquid to gas phases.

2.4.1. Heat Transfer

Heat transfer is a very important phenomena in VMD configuration because it is considered as
the rate controlling step in the processes. The driving force in the VMD is the vapor pressure
gradient across the membrane which results due to the temperature difference across the
membrane. In VMD, Heat transfer is carried out in three ways: (i) heat transfer from the bulk
feed solution to the membrane surface through the thermal boundary layer; (ii) Heat transfer by
conduction through the membrane and gas which is filled in membrane pores; (iii) Heat transfer
from the membrane surface to the permeate side of the membrane. So, the overall heat transfer
coefficient for the VMD process can be obtained from the resistances in series model (Lawson &
Lloyd 1997; Khayet et al. 2000b; Termpiyakul et al. 2005):

1 1 1
=—+ +—
hp

1 (2.12)
H h, h,+(JAH,/AT,)

Where H is the overall heat transfer coefficient; hr, hy and hy are the individual heat transfer
coefficient of bulk feed side, membrane surface and permeate side respectively; J is the
permeate flux; 4H, is the heat of vaporization and AT, is the temperature difference across the

both sides of the membrane.

In VMD, heat transfer resistances on the permeate side is negligible due to low pressure or
vacuum is applied on the downstream side of the membrane (KHAYET et al. 2004; 1zquierdo-
Gil & Jonsson 2003; Couffin et al. 1998; Izquierdo-Gil et al. 2004). So equation (2.12) can be

rearranged as:

1 1 1 (2.13)
— -+
H h h,+(JAH,/AT,)

2.4.1.1. Heat transfer through feed bulk side boundary layers
Convective heat transfer mechanism occurs during the heat transfer from the bulk feed side to

the membrane surface can be computed as follows:
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Q = hf (Tf _Tfm) (2.14)
Where Qr is the heat transfer flux through the feed side boundary layer, T; is the feed bulk

temperature, T, is the feed side membrane surface temperature, hs is the convective heat transfer

coefficient.

From equation (2.14), it can be seen that the rate of heat flow is more when the temperature
difference across the bulk feed side and the membrane surface is more. The thermal boundary
layer formed on the feed side membrane surface posses resistances to heat transfer which results
in the lower temperature difference at liquid/membrane interface than that applied at the feed
bulk phase. Thus, the driving force for mass transfer is negatively affected and this phenomenon

is known as temperature polarization effect described in subsequent section.

The convective heat transfer coefficient h; can be calculated using various empirical correlations
developed using different dimensionless parameters for different flow regimes (Lawson & Lloyd
1997; Mengual et al. 2004; Serth & Lestina 2014; Khayet, Mengual & Zakrzewska-Trznadel

2005). The simplest form of heat transfer correlations is as follows:

Nu = a(Re)? (Pr)° (2.15)
Where Nu, Re and Pr are the dimensionless Nusselt number, Reynolds number and the Prandtl
number while a, b and c are the characteristics constants of the module organization and the flow

regimes.
The bulk feed side heat transfer coefficient can be obtained from Nusselt number:

hd, (2.16)
kI

Where dy, is the feed channel hydraulic diameter, k; is the thermal conductivity of the feed

Nu =

solution. The Reynolds number and Prandtl number can be defined as:

re 2V, (2.17)
7]
o Col (2.18)
K

Where p, v, 1 and Cp are density, velocity, viscosity and heat capacity respectively.

The above empirical correlation was fitted using the tool solver in MS Excel, which gives the

optimum values of the constant a, b, and ¢ by minimizing the error between experimental and
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calculated values using Newton’s method. Various heat transfer correlations developed by

various researchers are shown in Table 2.3.

Table 2.3: Various Heat Transfer Correlations

Heat Transfer Correlations Descriptions VMD Module | References
Nu:1.86(Re.Pr.dh/L)% Laminar flow; | Flat-sheet (Li & Sirkar 2005;
Re<2100 module; hollow | Fan & Peng 2012;
fiber module; | Mengual et al. 2004;
tubular module; | Al-Asheh et al.
capillary 2006)
module
0.0668(Re.Pr.dh / |_) Laminar flow at | hollow  fiber | (Sarti et al. 1993)
Nu =3.66 + 77| constant wall | module
1+0.045(Re.Pr.d, /L)" temperature
Pr 025 10<Re<500 hollow  fiber | (Li & Sirkar 2005;
Nu =1.04 Re** Pro® (?} F module Wang et al. 2011)
NU =0.116(Re%—125) Pr Transitional flow; | Capillary (Mengual et al.
2100<Re<10000 module;  Flat | 2004; Soni et al.
[1+ (d,/ L)%](,ub I )0'14 sheet module | 2008)
Nu = 0.023Re®8 Pr" Turbulent flow | Flat sheet | (Al-Asheh et al.
with n=0.4 for | module; tubular | 2006; Khayet &
heating, n=0.3 for | module Matsuura 2004;
cooling Re>10000 Lawson & Lloyd
1996a; KHAYET et
al. 2004)
Nu = 0.04 Re% pro3 Turbulent  flow; | Flat sheet | (Izquierdo-Gil &
for a rectangular | module Jonsson 2003)
pipe
Nu = 0.023Re%® pPr¥ (,Ub ! 1, )0-14 Turbulent  flow (Lawson & Lloyd
2500 < Re < 1997)
1.25*105
NuU = 0.023Re” Pr" (ﬂb / )0-14 Turbulent  flow (Srisurichan et al.
with n=0.4 for 2006)
heating, n=0.3 for

cooling Re>10000

Nu = 0.023(1+ %) Re®® pr’

Turbulent flow

(Termpiyakul et al.
2005; Phattaranawik

et al. 20033;
Phattaranawik et al.
2003b)

%
Nu=1+144[1-1708) [[ Re V" 4
Re 5830

not mentioned

(Sarti et al. 1985)
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d % Turbulent flow in (Izquierdo-Gil et al.
Nu =0.036 Re"* Prm(—) Tube, 10 < d/L < 2008)
L
400
d \0%s Turbulent flow (Curcio & Drioli
Nu = 0.036 Re®® Pr®% (Ej 2005)
Nu = 0.298 Re?646 p0316 Laminar flow, | Plate and frame | (Gryta et al. 1997)
150<Re<3500 module
Nu =0.74Re®? (Gr pr)o-l Pro2 Laminar flow Plate and frame | (Gryta et al. 1997)
module
d % Laminar flow (Izquierdo-Gil et al.
Nu =1.86Re"* Pr* [Ej 2008)
% ¥ Laminar flow (Tun et al. 2005;
Nu =1.86Re” Pr’ (gJ (ﬂj Tomaszewska et al.
L) \ 4 1994)
Nu = 0.042 Re%>® pro33 Shell and tube | (Mengual et al.
Capillary 2004)
membrane
Nu = 0.43 Re?%87 pr03 Laminar Flow Flat sheet | (Upadhyaya et al.
membrane 2016b)
Module

2.4.1.2. Heat transfer by conduction through the membrane

Heat transfer by conduction through the membrane is the fraction of the heat transferred by
conduction through both the membrane matrix and gas filled in the pores. At the membrane
surface, hot feed evaporates into vapors and transferred through the membrane due to
hydrophobic nature of the membrane at a transfer rate Q, =J.4H, where Q, is the latent heat
carried through the membrane, J is the rate of mass transfer and 4H, is the latent heat of
vaporization. Typically 50-80% heat is carried out by water vapors in the form of latent heat and
20-50% heat is lost due to conduction (Lawson & Lloyd 1997; Fane et al. 1987; Lian et al. 2016;
Zhong et al. 2016).

In VMD, heat loss through conduction across the membrane and the resistances due to thermal
boundary layer on permeate side are negligible due to lower pressure or vacuum, so the heat

transported through the membrane can be expressed as follows:

h; (T,

The value of feed bulk inlet temperature (Ty) can be easily measured and sometimes, T; is

_Tfm) = JAHV (219)

considered as the mean feed bulk inlet temperature as given in equation below:
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T +T
Tf :|: fi 2 fo}

(2.20)

Where Ty and Ty, are the feed side inlet temperature and the feed side outlet temperature

(retentate feed temperature) respectively. But it is difficult to measure membrane surface

temperature (Ttm) due to presence of thermal boundary layer on the feed side. However, it is

calculated by mathematical modeling and simulation using simply enthalpy balance. Upadhyaya

et al. (2015) developed a two dimensional model in CFD to predict the membrane surface

temperature and used in mathematical model which consist of the effect of various operating

parameters. Wang et al. (2014) also developed a two dimensional model using finite element

method in hollow fibers for VMD. They considered the effect of various operating parameters

and predicted that the cost of water production can be reduced upto 38% through VMD using the

optimized conditions. A list of different attempts is provided in Table 2.4:

Table 2.4: Different aspects of heat and mass transfer in VMD

Nature of Study

Description

References

Theoretical

Mathematical and CFD modeling of VMD for desalination

(Upadhyaya et al.
2016a)

Theoretical

Development of ballistic transport model to describe mass
transfer in VMD

(Kim 2014)

Theoretical and

experimental

Use of gas permeability data to predict the membrane

performance

(Zhang et al. 2013)

Theoretical and

experimental

Development of simultaneous heat and mass transport
model to simulate the effect of operating conditions on

VVMD performance

(Lovineh et al. 2013)

Theoretical

Performance evaluation of multi-VMD process by using a

one dimensional model

(Shim et al. 2014)

Theoretical and

experimental

Modeling and analysis of vacuum membrane distillation for
the recovery of volatile aroma compounds from black

current juice

(Soni et al. 2008)

Theoretical

Numerical modeling of the vacuum membrane distillation

process

(Lee & Kim 2013)

Experimental

Heat and mass transfer in vacuum membrane distillation

(Mengual et al. 2004)

Theoretical

Analysis of heat and mass transfer in vacuum membrane
distillation for water desalination using computational fluid

dynamics

(Hayer et al. 2014)
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2.5. Mass Transfer

In VMD, Mass transport refers to the transport of vapor molecules from aqueous feed side to the
permeate side. Mass transport of vapors can be divided into three sections as follows: (i) from
bulk feed solution to the membrane surface; (ii) from membrane surface to the pores of the
membrane; and (iii) from membrane pores to the permeate side. So, the overall mass transfer
coefficient can be represented using the series model(Khayet & Matsuura 2001; Banat &
Simandl 1996):

1 1 1 1 (2.21)

Kk kK
Where k is the overall mass transfer coefficient; ks, kn and k, are the individual liquid feed side,
membrane and permeate side mass transfer coefficients respectively. The mass transfer
resistances on the permeate side is negligible due to lower pressure so the above equation can be

arranged as follows(Khayet & Matsuura 2001; Banat & Simandl 1996; EI-Bourawi et al. 2007):

1 1 (2.22)

2.5.1. Mass transfer through feed side boundary layer

The rate of mass transfer or mass transfer coefficient through the feed side boundary layer can be
computed by mass balance as follows(Mericq et al. 2010; Soni et al. 2008; Sarti et al. 1993;
Mulder 1996):

xv} @23)
X =X,

Where N is the rate of mass transfer ks is the feed side mass transfer coefficient; C is the bulk

N:hC{

feed side molar concentration; X;, xim and x, are the feed side, membrane surface and permeate
side mole fraction of solute respectively. Feed side mass transfer coefficient ks is calculated
using the various mass transfer analogies given in Table 2.5, have the simply form of

dimensionless numbers as follows:

Sh =aRe" Sc° (2.24)
Where Sh and Sc are the dimensionless Sherwood and Schmidt number and a, b, and c are the
characteristics constants of module organization and flow regimes. The Sherwood number is
expressed as (ks .dp)/D and Schmidt number can be defined as u/(ps.D), where D is the diffusion

coefficient in the liquid phase.
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Table 2.5 Various mass transfer correlations

ass transfer correlations escriptions module | References
M f lati Descripti VMD module | Ref
sh =1.86(Re.Sc.dh / L)% Laminar flow; | Tubular (Soni et al. 2008; Diban et
Re<2100 Module, Flat | al. 2009)
sheet module
Sh =1.62(Re.Sc.dh / L)% Laminar flow Hollow fiber | (Bandini et al. 1997,
module Mengual et al. 2004)
Sh—3.66.4 0.0668(Re.SC.dh / L) Laminar flow at | Hollow fibre | (Bandini et al. 1992)
' 1+0.045(Re.SC.dh / L)% constant  wall | module
temperature
Sh = 0.116(Re%—125) Sk Transitional Flat sheet | (Soni et al. 2008)
0.14 flow; module
%
[1+(d, /L) }(%. ) 2100<Re<10000
Sh =0.023Re%8 Sc" Turbulent flow | Flat sheet | (Soni et al. 2008; Khayet
with n=0.4 for | module, & Matsuura 2004;
heating and | tubular Lawson & Lloyd 1996a;
n=0.3 for | module, Bandini & Sarti 1999;
cooling hollow fibre | Urtiaga et al. 2000)
Re>10000 module
Sh =0.04 Re®"® Sc° Turbulent flow | Flat sheet | (Izquierdo-Gil & Jonsson
for rectangular | module 2003)
pipe
Sh = 0.023 Re%8"® g¢0% Turbulent flow (Gekas &  Hallstrom
1987)
Sh = 2.0 Re®*83 g¢c03: Not mentioned (Sudoh et al. 1997)
Sh =31.79 Re%*¢ gco-33 Laminar Flow Flat sheet | (Upadhyaya et al. 2016b)
module

2.5.2. Mass transport through the membrane pores

The mass transport across the membrane pores is driven by the applied vapor pressure difference
across the both sides of the membrane. The diffusive and convective mass transfer mechanism is
depicted by the dusty gas model and the kinetic theory of gases(El-Bourawi et al. 2006; Khayet
2011). The model suggest that the molar flux through the membrane is directly proportional to

the vapor pressure gradient across the membrane.

28




N=BM[P,-P, | (2.25)
Where N is the molar flux, B is membrane mass transfer coefficient which depends upon the
diffusion mechanism inside the membrane pores, Ps, and Ppy are the feed and permeate side
membrane surface partial pressures, M is the molar mass of water. The feed side water vapor
pressure can be obtained using Antoine equation(Al-Obaidani et al. 2008; Gryta et al. 2006; Lei
et al. 2005).

B (2.26)
log(P;,,) :(A—Tfm +CJ
According to dusty gas model, the mechanism of mass transfer is governed by three basic
mechanism such as Knudsen diffusion(Fan et al. 2013; Khayet & Matsuura 2001; Zhang, Duke,
et al. 2010; Khayet & Matsuura 2004), Poiseuille(viscous) flow and molecular
diffusion(KHAYET et al. 2004; Lawson & Lloyd 1997; Khayet et al. 2003; Khayet & Matsuura
2004; Lawson & Lloyd 1996b; Phattaranawik et al. 2003a; El-Bourawi et al. 2006; Godino et al.
1997; Martinez et al. 2002; Khayet et al. 2000a; Lawson et al. 1995). In VMD, small amount of
air is present in the pores of the membrane so either Knudsen diffusion, viscous flow model or
both of them is used to define the mass transfer mechanism. The Knudsen number (Kn) is used
to identify the governing mass transfer mechanism inside the pores of the membrane and it is
defined as the ratio of the mean free path (L) of the transported molecules to the pore size of the

membrane. The mean free path for any species i is defined by using following equation (2.27).
o kgT (2.27)
' \/E?Z’ﬁO‘iz
where kg is the Boltzmann constant, p is the average pressure within the pores, T is the absolute

temperature and o; is the collision diameter which have different values for different species

shown in Table 2.6.

Table 2.6: Collision diameter of various species

Species Collision diameter
Water vapor | 2.64 °A
Ethanol 453 °A

Ammonia 2.90 °A
Acetone 4.60 °A
Chloroform | 5.39 °A
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If the molecule-pore wall collisions are dominant (Kn>10) and ( 7 <0.054;) as compared to
molecule-molecule collisions then Knudsen diffusion model(Khayet & Matsuura 2001; El-
Bourawi et al. 2006; Imdakm & Matsuura 2004; Zhang, Duke, et al. 2010) is used to predict the

mass transfer mechanism through the pores of the membrane and expressed as follows:

" T3RT | M,

. gr(sRT T (2.28)
where 7is the mean pore radius, R is the gas constant, T is the absolute temperature, M; is the
molecular weight of the species i , ¢ is the membrane porosity, z is the pore tortuosity factor, o is

the thickness of the membrane.

If the molecule-molecule collisions are dominant (Kn<0.01), viscous (Poiseuille) flow model is

the mass transfer control mechanism through the membrane and expressed as follows:

Y (2.29)

B =——— p
RTo 8,

Where 7; is the viscosity of specie i, 7 is the average pressure in the membrane pores.

When the Knudsen number lies between 0.001 to 10, both molecule-molecule collisions and
molecule-pore wall collisions are considered. It is known as transition region and Knudsen-

viscous model is used as the mass transfer control mechanism and described as follows:

(2.30)

qen_ 2 T(8RT %+ 1 &F? _
' 3RT 5\ #M, RTo w0

In VMD, if a membrane is used with pore size distribution, all mechanisms can occur
simultaneously so the membrane permeability can be evaluated using the combination of

different diffusion mechanism shown in equation (2.31).

N N m(r=0.054) ) . p(r=504%) ) . . i M(r=rpax) . “ (231)
B =— > G X (G +GN)r >, 6D
j=1 j=m(r=0.054) j=p(r=50%)
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(3 Y (2.32)
'l 9M,RT

Giv:( . ] (2.33)
8n,RT

Where f; is the fraction of pores with pore radius rj, m is the pores in Knudsen region, p is the

pores in transition region, N is the total no. of pores per unit area.

2.6. Temperature and concentration polarization

In VMD, simultaneous heat and mass transfer occurs through the hydrophobic membrane,
therefore, the concentration and the temperature at the vapor/liquid interface are different as
compared to that for bulk feed conditions. Vaporization of water takes place at the liquid/vapor
interface on the feed bulk side of the membrane building the temperature difference at the feed
side boundary layer. This phenomenon is known as temperature polarization (causing 50 to 80%
reduction in driving force)(Imdakm & Matsuura 2004; Zhang, Duke, et al. 2010). If the salt
concentration on the membrane surface became higher than the feed bulk solution, this

phenomenon is known as concentration polarization.

2.6.1. Temperature polarization coefficient
Temperature polarization coefficient (TPC) is the measure of degree of temperature polarization
and it is defined as the fraction of trans-membrane temperature to the bulk temperature

difference(Ramon et al. 2009). TPC can be evaluated using one of the following expressions:

T 2.34
TPC =" (2:34)
be
TPC = Tt =T (2.35)
To—T,
TPC = 1m 1o (2.36)
b~ 'p

Where Ty, is the feed bulk inlet temperature, Tsy is the feed side membrane surface temperature,

Tp is the equilibrium temperature on permeate side.

Equation (2.34) is used to calculate temperature polarization coefficient during concentration of
sucrose solutions and methylene blue dye solutions and also in sea water desalination(Banat et
al. 2005; Al-Asheh et al. 2006; Mericq et al. 2011).
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According to equation (2.35), as the value of TPC approaches to unity, the process is limited by
the heat transfer through the boundary layer, however, if the value of TPC approaches to zero,
the process is limited by the mass transfer. The value of TPC increases with feed temperature if
the working membrane has low permeability. The TPC has been found as high as 0.7 for the
membranes having high permeability by some researchers(Wu et al. 2006; Bandini et al. 1997,
Lawson & Lloyd 1996a; Bandini & Sarti 2002).

Following equation (2.36), the process is limited by heat transfer through the boundary layer as
the value is TPC approaches to zero and vice versa. With increase in membrane permeability, it
is observed that value of TPC decreases from 0.98 to 0.67(Khayet & Matsuura 2004; Lovineh et
al. 2013).

2.7. Membrane Fouling

Fouling is the deposition of the unwanted particles, surfactants and organic matters on the
surface or inside the pores of the membrane which results in the decrement in the membrane
performance. In membrane based systems, fouling is considered as the one of the major problem
and it can be divided into three major categories: Inorganic fouling or precipitation fouling,
organic fouling, Biofouling(Curcio et al. 2010; Gryta 2007a; Krivorot et al. 2011; Gryta 2012b;
Gryta 2007b; He et al. 2008). The classical DLVO theory described the mechanism of formation
of fouling due to interaction forces between the particles and the membrane surface(Derjaguin &
Landau 1993; Verwey et al. 1999). According to this theory, the fouling on the membrane is due
to vanderwaal forces and electrical double layer forces during interaction of the particles and
surface. If the membrane surface and the particles have opposite charges, then the fouling on the
membrane is more due to attractive interaction. However, if the membrane surface and the
particles have like charges, then the fouling on the membrane is minimum due to repulsive

interaction.

Fouling has very significant effect in pressure driven membrane technologies such as RO, NF,
UF in desalination and other purification processes(El-Bourawi et al. 2006; Gryta et al. 2006; He
et al. 2008; Bott 1995; Gryta 2008). However, the fouling in MD processes is different due to

difference in membrane pore size, operational parameters and properties of the membrane.

2.7.1. Types of Fouling
In MD, the fouling can be divided into three categories based on the fouling material(Meng et al.
2009; Srisurichan et al. 2005): (a) inorganic fouling due to deposition of the mineral salts such as

silicate, calcium phosphate NaCl etc., (b) organic fouling due to deposition of organic matters
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such as proteins, polysaccarides etc., (c) biological fouling mainly caused by microorganism
such as bacteria, fungi etc.. In most MD processes, a combination of different fouling

mechanism occur which make it more complicated.

2.7.1.1. Inorganic fouling

Inorganic fouling occurs due to deposition of the hard minerals and colloidal particles on the
membrane surface which is present in the feed solution. Inorganic fouling can be categorized
into three categories such as alkaline, non-alkaline and neutral molecule fouling. In MD
processes, the super saturation conditions arise due to the change in the feed temperature and the
evaporation of the water which results in the nucleation and growth of the foulant on the
membrane surface. If the nucleation of the foulant occurs on the membrane surface then it is
known as surface (heterogeneous) crystallization. However, if it occurs in bulk then it is
considered as homogeneous (bulk) crystallization. There are several scale foulants in MD such
as CaCOg, CaSO,4, MgSO,, SrSO4, BaSO,, calcium phosphate, silicate etc.

2.7.1.2. Organic fouling

The deposition or adsorption of the unwanted organic matters such as proteins, humic acid,
carboxylic acid etc. at the membrane surface and pores at molecular level and in the form of gel
layer. These organic matters alter the membrane morphology and these are not easy to remove
by washing of the membrane. The fouling due to the natural organic matter (NOM) was
considered as the most common organic fouling in the MD processes because MD processes are
frequently used for the desalination of the surface water sources such as ponds, river and ocean
which consist the higher amount of natural organic compounds consist of different humic
substances. There are three ways of deposition of the NOM on the membrane surface:(a) partial
or complete blocking of the pores of the membrane due to adsorption of the NOM into the pores
of the membrane; (b)reduction in the flow passage through the pores of the membrane by
forming a gel layer at the membrane interface;(c) formation of the low permeable particle/NOM
layer by binding particle at the membrane surface(Karakulski & Gryta 2005; Schéfer et al. 2000;
Guo et al. 2012).

2.7.1.3. Biological fouling

The decrement in the performance in the VMD processes due to the growth of the biological
species on the surface of the membrane is termed as biological fouling or biofouling. The
biological fouling in the VMD processes is limited because the feed with higher salinity and

higher operating temperature are used in different processes which limited the growth of the
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microorganism. The biological fouling in VMD systems are lower as compared to other

separation processes such RO, NF, UF etc.

2.7.2. Different factors affecting the membrane fouling
Fouling in membrane distillation is influenced by various operating parameters and conditions

such as temperature, water sources, dissolved gases etc.

2.7.2.1. Temperature

Temperature is considered as the most dominating factor in membrane fouling because the
solubility of the salts greatly affect by the temperature. Generally, the solubility of the alkaline
salts (such as NaCl) have negative relation with the temperature and the formation of scale
depend upon the dissociation of the water in the hydroxyl ions. So at higher temperature, the rate
of dissociation of water molecule is higher which results in higher fouling. However, the non-
alkaline salts (such as calcium carbonate, calcium sulfate) have positive solubility which also
deposited on the membrane surface. The declination in the permeate flux was observed upto
16% and 43% at 50 o C and 70 o C respectively for the feed solution contain Humic acid.
Generally, the permeate flux increased at higher temperature but this may also lead to deposition
of the organic matter on the interface of the membrane termed as concentration polarization
effect(Tijing et al. 2015; Meng et al. 2014; Warsinger et al. 2015). Due to concentration
polarization, the temperature of the membrane surface increases so the rate of evaporation is
increased towards feed side direction and termed as temperature polarization.

2.7.2.2. Water sources and dissolved gases

VMD process is used for the desalination of the ground water including ocean, river, lake which
also contains some dissolved gases in it. In most of the water sources, the saturation of calcium
carbonate is significant as compared to the other salts which have great impact on membrane
fouling. The dissolved gases in the water sources escape during the breakdown of the
bicarbonates and have no direct impact on membrane fouling but it provides additional
resistance to the diffusion of the vapor because it moves along the flow. The water sources
containing higher amount of dissolved salts such as ocean, river have great impact on membrane
fouling(Zhao et al. 2013; Gryta et al. 2001; Tijing et al. 2015).

2.7.3. Effects of fouling
Fouling have the adverse effects on the different MD processes such as pore wetting, physically
and chemically degradation and increase in polarization effects which results in the reduction in

performance with purity concern.
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2.7.3.1. Membrane pore wetting

In VMD operations, only vapor molecules are allowed to pass through the pores of hydrophobic
porous membranes. When the hydro-static pressure on the feed channel exceeds from the liquid
entry pressure (LEP) of the membrane then the liquid molecules are allowed to enter into the
membrane pores and it is considered as pore wetting. During the fouling, the deposition of the
salts on the membrane surface increases which leads to the reduction of hydrophobicity of the
membrane. Pore wetting reduces the membrane performance by reducing the evaporation
interface which results in the reduction in amount of vapor produced and also reduce the non-
wetting characteristics of the membrane(Gryta et al. 2001; Gryta 2002). After the membrane
pore wetting, water can easily penetrate into the pores of the membrane and the salt layer was
also accumulated at the membrane surface which further enhance the membrane pore wetting.
So, it is necessary to minimize the possibility of the pore wetting to get the desired performance

of different MD processes.

2.7.3.2. Chemical and physical degradation of membrane

Various studies have reported the Chemical and physical degradation of the membrane
properties due to fouling. The chemical and physical degradation was observed in different
forms such as detoriation in hydrophobic nature, change in pore size and pore distribution,
reduction in the permeate quality, change in strength of the membrane, modification of surface
chemistry. Generally, the physical damage of the membrane occurred due to the deposition of
the salt layer at the membrane surface of different foulants such as NaCl, CaCOs;, CaSOQy,
MgSQ,, SrSO4, BaSOy, calcium phosphate, silicate etc. which leads to the reduction in the flux
due to blockage of the pores of the membrane. The problem of accumulation of insoluble salts
on the membrane can be removed by washing the membrane with distilled water or HCI(Gryta
2002; Guillen-Burrieza et al. 2013; Gryta 2012a; Dao et al. 2016; Zuo & Chung 2016; Gryta &
Waszak 2016). The properties and the morphological structure of the membrane change due to
the chemical degradation of the membrane observed by various researchers. The minor change
in the structure of the pores of the PP membranes by observed by M Gryta et al. 2009 due to the
presence of hydroxyl and carbonyl groups at the membrane surface during the desalination of the
feed solution after 4500h.

2.7.3.3. Polarization Enhancement
Fouling on the membrane surface also enhances the concentration and temperature polarization
effects by reducing the flow of feed at the membrane surface. If the residence time of the feed

solution on the membrane surface increased, then the salt deposition on the membrane surface
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increases, which increases the effect of concentration polarization. Due to concentration gradient
at the membrane surface additional mass transfer resistances are created which lead to the
increment in the membrane surface temperature and due to this increment an additional thermal
boundary layer is created, which results in the reduction of the heat transfer coefficient for
evaporation which is termed as temperature polarization effect(Yang et al. 2016; Kujawski et al.
2016; Xinmiao Zhang et al. 2016).

2.7.3.4. Reduction in permeate amount
Various studies carried out show significant deterioration effect of membrane fouling on the
permeate flux as well as permeate quality(Karakulski & Gryta 2005). The rate of membrane
fouling can be obtained by using the rate of change in flux and can express as following:

P—-P, 100 (2.37)

fouling(%/h) = — " *—=
g(%/h) S .

Where P; & Ps are amount of permeate flux initially and finally and t is the operating time.

The flux reduction profiles depend on the operating conditions (such as feed temperature, feed
concentration, feed flow rate etc.) as well as membrane characteristics (such as porosity, degree
of hydrophobicity etc.)(Lawson & Lloyd 1997; Karakulski & Gryta 2005; Van Gassel &
Schneider 1986). Flux declination is related to the thickness as well as the porosity of the foulant
layer formed at the membrane surface(Gryta 2007a). In various separation processes, it is
observed that there is no significant declination in the permeate flux after long operating time (in
months) due to the low solubility and lower concentration of the foulant materials(Karakulski &
Gryta 2005). However, some operations show the significant reduction in permeate flux within 2
-3 days or within some hours due to higher crystals growth at the membrane surface after
exceeding the level of super saturation(Tun et al. 2005; He et al. 2011). Less than 15% reduction
was observed in permeate flux after a 150 hrs run time due to deposition of salt on the membrane

surface and it can be easily removed by water washing.

2.8. Operating parameters affecting VMD process
In VMD process, permeate flux is significantly affected by the operating parameters. Each

operating parameters are discussed separately in the subsection as:

2.8.1. Feed Temperature
In VMD, Various studies have been carried out to estimate the effect of feed bulk temperature. It

was observed that the permeate flux increased exponentially with increase in feed bulk
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temperature due to increase in water vapor pressure which results in enhancement in driving

force. Feed bulk temperature significantly affects the permeate flux and the energy requirement

thus it is considered as the very sensitive parameter. F. Banat, Al-Rub, and Bani-Melhem (2003)

observed that the feed bulk temperature is highly sensitive to flux at higher permeate pressure by

using the sensitivity analysis. Table 2.7 shows the effect of feed temperature on the permeate

flux; the feed bulk temperature is kept lower than the boiling point of feed solution while the

other parameters remain constant.

Table 2.7 Effect of feed temperature on permeate flux

Membrane Solution Pore size | Permeate Flow rate | T;(°C) Flux References
Type (Um) Pressure (kg/m?.h)
PTFE Salt (30000| 0.22 30 kPa 54 Iph 40-60 3.3-115 (Pangarkar
mg/It) et al. 2010)
PP 100 g/lt 0.2 30 mbar 30 ml/s 35-55 8.1-12.9 (Mohammad
i & Safavi
2009)
PTFE-120 | NaCl 0.75 VP=-0.095 | 40 Iph 60-80 ~10.9-16.8 | (Zhu et al.
(30g/1t) Mpa 2013)
PP hollow | NaCl 0.05-0.3 |58 mmHg | 5Iph 40-80 0.2-7.8 (Shao et al.
fibers (80g/I1t) 2013)
PP NaCl 0.2 40 mbar 30ml/s 25-55 9-14 (Safavi &
membrane | (100g/It) Mohammadi
2009)
PP 0.2 4000 Pa 1.8 Ips 37-65 3.3-25.3 (Bahmanyar
membrane et al. 2012)
PP Methylene 5 mm Hg 14 ml/s 40-70 4.28-6.37 (Banat et al.
membrane | Blue dye 2005)
(18.5 ppm)
PP Ethylene 0.2 0.8 lpm | 40-60 6.5-12 (Mohammad
Accurel glycol i &
2E solution Akbarabadi
(40wt%o) 2005)
PTFE multi-ions | 0.22 5.5 kPa 2 Ipm 45-60 5.5-27.5 (Chaurasia et
al. 2013)
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2.8.2. Feed Concentration

The reduction in the permeate flux was reported by various researchers with increase in
concentration of the aqueous feed solution due to reduction of driving force as well as increment
in concentration polarization(Safavi & Mohammadi 2009; Martinez 2004; Cath et al. 2004;
Martinez & Rodriguez-Maroto 2007). Various researchers observed very high rejection ratio in
different processes such as removal of dye, concentration of aqueous solutions, desalination
etc.(A Criscuoli et al. 2008; Cerneaux et al. 2009; Khayet et al. 2003; Tang et al. 2010; Xu et al.
2006; Al-Asheh et al. 2006). Lawson and Lloyd 1997 have explained the three reasons for the
reduction of permeate flux; 1) Increase in the effect of concentration polarization, 2) decrease in
water activity, and 3) reduction in heat transfer coefficient at the boundary layer. From the
comparison of RO and VMD(Mericq et al. 2010; Mohammadi & Safavi 2009; Wirth &
Cabassud 2002), it was observed that the reduction in the permeate flux is lower at higher salt
concentration in VMD as compared to other membrane processes such as RO. Table 2.8 shows

the effect of feed concentration on permeate flux observed by some researchers.

Table 2.8: Effect of feed concentration on permeate flux

Membrane | Pore Permeate | Flow Ts Concentration Flux References
Type size pressure | rate (°C) (kg/m?.h)
(Hm)
PTFE-220 | 0.75 -0.095 401Iph | 70 10-100 g/It 17.5-12.7 (Zhu et al.
MPa 2013)
PP 0.2 40 mbar | 30 ml/s | 55 100-300 g/It 13-9.2 (Safavi &
Mohammadi
2009)
PP 0.2 5 mm |14 ml/s | 50 0.2 to 1 M Salt | No significant | (Banat et al.
membrane Hg solution effect 2005)
PP 0.2 0.81Ipm | 60 20 -60 (wt%) | 13.5-4.6 (Mohammadi
Accurel Ethylene glycol &
2E Akbarabadi
2005)
PTFE 0.22 200 90 Iph | 60 10-40 ppm NaF | 16.98-13.85 (Singh et al.
mmHg solution 2013)
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2.8.3. Vacuum Degree

The permeate flux increases in S-shaped or inverted S-shaped manner with increase in the
degree of vacuum applied (should be lower than the saturation vapor pressure of water) on the
permeate side of the membrane. In VMD processes, the permeate flux and the trans-membrane
pressure difference (driving force) across membrane increase with increase in vacuum level
(decrease with the downstream pressure) but the possibility of the pore wetting is high at high
vacuum. Generally, the vacuum level should be as high as possible to get the higher flux when
the feed solution containing non-volatile solutes. In case of volatile solutes, if the degree of
vacuum is kept high then the water flux is lower as compared to the volatile solutes which leads
to the higher solute concentration in the permeate side at lower feed temperature. On the other
hand, if the degree of vacuum is low (higher downstream pressure) then the solute concentration
is lower in the permeate side due to reduction of driving force. Therefore, if higher recovery is
required in favor of the volatile solutes from the feed solution then the level of vacuum should
be high at lower feed temperature or vice versa(Sarti et al. 1993). It is worth noting that the
energy consumption is higher at higher vacuum level or lower downstream pressure and it was
observed that by increasing the downstream pressure from 10 to 60 mbar, the energy
consumption decreased from 441.2 to 223.9 W and the reduction in permeate flux was observed
from 56.2 to 50.5 kg/m.h at operating feed temperature of 59.2 °C and the feed flow rate of 235
I/h(Alessandra Criscuoli et al. 2008). The effect of vacuum pressure on the permeate flux was
investigated by various researchers listed in Table 2.9. Compositions of different parameter
depending on downstream pressure and other relative considerable aspect, feed solution
containing volatile solute in condition of low downstream pressure, much lower saturation V.P.
of water corresponding to temperature of feed, the water flux becomes lower than volatile solute
flux and concentration of solute in the permeate becomes too low.

Table 2.9: Effect of vacuum pressure on permeate flux

Membrane | Solution Pore size | T¢(°C) | Flow Vacuum Flux References

Type (um) rate pressure kg/m2.h

PTFE-220 | NaCl(30g/It) | 0.75 70 40Iph 0.080-0.095 7.6-14.8 (zhu et al.
MPa 2013)

PP hollow | NaCl 0.05-0.3 5 Ipm 0.02-0.10 MPa | 0.1-5.5 (Shao et al.

fibers (40g/lt) 2013)

PP NaCl 0.22 40 30 ml/s | 40-120 mbar 11.8-5.8 (Safavi &

membrane | (100 g/lt) Mohammadi

2009)
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2.8.4. Operating Time

In VMD, the reduction in the permeate flux was observed due to fouling or pore wetting over
time. F Banat, Al-Asheh, and Qtaishat 2005 observed the decrement in the permeate flow rate
from 18.2 to 10.5 ml/min at feed temperature 50 °C, feed flow rate 14 ml/s and vacuum pressure
5 mmHg in 100 min operating time for methylene blue dye solution for poly propylene
membrane with pore size 0.2um. The reduction in the permeate flux from 28.34 to 24.89 kg/m?.h
and 16.39 to 13.84 kg/m?.h was depicted by Pangarkar et al. 2011 at vacuum pressure of 1.5 and
3 kPa and at feed temperature of 333 K and 313 K respectively. No significant reduction in the
permeate flux of 5.5 kg/m2.h and the salt rejection of 99.99% was reported by Xu, Zhu, and Xu
2006 over a period of 5 months and at operating conditions of 55 °C feed temperature and the
permeate pressure of 93 kPa. Chaurasia, Upadhyaya, and Singh 2013 observed 8% reduction in
permeate flux in 180 hours at the feed temperature 333 K, at 6 kPa permeate pressure and the
feed flow rate of 120 Iph.
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From the literature survey, following gray areas have emerged:

Various authors have studied the effect of different operating parameters on permeate
flux. However, the optimization of operating parameters is not studied yet for
permeates flux along with specific energy consumption and percentage removal.

The individual effect of operating conditions is studied by several researchers.
However, the interaction effects of operating parameters is not considered which
have different relation with permeate flux, specific energy consumption and
percentage removal

2D numerical models have been developed by considering Knudsen and Poiseuille
flow for estimation of interfacial membrane surface temperature and then the
permeate flux is calculated by using the available model. No complete model for
estimation of permeate flux is not developed yet.

Effect of concentration and the flow rate is not considered during the mathematical
modeling which comprising all three mechanism of transport. However, it is expected

that it should be considered to obtain the better result.

On the basis of above gaps, following objectives are decided for the present study:

i)

vii)

To fabricate a VMD setup and carry out experiments at different process conditions
for removal of dyes from aqueous solutions (Methylene Blue, Sudan I1l, Naphthol
Blue Black, Basic Red 9). The selected dyes are azo and disperse in nature which is
difficult to remove using conventional techniques(Kanadasan et al. 2010; Baghel,
Kalla, et al. 2017; Laminsi et al. 2015; Hu et al. 2006).

Optimization of process parameters using Design of Experiments (DOE) tool in
MINITAB.

To develop 3D CFD Model comprising heat and mass transfer effect for the
estimation of permeate flux and its dependency on various operating parameters such
as Feed Temperature, Flow rate, Initial Concentration, and Vacuum Degree.
Validation of 3D CFD model for permeate flux in VMD process in porous media.

To Develop heat and Mass Transfer Correlations.

To calculate theoretical recovery and its comparison with experimental data.

To Develop ANN Model.
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CHAPTER 3. THEORETICAL AND MATHEMATICAL ASPECTS

3.1. Computational fluid dynamic (CFD) simulation for permeate flux

The CFD simulation was carried out using COMSOL Multiphysics software for prediction of
permeate flux which comprising heat and mass transfer properties of vacuum membrane
distillation process for removal of dyes from aqueous solutions. The effect of different operating
conditions such as feed temperature, vacuum degree, flow rate and initial dye concentration on
permeate flux was studied and compared with experimental data. The overview of CFD

simulation is given in Figure 3.1.
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Figure 3.1 Overview of Computational fluid dynamics simulation

3.1.1. Geometry development and meshing

The 3D geometry of membrane module was created in COMSOL Multiphysics comprising heat
and mass transfer effects. The simulation is carried out for both PTFE and PVDF membrane
which is purchased from the Millipore supplier. The pore size of the membrane is 0.22 pum with
membrane thickness of 175 pum and the porosity of the membrane is 85%. The thermal
conductivity of the both membranes is depend on the thermal conductivity of the membrane
material and the air which is filled inside the pores of the membrane. The steel is chosen as the
module material during the development of the membrane module which as same as an

experimental module. The dimensions of the membrane and its module are given in Table 3.1.
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Table 3.1: Cell dimensions of the membrane and its module

Parameter Value
Feed inlet diameter 10mm
Feed section outer diameter 60mm
Length of the Feed section 120mm
Retentate diameter 10 mm
Permeate outlet diameter 10mm
Permeate outer section diameter 60mm
Effective membrane diameter 52mm

The meshing of the generated geometry is done by considering the physics controlled
mechanism. During meshing, different meshing criteria available in COMSOL Multiphysics
which depends upon the size of the element are chosen. To minimize the error between the
experimental and the predicted flux, the element size should be as fine as possible. So, fine
meshing is considered during the generation of messing of the geometry. The grid independence
test is also performed to check the error in between experimental and model flux. The fine
meshing consist of 26717 elements. The geometry and their messing is given in Figure 3.2 and

Figure 3.3 respectively.
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Figure 3.3: Meshing of the test cell
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3.1.2. Equations involved in CFD study in COMSOL Multiphysics

The permeate flux through the membrane is given by equation (3.1), where D¢ is the effective
diffusivity of the vapor molecules. The diffusion of water vapor through the membrane is
governed by the combination of Knudsen diffusion and Poiseuille flow. So, the effective
diffusivity of the membrane can be obtained by the equation (3.2)(Khayet & Matsuura 2011).

N =D,, *AC (3.1)
-1
( 1 1 J (3.2)
Def‘f =l =—+=
D, D,

Where D, and Dy are the diffusion coefficient of Knudsen and Poiseuille flow.

The thermal conductivity of the membrane is given by the equation (3.3) (Baghel, Upadhyaya, et
al. 2017; EI-Bourawi et al. 2006):

k, =&k, +(L—&)k, (3.3)
Where, k,, is the thermal conductivity of the membrane, & is membrane porosity, k, is the

thermal conductivity of the gas filled into the pores of the membrane, k  is the thermal

conductivity of the polymeric material used for the membrane.
Feed Section

The flow of the incompressible fluid is calculated using the coupled form of continuity equation

and Navier-stokes equation.

Vu=0 (3.4)

3.5
%[U+V.puu =-Vp+V.u(Vu+V'u) (35)

Where, p is the pressure in Pa, pis the density of the fluid in kg/m?, 4 is the viscosity of the

flowing fluid, and u is the velocity of flowing fluid. The properties of the flowing fluid and the

velocity of the fluid is specified for the feed section at the starting of the 3D modeling.

As the hot fluid is flowing into the feed channel, so there is heat transfer due to conduction as

well as convection for feed flow which is given by equation (3.6):

pC,u VT, =V.(k,VT) (3.6)
Where Kk, is the thermal conductivity of the hot fluid, T, is the hot feed temperature in the feed
section. The boundary conditions of the feed section are given in Table 3.2:
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Membrane Section

Conductive heat transfer is considered significant for the transfer of heat through the membrane

solid and pores of the membrane:

O°AT, O°AT, AT, 3.7)
" o T |

Where, kn is the membrane thermal conductivity, AT, is temperature inside the membrane

matrix which is the difference of feed side membrane surface temperature (Ty) and permeate

side membrane surface temperature (Tpm).

During the transport of species through porous media, it is considered that only vapor molecules
are passing through the membrane, dye and water molecules are retained at the feed side
membrane surface. The boundary conditions considered for the membrane is shown in Table 3.2.

Permeate Section

In the permeate section, the vacuum is applied which removed the air filled into the pores of
membrane and maintained the driving force across the membrane. The flow rate through the
permeate side of the membrane is very low because only vapor molecules are passing, So
laminar flow is considered in the permeate section, and it will be same as the feed section. The

boundary conditions for the permeate section is shown in Table 3.2.

Table 3.2: Boundary Conditions

Position Y=entry | Y=end of | Y=feed side | Y= permeate | Y=permeate | Y=end  of

of feed | the feed | membrane side membrane | section  at | permeate
section surface surface start section

Momentum in | V=Vi, | P=Pam No slip | - - -

Feed side condition

Heat transfer | T=T;, Convective | T =T, - - -

in Feed side flux

Heat transfer | - - T=Ttn T=Tm - -

in membrane

Mass transfer | - - C=Cfeeq C=0 - -

in Membrane

Heat transfer | - - - - T=Tom T=T,

in  permeate
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side

Momentum in | - - -

permeate side

V:Vpermeate

P:PVGCLIUITI

Vin — Velocity of feed enter at the feed section

P.m — Pressure at the feed side on the membrane surface

Tin — Temperature of the entering feed

Tsm — Feed side membrane surface temperature

Creeq — Concentration of the feed

To,m— Permeate side membrane surface temperature

T, — Temperature on the permeate side

Vpermeate — VelOCity of the permeate coming through the membrane

Puacuum — Vacuum degree on the permeate side

3.1.3. Solution of governing equations

The equations derived for feed, membrane and permeate section with its boundary conditions are
solved using CFD module available in commercial COMSOL Multiphysics software package.
The time-dependent equations of momentum, energy, and mass are solved using PARDISO
solver. For meshing of a geometry, physics controlled meshing scheme is selected, and fine
meshing is used to create meshing of the module. The grid independence test is also performed
to check the independency of permeate flux from meshing. For solving this numerical model, a
system with specification as i5 Intel core processor, 4GB RAM, 64 bit with window 8 operating

system is used. The procedure for estimation of interfacial temperatures and permeate flux

through the CFD modeling is given in Figure 3.4.
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Figure 3.4: Flow chart for the numerical simulation of VMD process

3.2. Recovery

It can be expressed as fractional amount of water recovered from the feed solution in VMD
process through membrane. It varies from 0 to 1 or can be expressed in terms of percentage
ranging from 0 to 100%. Recovery is considered as important parameter from the economic
point of view. So, the value of recovery should be high for the wide acceptability of the process.
Figure 3.5 represents the block diagram for the water recovery through VMD process.
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Figure 3.5 Block diagram for recovery analysis through VMD

For recovery analysis, a mathematical model was developed by writing the material balance for
VMD process. The feed solution contains only water and dye in it so the density of the feed
solution is assumed to be constant. The total and component material balance through the

membrane module is as follows:
Q =Q:+Q, (3.8)

: (Cthvm) - QFCF _QRCR _QPCP (3.9)

In VMD process, only vapor molecules are passing through the membrane, so C, =0.

d(CpVv,) ~Q.C. -Q.C, (3.10)
dt
d(Cg) _ QeCr —Q:Cq (3.11)
dt Vv

m

Overall and component material balance for feed tank

v (3.12)
H—QR Q:
d(((:j:\/) =QrCr —Q:Ce (.19

From equation (3.12) and (3.13), we get
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dCF — (CR _CF)QR (3'14)
dt \Y
Where, Q. , Q, and Q,is the flow rate of feed, permeate and retentate respectively. C., C, and

C, is the concentration of dye in feed, permeate and retentate respectively. V is the volume of
the tank and V,, is the minimum volume requirement in the tank for continuous operation. The

equations (3.11), (3.12) and (3.14) are further solved in MATLAB using ODE15s solver for

calculating the theoretical recovery through VMD process.

3.3. Sensitivity analysis
It is carried out to predict the behavior of the system which is affected by various operating
conditions like feed temperature, vacuum degree, initial dye concentration, and flow rate, etc.
The performance of the system changes sharply with a small change in operating conditions in
the sensitive region. The normalized sensitivity factor of different operating parameters is
derived using the mathematical model by considering the Knudsen diffusion. The generalized
normal sensitivity factor is defined as follows:

The normalized sensitivity factor is calculated for feed temperature, and vacuum degree because

(3.15)

S(R,R)

these two parameters are considered as the most significant parameters as compared to flow rate
and initial dye concentration.

The normalized sensitivity factor of permeate flux to feed temperature is given by

olnN T, oN (3.16)
oInT, N 4T,

S(N,T,) =
Where N is permeated flux and Ts is feed temperature.

After solving this normalized sensitivity factor for permeate flux following expression is

obtained.

SIN.T,) = R (3.17)
1+R)R,

Where
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A*M7PK (3.18)

R= RTZh

T, (3.19)
Tf _Tfm

R, =

The normalized sensitivity factor for permeate flux to vacuum degree is given as follows:

P 3.20
s(N,p )= 2NN _ Py oN (3.20)
" oInP, N 0P,
After solving this normalized sensitivity factor for permeate flux following expression is
obtained.
3.21
SIN,P ) =| —= |« 1 (3.21)
1+R, R ) R
Where
R, - P —P, (3.22)
P

The detailed set of equations is given in Appendix | for sensitivity analysis of permeate flux to

feed temperature and vacuum degree.

The normalized sensitivity factor for permeate flux to flow rate is given as follows:

olnN N (3.23)
s(N.Q =R 8
6InQ N aQ
ON OT, (3.24)
s(N,Q) =2 AL
N oT,. oQ
oT oT 3.25
S(N Q)— fm aN Q fm S(N Tfm) ( )
N 6Q oT,, N aQ
aT,, oInT, (3.26)
SN.Q =2 m S 5N T,)
N 6Q aInT,,
The normalized sensitivity factor for permeate flux to membrane characteristics is given as
follows:
3.27
AR @27
) 0Ins
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3.4. Artificial Neural Network (ANN)

Neural network tool is very useful for analyzing the engineering properties which are dependent
on many input variables. ANN has turned out to be exceptionally viable in taking care of issues
where the connection between physical aspects and their parameters are perplexing and
exceedingly nonlinear and with an extensive level of vulnerability. ANN can gain from existing
information and receive to delineate arrangement of information parameters into an arrangement
of yield parameters, without knowing the complex relationship among them. There are a few
ANN models and structures that have been utilized in engineering applications to display or

rough properties.

3.4.1. Back-propagation Algorithm

This algorithm is very effective method for training of neural network which consist of
multilayer parameters for solving various engineering problems. In this algorithm, an input
signal is provided to each input which broadcasted to the hidden layers. The hidden layers
analysed the broadcast signal and send the computed signal to output layer. Then the response of

the network is analyzed and the input pattern is recognized.

The gradient descent is the basic optimization technique considered in backpropagation. In
gradient descent technique, the error is considered as the function, and the weights of the hidden
layer in the network are considered as variables which provide the direction to move function
indefinite path to minimize error (negative gradient provide the way where function decreased
rapidly). In backpropagation algorithm, there are several steps considered such as initialization,

data’s normalization, criteria for stopping the algorithm, and structure of the network.

3.4.2. Models

Artificial neural networks (ANNSs) are nothing but neural network models in artificial
intelligence; these are basic mathematical models defining a function.

All type of ANN models are related to class of such functions.

Y = f(X) where

— X is input from set of numerical values

— Y is output from set of numerical values

—f is an function relating the input and the output which is unknown

The function should be predicted by the ANN approximately so that appropriate of results could
be calculated for every set of inputs.

Activation Function
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Activation function is kind of a squashing function, as the neural network having the output of

neuron are in a range of certain values (which lie between either 0 and 1, or -1 and 1). Activation

functions have generally three types denoted by ®. Out of which first is the Threshold Function

in which if the sum of all input is less than the threshold value (v) then it takes a value of 0, and

if the sum ends up to threshold value or greater than that then the value 1 is taken.

f(x):{l’ vzo} (3.28)
0,v<O

Piecewise-Linear function is another type which can again take value either 0 or 1. The

difference between this function and threshold function is it can consider a value between 0 and

1 if the amplification factor lies in a certain region of the linear operation.

Third type of function is sigmoid function. In this function the range lies in the range of 0 and 1,

but it can also use a value lying between -1 to 1. Hyperbolic tangent function is the example of

the sigmoid function.

o (3.29)
gzﬁ(v):tanh!:1 ©
2 1+¢

A collection of parallel processing units that are joined altogether by decision weights can be

called as an artificial neural network. All artificial neural networks may be constructed by basic
building block but the fundamentals might vary. A period of trial and error must be there during
the design decisions before a satisfactory design can be achieved. The system developers

generally face few concerns related to design issues of neural networks are complex.

Out ¢
! Out

Net |
Out=1/(1+e | Out = tanh(Net/2)

(a) Sigmoid (b) Tanh
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Figure 3.6: Non-linear Transfer Functions used for Synaptic Inhibition

Neural network designing steps are as follows:

» Arrangement of neurons in different layers.

» Analysing the connecting patterns between neurons.

« Input and output way for neurons.

 Apply network learning to identify the connection strength and provide appropriate weight to
training data set.

Naturally, neural systems are built in a three dimensional manner from minute parts. These
neurons appear to be able to do about unhindered interconnections. This isn't valid in any man-
made system. Counterfeit neural systems are the basic grouping of the crude fake neurons.
Figure 3.6 shows the clustering of layers which shows the connection with each other.
Fundamentally, all counterfeit neural systems have a comparable structure of topology. A
portion of the neurons interface this present reality to get its sources of info and different
neurons give this present reality the system’s yield. The remainder of the neurons are avoided
see.

The layers with grouped neurons are shown in Figure 3.7 considering one hidden layer. The info
layer comprise of neurons get from the outside condition. The yield layer comprises of neurons
that impart the yield of the framework to the client or outside condition. There are normally
various shrouded layers between these two layers. At the point when the information layer gets
the information its neurons produce yield, which progresses toward becoming contribution to
different layers of the framework. The procedure proceeds until a specific condition is fulfilled

or until the yield layer is summoned and fires their yield to the outside condition.
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Figure 3.7: Structure of neural network with single hidden layer

The network should be performing its best so that the number of hidden neurons can be
determined. An over fit could be created if hidden number of neurons increased too much. The
network will be useless on new data if training set data are memorized(Shetty and Chellam,
2003).

3.4.3. Neural Network toolbox (NNtool)

Inbuilt Neural network toolbox is used for recognition of pattern between 4 input and 1 output
variable using a commercial package of MATLAB R2014b. Generally, NN toolbox is consisting
of two graphical user interfaces (GUI). One GUI is neural network/data manager who work as a
communication bridge between the NNtool and MATLAB, along with creation, the addition of a
neural network as shown in Figure 3.8. The main GUI of the neural network is divided into two
sections as network and data like inputs, outputs, Networks, errors, etc. The data into the nntool
can be exported from the MATLAB console or from the data file.

NNtool was mostly utilized in this investigation to get more precise outcomes from a pre
developed neural net utilizing the content composed for the programmed age of ANN models.
The NNtool is extremely easy to use GUI that can be utilized in making of modest number of

models in particular issue areas.
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Figure 3.8: Data manager graphical user interface
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CHAPTER 4. EXPERIMENTAL MATERIALS AND METHODS

A detailed property of various materials and methods used in presented work is described in this

chapter.
4.1. Materials used:

4.1.1. Distilled water

Distilled water is used for preparation of different feed solutions in present experimental work.
The distilled water is produced in the lab from stainless steel distillation unit. The purity of the
distilled water is analyzed by measuring the electrical conductivity of the produced water. The

properties of the distilled water are given in Table 4.1.

Table 4.1: Properties of distilled water

Molecular formula H,O

Appearance & odour Colorless & odourless
Molar mass 18.02 kg/kmol
Density at 25 °C 1000 kg/m?

Boiling point 99.98 °C

Melting point 0°C

Viscosity 25 °C 1.0%10° Pa

Thermal conductivity 0.58 W/im.K

4.1.2. Methylene Blue

Methylene blue is also referred to as methylthioninium chloride which is used in the treatment of
methemoglobinemia. It is also used for the coloring of clothing in different textiles industries. It
has various side effects such as vomiting, breath shortage, high blood pressure, headache, etc.
This dye is directly purchased from Fisher Scientific(India) and used as such for preparing

different feed solutions. The properties of methylene blue are provided in Table 4.2.

Table 4.2: Properties of methylene blue

Characteristics Methylene Blue
Molecular formula C16H1sN3SCI
A 663 nm
Molecular weight 319.85 kg/kmol
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Color Index 52015

CAS number 61-73-4
Solubility in water 40 g/L at 20 °C
Molecular Structure cl

4.1.3. Naphthol Blue Black Dye

Naphthol Blue black is an amino corrosive recoloring azo color utilized in biochemical research
to recolor for aggregate protein on exchanged layer smears, for example, the western blotch. It is
additionally utilized in criminal examinations to recognize blood present with inactive
fingerprints. It recolors the proteins in blood a blue-dark shading. Amido Black can be either
methanol or water based as it promptly breaks down in both. With picric corrosive, in a van
Gieson methodology, it very well may be utilized to recolor collagen and reticulin. This dye is
directly purchased from Sigma Aldrich (India) and used as such for preparing different feed
solutions. The properties of naphthol blue-black dye are given in Table 4.3.

Table 4.3: Properties of Naphthol Blue Black Dye

Characteristics Naphthol Blue Black
Molecular formula C,H14NgNa,04S,
A 618 nm

Molecular weight 616.49 kg/kmol

Color Index 86230

CAS number 1064-48-8

Solubility in water 30 g/L at 20 °C

Molecular Structure
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4.1.4. Sudan 111 Dye

It is utilized to shading nonpolar substances, for example, oils, fats, waxes, oils, different
hydrocarbon items, and acrylic emulsions. Its principle utilize is as a fuel color in the United
States of America ordered by the IRS to separate low-exhausted warming oil from car diesel
fuel, and by the EPA to stamp fills with higher sulfur content; it is a supplanting for Solvent Red
26 with better dissolvability in hydrocarbons. The fixation required by IRS is a ghostly likeness
3.9 pounds for every 1000 barrels, or 11.13 mg/l, of Solvent Red 26 in strong shape; the focuses
required by EPA are approximately 5 times lower. This dye is directly purchased from Fisher
Scientific(India) and used as such for preparing different feed solutions. The properties of Sudan

[11 dye is given in Table 4.4.

Table 4.4: Properties of Sudan 111 Dye

Characteristics Sudan 111 Dye
Molecular formula C,,H1sNLO
Ao 510 nm
Molecular weight 352.40 kg/kmol
Color Index 83535
CAS number 85-86-9
Solubility in water 5g/L at 20 °C
Molecular Structure = |

N.--' Nﬁ
Dye type Diazo dye

4.1.5. Basic Red 9 dye

Basic Red 9 is an organic compound with magenta color and solid crystalline structure. It is
generally used for the coloring of fibers made of polyacrylonitrile. This dye is purchased from
Sigma Eldrich and used as such for experimentation. The properties of basic red 9 dye are given
in Table 4.5.
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Table 4.5: Properties

of Basic Red 9 Dye

Characteristics Basic Red 9
Molecular formula CigH17N3
A 730 nm

max

Molecular weight

323.830 kg/kmol

Color Index

87663

CAS number

569-61-9

Solubility in water

Slightly solubility

Appearance

Green Crystalline solid

Molecular Structure

NH>" CI

H-N ‘ ‘ NH-

Dye type

Basic Dye
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4.2. Experimental Setup

In the present work, a setup of a vacuum membrane distillation unit on a laboratory scale is
fabricated, and the schematic and pictorial diagram is shown in Figure 4.1 & Figure 4.2
respectively. For conducting various experiments, hydrophobic porous membranes of PTFE and
PVDF material is used with a diameter of 90 mm. The properties of both types of membranes are
given in Table 4.6. The heating of the feed is carried out in feed tank by heating element at
varying temperature ranging from 25 to 85 °C. The temperature of the feed tank is measured
using the thermocouple attached in it, and the controlling was done using a PID controller. The
feed solution is circulated throughout the membrane module using a centrifugal pump, and the
desired flow rate of feed is maintained by using the rotameter, the excess amount of feed
solution is bypassed into the feed tank. In the membrane module, the membrane is placed with
support and the effective membrane area which is utilized for the transfer of vapor through the
pores of the membrane is 52 mm. A vacuum pump is used for maintaining the vacuum degree at
the permeate side of the membrane by which the vapor pressure difference through the
membrane is maintained. The helically coiled stainless steel condenser is attached on the
permeate side of the membrane which condensed the vapors coming on the permeate side due to
vapor pressure difference and collected in the receiver. The energy consumed by the heating
element, feed pump, cooling pump, and the vacuum pump is measured by the electrical meters.

Table 4.7 represents the properties of various instruments attached in an experimental setup.

Table 4.6: Properties of the used membranes

Properties Specifications
Membrane material PTFE & PVDF
Surface property Hydrophobic
Diameter, mm 90

Effective membrane diameter, mm 52

Pore size, um 0.22
Thickness, pm 175

Porosity % 85

Effective membrane area, m? 0.00212
Maximum operating temperature, °C 130 & 110
Supplier Millipore
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Table 4.7: Specifications of different instruments attached in experimental setup

Instrument

Specification

Make

Thermocouple

0-125 °C with least count of 1 °C.

PT 100

Rotameter Range 0-10 Ipm, with least count 0.2 | Star Flow India
Ipm, Accuracy 99.16%
Vacuum Pump Oil based Parag Engg.
Vacuum Gauage 0 to -760 mmHg with least count of | Monometer
20 mm Hg
Centrifugal Pump Y% hp Crompton
Pressure Relief Membrane
Valve
/
Condenser Ve
Vacuum Pump Y Membrane
Module Rota v
meter
Valve
Permeate
Collector % Valve

Y

Feed Tarkwith [
Heating Element

\/

Feed Pump

Figure 4.1: Schematic Diagram of Vacuum membrane Distillation unit
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\
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Feed Tank & Pumps
\T Vacuum Pump

Figure 4.2: Pictorial diagram of lab scale vacuum membrane distillation unit
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4.3. Experimental Procedure

The experimental procedure for performing the experiments on lab setup is as follows:

1. The experiments were carried out at different initial dye concentrations in vacuum

membrane distillation setup.
2. The feed solution was fed to feed tank and heated up to the desired temperature.

3. The centrifugal feed pump was used to pump the heated feed solution to the flat sheet

membrane module in which a porous hydrophobic membrane was placed.
4. On the permeate side, a vacuum is applied to maintain the driving. Force.

5. The vapors passed through the dry pores of the membrane are condensed in the external
condenser and collected in permeate collector.

6. UV-vis spectrophotometer was used for testing the quality of permeate.

4.4. UV-Vis spectrophotometer

The concentration of dye molecules in feed and the permeate samples was analyzed using the
double beam UV-spectrophotometer. This analytical device generally operates at Beer-Lambert
Law and measured the absorbance of dye molecules present in sample. The calibrations curve
for different dye solutions was prepared by measuring the absorbance of the known
concentrations which follow the linear plot. The technical specifications of UV-vis

spectrophotometer is given in Table 4.8.

Table 4.8: Properties of UV-vis spectrophotometer

Manufacturer Shimadzu corporation analytical instruments, Japan
Light source Tungsten halogen and Deuterium lamp

Model UV-1800

Operating temperature of the lamp 30-50 °C

Optics arrangement Double beam

Frequency 50Hz

Range of wavelength 1100-190 nm
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4.5. Microscopic methods for characterization

Scanning electron microscopy (SEM) with EDS is used for the study of the surface morphology
of fresh and used membrane as shown in Figure 4.3 & Figure 4.4 in Material and Research
Center, MNIT Jaipur. The images of the sample in SEM are produced by scanning of the sample
with the help of electron beam at different magnifications. The electrons produced by electron
beam are a strike on the surface of the sample and produced the signals that the system detects
signals and the surface morphology of the surface is determined. The analysis of the sample is
carried out the complete vacuum with the fine resolution lower than 1 nanometer at the operating
voltage of 5kV. Generally, for amplifying the signals coming after the strike with the surface,
electron amplifier is used which displayed the vibrations on the computer monitor. The distance
between the sample and the electron beam is very narrow. So, the images produced by the SEM
are depended upon the angle and between the electron beam and the surface beam. The steps
involved in the characterization of porous hydrophobic PTFE and PVDF membranes

morphology is as follows:

I.  Gold Coating is done for keeping away the sample from heating.
[l.  Placing the samples into the holder of the SEM instrument.
I1l.  The analysis of the coated sample is done at different magnification for the study of
morphology.
IV.  The elemental composition of the sample is identified using the EDS analysis of the

sample.
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Figure 4.3: Scanning Electron Microscope

Figure 4.4: SEM Opened Sample Chamber
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4.6. Permeate flux, Specific energy consumption and percentage removal calculation

The experimental permeate flux is calculated using equation (3.14):

N = Yeo -2 (4.1)
Ayt
Where V., is the volume of permeate collected (It), p is the density of permeate water, A, is the

effective membrane area available and t is the experiment run time to collect permeate.
The specific energy consumption (kWh/m?®) is calculated using equation (4.2):

4.2
Specific Energy Consumption = UE—C (4.2)

col

Where TEC is the total energy consumption calculated using energy meters (kWh) and V_, is the

volume of permeate collected (It).

The concentration of dye in feed sample and the permeate water was calculated using UV-Vis
spectrophotometer. The percentage removal of dye from wastewater was calculated using
equation (4.3).

C,-C, (4.3)
Percentage Re moval = C—*lOO
f

Where C; and C,is the concentration of dye in feed and permeate respectively.
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CHAPTER 5. RESULTS AND DISCUSSIONS

A detailed description of results obtained from experimental investigations and its validation
with existing mathematical models and subsequent discussion/ interpretation along with
membrane  characterization, Central Composite Design Optimization, and recovery
calculation have been carried out and effects of wvarious parameters on permeate flux,

specific energy consumption and percentage removal were also discussed in this section.

5.1. Statistical analysis of Experiments

Before performing design of experiments, the standard deviation (SD) and coefficient of
variance(COV) were computed as shown in Table 5.1. It was observed that the coefficient of
variance is far less than one for all responses. It implies that the data are well suited for

performing central composite design of experiment in order to determine the optimum condition.

Table 5.1: Statistical analysis of experimental runs

Variable Mean | SE Standard | Minimum | Maximum | Median | Coefficient of
Mean | Deviation Variation

Permeate flux 20.33 | 2.13 11.88 1.13 52.23 17.90 0.584358

Specific Energy | 7.876 | 0.377 | 2.097 4.228 12.630 7.77 0.266252

Consumption

Percentage 99.188 | 0.0861 | 0.479 98.125 99.784 99.452 0.004829

Removal

5.2. Central Composite Design for PTFE and PVDF membranes

The optimization of process variables of a system is considered as important stage for enhancing
the system efficiency with minimum number of experiments. Traditionally, one-factor-at-a-time
technique (only one factor kept varying while other factors remain constant) is used for
optimization of process variables which is time-consuming and also does not predict the
interaction effects of process variables. Moreover, in this technique, the experimentation work is
very large which leads to higher consumption of chemicals and materials and become very

costly and time-consuming.

To remove this problem, Response surface methodology (RSM), a multivariate statistical
analysis technique, was used for designing of minimum experimental conditions set to optimize
the process variables. RSM is a combined technique of empirical statistical and mathematical

analysis for the quantitative analysis of experimental problems which fit the polynomial model
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for the experimental analysis. In RSM, a series of experimental conditions was conducted by
varying the input conditions and the influenced in response variable is determined. The main aim
of RSM technique is to optimize the response variables which are highly affected by the input
operating conditions (Khataee 2010; Aslan 2008; Shafeeyan et al. 2012; Mook et al. 2016; Cho
& Zoh 2007; Quist-Jensen et al. 2015).

The steps considered during the optimization of responses using response surface methodology
are as follows: (1) define the input operating conditions which affect the responses; (2) Choose
proper experimental design and perform the runs according to design matrix; (3) perform
mathematical-statistical analysis and fit the polynomial equation for the experimental conditions;
(4) check the fitness of developed model with experimental responses; (5) define the necessary
conditions for the optimization of process responses; (6) Obtained optimum value and perform

confirmation test.

In this study, central composite design (CCD), one of the best technique of RSM, was chosen for
the optimization of process variables within the minimum number of experiments and fitting
second-order non-linear model. For studying the effect of operating variables on permeate flux,
specific energy consumption, and percentage removal, four significant factors were considered
as feed temperature (°C), flow rate (Ipm), Initial dye concentration (ppm) and vacuum degree
(mmHg). The sum of factorial runs (2"), axial runs (2n) and center runs (nc) are provide set of
the number of experiments to be performed, where n represents the number of operating
variables. After deciding the range of operating variables, the variables are coded so that they
can lie at +1 (lower and higher) for factorial points, 0 for center points and +£ (lowest and
highest) for axial points. Coded value of each operating variable is calculated from the actual

values using the relationship is given in Table 5.2. where ami, and amax are the actual minimum

and maximum values of that operating variable and o = 2% . The experimental ranges of each

operating variables for both PTFE and PVDF membrane are given in Table 5.3.
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Table 5.2: Relationship between coded and actual values

Coded variable Actual values of the variable

Lowest axial point (—/4) a.

Lower cube point ( —1) [ +am) ! 2]1-[(a,, —am) ! 2]
Center (0) (A + 8 ) 1 2

Higher cube point (+1) [ +au) ! 2]+ (8, —amn) ! 2]
Highest axial point ( +£) A

Table 5.3: Experimental levels of independent variables for PTFE and PVDF membrane

Variables Symbol Coded Variable Level
-B 1 0 +1 +8
Feed Temperature (°C) A 25 40 55 70 85
Flow rate (Ipm) B 2 4 6 8 10
Initial dye concentration (ppm) C 10 40 70 100 130
Vacuum Degree (mmHg) D 670 690 710 730 750

5.2.1. CCD model analysis for PTFE and PVDF membrane

Total 31 numbers of experimental run sets were obtained using central composite design for
each membrane. The four factorial central composite designs is shown in Table 5.4 regarding
actual and coded values. Thirty—one experimental run was performed on VMD experimental
setup, and various responses are shown in Table 5.5 for each membrane. After applying the CCD
using MINITAB, the predicted values of the different responses such as permeate flux, specific

energy consumption, and percentage removal are given in Table 5.5.

Table 5.4: Four-factorial central composite design regarding coded and actual values

Run | Feed Temp. (A) Flow rate (B) Initial Dye Downstream
Concentration (C) | Pressure (D)
Coded | Actual | Coded | Actual | Coded | Actual | Coded | Actual
1. -1 40 -1 4 -1 40 -1 690 | Factorial
2. 1 70 -1 4 -1 40 -1 690 Design
3. -1 40 1 8 -1 40 -1 690
4. 1 70 1 8 -1 40 -1 690
5. -1 40 -1 4 1 100 -1 690
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6 1 70 -1 4 1 100 -1 690
7. -1 40 1 8 1 100 -1 690
8. 1 70 1 8 1 100 -1 690
9. -1 40 -1 4 -1 40 1 730
10. 1 70 -1 4 -1 40 1 730
11. -1 40 1 8 -1 40 1 730
12. 1 70 1 8 -1 40 1 730
13. -1 40 -1 4 1 100 1 730
14. 1 70 -1 4 1 100 1 730
15. -1 40 1 8 1 100 1 730
16. 1 70 1 8 1 100 1 730
17. -p 25 0 6 0 70 0 710 Axial
18. +f 85 0 6 0 70 0 710 Points
19. 0 55 -p 2 0 70 0 710
20. 0 55 +f 10 0 70 0 710
21. 0 55 0 6 -p 10 0 710
22. 0 55 0 6 +f 130 0 710
23. 0 55 0 6 0 70 -p 750
24. 0 55 0 6 0 70 +f 750
25. 0 55 0 6 0 70 0 710 Central
26. 0 55 0 6 0 70 0 710 Points
27. 0 55 0 6 0 70 0 710
28. 0 55 0 6 0 70 0 710
29. 0 55 0 6 0 70 0 710
30. 0 55 0 6 0 70 0 710
31. 0 55 0 6 0 70 0 710

To study the adequacy of the CCD models, the residual (difference between actual and predicted
values of responses) plots were evaluated. Residual is used to explain the variation of the
predicted model according to the normal distribution which is a graphical method used for
studying the normality of the residual. Generally, the normal probability of the residual should
follow the straight line, but due to large number of experimental results, the slight difference
from the normality line does not affect the response results seriously. Figure 5.1 shows the
residual plots for permeate flux, specific energy consumption, and percentage removal for PTFE
membrane. From this Figure 5.1, it can be seen that the maximum number of experimental
results lie on the normality line, so the response values are normally distributed for all responses.
From the residual versus fitted values, it can be observed that the residuals are randomly
scattered about zero. Histogram and residual versus observation order show that the values

fluctuate in a random manner around the central line for three responses. It can be seen that the
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error between experimental and predicted permeate flux is within the range of -2 to +1.5 in the
residual plot, which is acceptable. For specific energy consumption, the developed model is
more accurate, and the error is within the range of -0.8 to +0.6. For percentage removal, the error
is very less, and it is within the range of -0.10 to +0.15. By error analysis between experimental
and predicted values of all responses, the developed model is acceptable.

Similarly, Figure 5.2 represents the residual analysis for PVDF membrane of 0.22 micron pore
size. It can be stated that the error lies within the range of +1.5 for permeate flux, -0.8 to +0.6
for specific energy consumption and +0.12 in case of percentage removal. From this residual
analysis, it was seen that the error between the experimental and predicted values lies within the

acceptable range of error. So, present model is acceptable for PVDF membrane.
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Figure 5.1: Residual Plots for PTFE Membrane
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Residual Plots for Permeate Flux
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Figure 5.2: Residual Plots for PVDF Membrane

74

Residual

Residual

Versus Fits

Fitted Value

Versus Order

2 4 6 8 101214 1618 20 2 24 26 28 30
Observation Order



Table 5.5. Observed and predicted outputs of various experimental runs

Run PTFE Membrane of 0.22 pum PVDF Membrane of 0.22 um
Permeate Specific Percentage Permeate Specific Percentage
Flux Energy Removal Flux Energy Removal
Consumption Consumption
E | P E- | P E | P E | P E | P E | P
1. | 3.15 | 3.03 | 11.56 | 11.68 | 99.65 | 99.70 | 3.82 | 4.01| 10.92 | 11.06 | 99.72 | 99.74
2. | 3255|3216 | 557 | 564 |99.55|99.51 3345 |33.14| 493 | 5.01]|99.62 |99.70
3. | 715 | 7.20 [ 9.85 |10.03|99.50|99.52 | 7.84| 8.01| 9.21| 9.37|99.58 | 99.61
4, |33.15|33.82 (537 |529 |9958|99.62| 33.1|34.04| 4.73| 4.67|99.66 | 99.66
5. | 296 | 3.11 |11.05|10.91|99.57 | 99.57 | 3.14 | 3.95|10.41 | 10.28 | 99.65 | 99.63
6. |32.86|3233|547 | 559 |99.62|99.64 | 3454 |33.90| 483 | 4.89| 99.7 | 99.61
7. | 6.90 | 7.06 |10.12 | 9.85 |99.57 | 9958 | 7.95| 8.24| 9.48| 9.24|99.65 | 99.70
8. |33.13|33.78 542 |583 |99.61|99.64 | 34.15 | 35.08 | 4.78| 5.20 | 99.69 | 99.76
9. | 1152 |10.32 | 10.06 | 9.99 | 99.57 | 99.58 | 12.65 | 11.69 | 9.42 | 9.33 | 99.65 | 99.67
10. | 35.15 | 3454 | 517 |5.00 |99.61 | 99.57 | 36.45 | 35.89 | 4.53 | 4.38 | 99.69 | 99.65
11. | 13.25|13.33 [ 9.93 [9.38 | 99.15|99.18 | 14.52 | 14.89 | 9.05| 8.60 | 99.23 | 99.33
12. | 35.76 | 35.05 | 5.20 |5.69 | 99.20 | 99.31 | 36.84 | 36.00 | 4.56 | 5.02 | 99.28 | 99.39
13. | 11.15] 10.03 | 10.00 | 9.65 |99.27 | 99.27 | 12.45| 11.24| 9.36 | 9.03 | 99.35| 99.37
14, |1 3495|3435 | 521 | 537 |99.23|99.27 | 36.45|36.25| 457 | 4.74|99.31 | 99.37
15. | 12,99 | 12.82 | 9.34 |9.62 |99.14 | 99.14 | 14.45 | 14.73 8.7 | 8.95|99.22 | 99.23
16. | 34.96 | 34.63 | 7.20 | 6.65 |99.23|99.22 | 37.1|36.64| 6.56 | 6.03|99.31|99.31
17. | 1.13 | 1.70 | 12.63 | 1298 | 99.46 | 99.49 | 2.45| 2.34|11.99| 12.31 | 99.54 | 99.48
18. | 52.23 | 52.64 | 423 |3.96 | 99.50 | 99.47 | 52.98 | 53.39 | 3.59 | 3.33|99.58 | 99.53
19. | 16.15|17.85|7.86 |7.95 |99.54|99.56 | 18.45 | 19.74 | 7.22 | 7.31|99.62 | 99.65
20. | 23.01|22.30 | 7.57 | 757 |99.54|99.49 |25.12 |24.13 | 6.93| 6.90 | 99.61 | 99.47
21. | 1812 | 1861 | 7.73 |7.69 |99.78 | 99.75 | 1845|1880 | 7.09| 7.02 | 99.8 | 99.69
22. | 1790|1828 | 7.75 | 7.88 |99.41 | 99.41 | 1945|1940 | 7.11| 7.25|99.49 | 99.50
23. | 15.46 | 14.63 | 8.23 |7.97 [99.95|99.89 | 17.25|1591 | 7.59 | 7.34| 99.8 |99.78
24. | 2095 |22.78 | 6.76 | 7.10 |99.23 | 99.21 | 2351 | 25.15| 6.12 | 6.43|99.34 | 99.26
25. | 1785 |17.71 | 8.13 | 7.84 |99.52 9953 |20.11|19.21 | 749 | 7.20| 99.7 | 99.64
26. | 1857 | 17.71 | 7.77 |7.84 |99.50 | 99.53 | 19.85 | 19.21 | 7.13 | 7.20 | 99.58 | 99.64
27. | 16.46 | 17.71 | 7.13 |7.84 |99.54 | 99.53 | 18.45 | 19.21 | 6.49 | 7.20 | 99.62 | 99.64
28. | 17.02 | 17.71 | 825 |7.84 |99.46 |99.53 | 1799 |19.21 | 7.61 | 7.20|99.58 | 99.64
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29. 11851 |17.71 | 7.81 |7.84 |99.65|99.53|19.14|19.21| 7.17| 7.20|99.69 | 99.64

30. | 19.05 | 17.71 | 7.72 | 7.84 |99.45|99.53 |19.85|19.21 | 7.08 | 7.20 | 99.54 | 99.64

31. | 1658 | 17.71 | 8.10 | 7.84 |99.58 |99.53 | 19.1|19.21| 7.46 | 7.20|99.74 | 99.64

"E=Experimental flux, P=Predicted flux

5.2.2. Second-Order Model and Analysis of Variance
The generalized second—order nonlinear model was developed considering the effect of main
operating factors and the interaction between them as given by equation(2.1).

y=Fy+ B A+ BB+ B*Ct BXD+ B * A+ By *B 4 B, *CP + B, D
+P, *AB+ B, * AC+ 5, AD + f,;*BC + f3,,*BD + 3, *CD (5.1)

The operating variables such as feed temperature, flow rate, initial dye concentration and

permeate pressure is represented by A, B, C and D respectively. The coefficient f represents the

main effect of individual operating parameters, B, represents the square effects, and B;

represents the interaction effect of any two parameters. The values of these model coefficients
are estimated from the experimental results summarized in Table 5.5 for individual responses.
The regression equations for PTFE membrane for different responses are given by equations
(5.2) to (5.4). For PVDF membrane, the regression equation is given by equations (5.5)-(5.7).

Regression equations for PTFE membrane

Permeate Flux =17.712 + 25.459 A+ 2.227B —0.168C + 4.074D +9.461A% + 2.365B*
+0.733C* +0.991D? — 2.50AB +0.09AC — 4.90AD - 0.22BC —1.16BD —0.37CD (5.2)

Specific Energy Consumption = 7.842 — 4.508 A—0.189B + 0.095C —0.436D +0.630A?

—0.086B —0.061C* —0.307D? +1.30AB +0.717 AC +1.053AD +0.590BC +1.034BD (5.3)
+0.422CD

Percentage Removal = 99.5294 +0.0064 A —0.0228B —0.0275C —0.0769D —0.00773A?
—0.00391B? —0.00041C?* —0.00086 D? +0.00468 AB +0.00105AC +0.00114AD

+0.01262BC —-0.01293BD —-0.01171CD (5.4)
Regression equations for PVDF membrane

Permeate Flux =140+ 2.834A+3.37B +0.094C —0.785D +0.009613A% +0.1701B?

—0.0000C? +0.000823D?* —0.02583AB + 0.00045AC —0.004108 AD +0.00119BC

—0.00497BD —0.000165CD (5.5)
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Specific Energy Consumption = 3.6 —0.975A—5.10B —0.174C +0.169D + 0.000686 A*
—0.0061B* —0.000020C? —0.000199D? + 0.01133AB +0.000367 AC +0.000925AD

(5.6)
+0.00271BC +0.00606BD + 0.0002CD
Percentage Removal = 160+0.0116 A+0.461B +0.0175C —0.1756 D —0.000062 A*
—0.001B? +0.000011C? +0.000127 D* +0.000292 AB + 0.00003 AC —0.000008 AD (5.7)

—0.000167BC —0.000656BD —0.000027CD
Analysis of variance is carried out to check the consistency of the model and to identify the

significance of individual and interaction parameters. The model is considered as significant if
the p-value is less than 0.05 (using 95% level of significance). The significant interaction terms
were considered to analyze the better-combined effect on the responses in regression
correlations. The analysis of variance for different responses (permeate flux, specific energy
consumption, and percentage removal) is carried out to observe the significance of operating
parameters. The acceptability of ANOVA table depends upon the lack of fit test, if the p-value of
lack of fit is lower than 0.05 than the ANOVA model is not acceptable. From Table 5.6 and
Table 5.7, it can be seen that the p-value of lack of fit test is higher than 0.05. So, the lack of fit
is insignificant, and the model is acceptable.

For PTFE membrane, from the p-value shown in Table 5.6, it can be observed that linear
contribution of three parameters (A, B and D), the quadratic contribution of two parameters (A2
and B?) and cross product contribution of parameters (A*B, A*D, and B*D) were significant for
higher permeate flux. For minimum specific energy consumption, it can be concluded that linear
contribution of A and D, the quadratic contribution of A? and D? and cross product of A*B,
A*D, and B*D were significant by p-values shown in Table 5.6. Moreover, the linear
contribution of B, C, and D and cross product contribution of three combinations (B*C, B*D,

and C*D) are found significant for maximum percentage removal.

For PVDF membrane, from the p-value shown in Table 5.7, it can be seen that the linear
contribution of three variables as A, B, and D, the quadratic contribution of two as A? and B?
and cross product contribution of A*B, A*D and B*D were significant parameters for higher
permeate flux. In the case of minimum specific energy consumption, the linear contribution of A
and D, the square contribution of A% and the cross product of A*B, A*D and B*D were found
significant. Moreover, the linear contribution of B, C, and D, as well as the cross product of
B*C, B*D and C*D, are found significant for maximum percentage removal. The level of

significance of each factor is based on 95% of confidence level.
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Table 5.6: Analysis of VVariance for PTFE Membrane

Permeate Flux

Specific Energy Consumption

Percentage Removal

Sources DF | AdjSS Adj MS | F-value | p-value | DF | AdjSS Adj MS | F-value | p-value | DF | AdjSS Adj MS F-value | p-value
Linear Model

A 1 |3891.98 | 3891.98 | 3076.40 | <0.0001 |1 | 121.924 |121.924 | 724.80 | <0.001 |1 0.00392 | 0.003922 | 0.36 0.559
B 1 |29.76 29.76 23.52 <0.0001 |1 |O0.214 0.214 1.27 0.276 1 0.04973 | 0.049727 | 4.51 0.049
C 1 |0.17 0.17 0.13 0.719 1 |0.054 0.054 0.32 0.580 1 0.07240 | 0.072401 | 6.57 0.021
D 1 9959 99.59 78.72 <0.0001 |1 | 1.139 1.139 6.77 0.019 1 0.56756 | 0.567556 |51.49 | <0.0001
Square Model

A*A 1 159.98 | 159.98 | 126.46 | <0.0001 |1 0.708 0.708 4.21 0.057 1 0.02737 | 0.027369 | 2.48 0.135
B*B 1 9.99 9.99 7.90 0.013 1 0.013 0.013 0.08 0.784 1 0.00698 | 0.006981 | 0.63 0.438
C*C 1 0.96 0.96 0.76 0.396 1 0.007 0.007 0.04 0.845 1 0.00008 | 0.000076 | 0.01 0.935
D*D 1 1.76 1.76 1.39 0.256 1 0.168 0.168 1.0 0.332 1 0.00034 | 0.000338 | 0.03 0.863
2-way Interaction Model

A*B 1 |6.27 6.27 4.95 0.0041 |1 |1.690 1.690 10.05 | 0.006 1 0.00560 | 0.005604 | 0.51 0.486
A*C 1 |0.01 0.01 0.01 0.935 1 ]0.515 0.515 3.06 0.099 1 0.00028 | 0.000282 | 0.03 0.875
A*D 1 | 24.06 24.06 19.02 <0.0001 |1 |1.110 1.110 6.60 0.021 1 0.00033 | 0.000331 | 0.03 0.865
B*C 1 0.05 0.05 0.04 0.845 1 0.348 0.348 2.07 0.170 1 0.04075 | 0.040746 | 3.70 0.049
B*D 1 1.34 1.34 1.06 0.0318 |1 1.070 1.070 6.36 0.023 1 0.04279 | 0.042790 | 3.88 0.038
C*D 1 0.14 0.14 0.11 0.747 1 0.178 0.178 1.06 0.319 1 0.03509 | 0.035090 | 3.18 0.021
Error 16 | 20.24 1.27 16 | 2.691 0.168 16 | 0.17635 | 0.011022

Lack-of-fit | 10 | 13.89 1.39 1.31 0.385 10 | 1.844 0.184 1.30 0.387 10 | 0.14653 | 0.014653 | 2.95 0.10215
Pureerror |6 |6.36 1.06 6 |0.848 0.141 6 0.02981 | 0.004969

Total 30 |4237.24 30 | 131.931 30 | 1.02682
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Table 5.7:

Analysis of Variance for PVDF Membrane

Permeate Flux Specific Energy Consumption Percentage Removal
Sources DF | AdjSS Adj MS | F-value | p-value | DF | AdjSS Adj MS | F-value | p-value | DF | AdjSS Adj MS F-value | p-value
Linear Model
A 1 |3909.66 | 3909.66 | 3456.01 | <0.0001 |1 | 120.871 | 120.871 | 790.84 | <0.0001 |1 0.00350 | 0.00350 | 0.42 0.524
B 1 |28.91 28.91 25.55 <0.0001 |1 | 0.256 0.256 1.68 0.214 1 0.04950 | 0.049504 | 5.98 0.026
C 1 053 0.53 0.47 0.504 1 ]0.079 0.079 0.52 0.482 1 0.05703 | 0.057037 | 6.89 0.018
D 1 128.07 | 128.07 | 113.21 |<0.0001 |1 1.251 1.251 8.19 0.011 1 0.41343 | 0.41343 49.96 <0.0001
Square Model
A*A 1 133.77 | 133.77 | 118.24 |<0.0001 |1 0.681 0.681 4.46 0.049 1 0.02919 | 0.029190 | 3.53 0.079
B*B 1 13.24 13.24 11.70 0.004 1 0.017 0.017 0.11 0.743 1 0.00947 | 0.009471 | 1.14 0.301
C*C 1 0.02 0.02 0.02 0.888 1 0.009 0.009 0.06 0.807 1 0.00327 | 0.003274 | 0.40 0.538
D*D 1 3.10 3.10 2.74 0.118 1 0.180 0.180 1.18 0.294 1 0.02480 | 0.02480 3.0 0.103
2-way Interaction Model
A*B 1 |961 9.61 8.49 0.010 1 |185 1.85 12.10 | 0.003 1 0.00600 | 0.00600 | 0.73 0.407
A*C 1 |0.66 0.66 0.58 0.457 1 10.436 0.436 2.85 0.111 1 0.00030 | 0.000306 | 0.04 0.850
A*D 1 24.30 24.30 21.48 <0.0001 |1 1.232 1.232 8.06 0.012 1 0.00030 | 0.000306 | 0.04 0.850
B*C 1 0.08 0.08 0.07 0.792 1 0.422 0.422 2.76 0.116 1 0.03900 | 0.039006 |4.71 0.045
B*D 1 7.63 7.63 5.56 0.0466 |1 0.941 0.941 6.16 0.025 1 0.04515 | 0.045156 | 5.46 0.033
C*D 1 0.16 0.16 0.14 0.715 1 0.230 0.230 1.51 0.237 1 0.03705 | 0.037056 | 4.48 0.050
Error 16 | 18.10 1.13 16 | 2.445 0.153 16 | 0.13239 | 0.008275
Lack-of-fit | 10 | 14.39 1.44 2.33 0.157 10 | 1.601 0.160 1.14 0.457 10 | 0.09882 | 0.009882 | 1.77 0.251
Pureerror | 6 3.71 0.62 6 0.844 0.141 6 0.03357 | 0.033571
Total 30 |4263.19 30 | 131.005 30 |0.83735
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Figure 5.3: Pareto graphic analysis of Percentage contributions of each factor for PTFE membrane
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5.2.3. Optimization and percentage contribution of process variables

5.2.3.1. Percentage contribution of process variables

The percentage contribution of individual and interaction parameters on permeate flux, specific
energy consumption and percentage removal for PTFE and PVDF membrane is shown in Figure
5.3 and Figure 5.4 respectively using Pareto graphs. From Figure 5.3, it can be seen that the
percentage contribution of feed temperature is 81.21 % for permeate flux and specific energy
consumption is 78.25 for the PTFE membrane which is higher as compared to other operating
parameter. However, the flow rate, initial dye concentration and vacuum degree have significant
contribution as 3.187%, 4.63% and 36.366% respectively in percentage removal as compared to
feed temperature. For PVDF membrane, the percentage contribution of feed temperature is more
than 89.5% and 83.2% for permeate flux and specific energy consumption respectively. The
contribution effect of vacuum degree and interaction parameter flow rate*vacuum degree is
significant for specific energy consumption. Moreover, the individual factors such as flow rate,
vacuum degree and initial dye concentration have a significant effect on percentage removal. The
interaction effects such as flow rate*initial dye concentration (B*C), flow rate*vacuum degree
(B*D) and initial dye concentration*vacuum degree (C*D) has significant effect on percentage
removal as compared to other interactive factors as shown in Figure 5.4 for PVDF membrane.

5.2.3.2. Optimization for PTFE and PVDF membrane

To determine the best-operating conditions, response optimizer toolbox available in central
composite design was used to identify the optimum combination of various operating process
variables that jointly optimize the permeate flux, specific energy consumption and percentage
removal for both PTFE and PVDF membrane. For maximization of permeate flux, percentage
removal and minimization of specific energy consumption, the optimized condition were found to
be 85 °C, 5 Ipm, 30 ppm and 750 mmHg for feed temperature, flow rate, initial dye concentration
and vacuum degree respectively for both PTFE and PVDF membrane as shown in Figure 5.5. For
these optimized conditions, the composite desirability is 0.9577 and 0.9877 for PTFE and PVDF
membrane respectively which makes the optimum values acceptable. The individual desirability
of permeate flux and specific energy consumption is one which indicate that these optimum
conditions are highly acceptable for PTFE and PVDF membrane. However, the individual
desirability of percentage removal is 0.878 and 0.963 which indicate lower acceptability of these
optimum conditions for maximization of percentage removal. But from all experiments, it was
seen that the percentage removal was more than 99% for all sets of conditions which is

acceptable. So, on the basis of experimental results, the individual and composite desirability is
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acceptable for each response variables. The optimum conditions of each operating variables are

shown in Table 5.8 and the comparison of predicted values with experimental data was carried

out. The predicted values are found to be in good agreement with experimental data. Therefore,

these set of optimum conditions can be considered as acceptable for PTFE and PVDF membrane.
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Figure 5.5: Optimization of process variables for PTFE and PVDF membrane

Table 5.8: Confirmation test for PTFE and PVDF membrane

Operating Conditions Permeate Specific Energy | Percentage Removal
Flux(kg/m?h) Consumption
(kwWh/kg)
Parameters Optimum | Predicted ‘ Observed | Predicted ‘ Observed | Predicted | Observed
Feed 85°C PTFE MEMBRANE
Temperature
Feed Flow | 5 Ipm 53.89 53.51 2.98 3.1 99.698 99.9
Rate
Feed 30 ppm | PVDF MEMBRANE
Concentration
Vacuum 750 54.51 54.12 2.23 2.6 99.851 99.9
Degree mmHg
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5.3. Estimation of Permeate flux and membrane surface temperatures using CFD

CFD is employed during a large choice of disciplines and industries, together with region,
automotive, power generation, chemical producing, chemical compound process, fossil fuel
exploration, medical analysis, etc. In process industry, the use of CFD technique results in a
reduction in time and energy consumption due to process optimization and development. It
additionally minimizes the demand for experimentation, enhances style reliableness. CFD has a
colossal potential impact on industries as a result of the resolution of the equations of motion
provides a purposeful result.

In this study, computational fluid dynamics is applied for estimation of permeate flux and
membrane surface temperatures (which is very difficult to measure experimentally). The detailed
description of CFD modeling is given in Chapter 3. 3D geometry is developed in comsol
multiphysics comprising three different sections named as feed, permeate and membrane section.
The equations derived for feed, membrane and permeate section with its boundary conditions are
solved using CFD module available in commercial COMSOL Multiphysics software package.
The time-dependent equations of momentum, energy, and mass are solved using PARDISO
solver. For meshing of geometry, physics controlled meshing scheme is selected, and fine
meshing is used to create meshing of the module. The grid independence test is also performed to
check the dependability of permeate flux from meshing. The grid independence test is performed
at the optimum conditions of the operating variables such as feed temperature of 85 °C, vacuum
degree of 750mmHg, flow rate of 5lpm and initial dye concentration of 30 ppm as shown in Table
5.9. It can be stated from Table 5.9 that the percentage error between CFD model flux and
experimental flux is lower in fine meshing of the geometry. So, fine meshing mechanism is

considered for the grid generation of the defined geometry.

Table 5.9: Grid Independence test

Meshing Cells CFD Flux Experimental Flux | Percentage Error
Extremely Coarse 982 Not Determined 53.51
Extra coarse 1657 57.61 53.51 7.662119
Coarser 2728 56.985 53.51 6.494113
Coarse 4601 56.544 53.51 5.669968
Normal 9851 54.98 53.51 2.74715
Fine 26717 54.41 53.51 1.681929
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The contours for the temperature and the convective heat flux through the membrane is generated
at the varying conditions of operating parameters such as feed temperature from 25 to 85 °C,
vacuum degree of 670 to 750 mmHg, flow rate of 2 to 10 Ipm and initial concentration of 10 to
130 ppm. The temperature contour at 55 °C and 85 °C feed temperature is shown in Figure 5.6 &
Figure 5.7. By comparing these two figures, it can be observed that the temperature difference
across the memzbrane at 55 °C is lower as compared to 85 °C. The possible reason for this
temperature profile may be the driving force of the process. As the driving force of vacuum
membrane distillation is trans-membrane vapor pressure difference which increased exponentially
on increasing feed temperature. So, the transport of vapors from the feed section to permeate
section through the membrane is increased which results in rapid reduction the temperature at the
feed side membrane surface. The temperature contour at different operating conditions is given in
Appendix Il. The temperature decreases from feed side to membrane side. The mean temperature
of the feed side membrane surface temperature was found by taking average of the temperature at
several locations. The permeate flux is estimated from the convective heat flux profile. As only
vapor molecules are transported through the membrane so the heat taken by the vapor molecules
can be given by convective heat flux. So, the permeate flux can be obtained by dividing the
convective heat flux by latent heat of vaporization of feed solution. The convective heat flux at the

optimum conditions is shown in Figure 5.8.
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Figure 5.6: Temperature contour at 328 °K/55 °C feed temperature
[Flow rate=5 Ipm, Vacuum degree=750mmHg, Initial dye concentration=30ppm]
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Figure 5.7: Temperature contour inside membrane module at 358 °K/85 °C feed temperature
[flow rate=5 Ipm, vacuum degree=750mmHg, initial concentration=30ppm]
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Figure 5.8: Contour for convective heat flux
[Feed temperature =358 °K/85 °C, flow rate=5 Ipm, vacuum degree=750mmHyg, initial dye

concentration=30ppm]

5.4. Effect of process variables on various responses in PTFE and PVDF membrane

To estimate the effect of process variables on different responses, several experiments have been
conducted at varying operating conditions for feed temperature from 25 to 85 °C, the flow rate
from 2 to 10 Ipm, vacuum degree of 670 to 750 mmHg and initial dye concentration from 10 to
130 ppm for both PTFE and PVDF membrane. The individual and interaction effects of different

process variables have been described in the following sections:

5.4.1. Effect of feed temperature

The effects of feed temperature on permeate flux and specific energy consumption are shown in
Figure 5.10 for both PTFE and PVDF membrane. From Figure 5.10(a), it can be seen that the
permeate flux increased exponentially from 1.95 to 53.51 kg/m?.h on increasing feed temperature
from 25 to 85 °C for PTFE membrane at a flow rate of 5 Ipm, vacuum degree of 750 mmHg and
the initial dye concentration of 30 ppm. This may be possible due to increase in vapor pressure on

the feed side of the membrane (according to Antoine equation) which results in higher trans-
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membrane vapor pressure difference (driving force) and ultimately enhanced the mass transfer
across the membrane. It can also be stated from Figure 5.10(a) that CCD and CFD models are in
good agreement with experimental data observed with R? and MAPE as 0.989, 10.16 and 0.995,
7.63 respectively given in Table 5.10. So, both CCD and CFD models are acceptable but CFD
model is more accurate as compared to CCD model. Moreover, the specific energy consumption
is decreased rapidly from 7.12 to 0.96 kWh/kg with increasing temperature from 25 to 85 °C for
PTFE membrane at optimized operating conditions. The probable reason is the exponential
increment in permeate volume with an increase in feed temperature. The specific energy
consumption is inversely proportional to collected permeate volume. So, the sharp reduction in

specific energy consumption was observed on increasing feed temperature.

Similarly, from Figure 5.10(b), it can be stated that exponential increment in permeate flux from
2.85 t0 55.12 kg/m?.h with increased in feed temperature from 25 to 85 °C for PVDF membrane at
a vacuum degree of 750 mmHg, the flow rate of 5 Ipm and the initial dye concentration of 30
ppm. The reasons in an exponential increment in permeate flux for PVDF membrane is the same
as in PTFE membrane. Theoretical flux was obtained from CCD and CFD model with R? and
MAPE as 0.985, 9.61 and 0.991, 5.81 respectively given in Table 5.10. Both models were found
in good agreement with experimental data.

From Figure 5.10(a) & (b), it can be also observed that the magnitude of permeate flux is higher
for PVDF membrane as compared to PTFE membrane at same operating conditions which is also
confirmed by Table 5.10. The thermal conductivity of the PTFE membrane (0.26 W/m.K) is
higher as compared to PVDF membrane (0.18 W/m.K). So, the heat loss through the membrane
solid matrix is higher in case of PTFE membrane which is inversely proportional to permeate flux.
Moreover, the hydrophobicity of PTFE membrane is higher in comparison of PVDF membrane
because hydrophobicity is inversely proportional to coefficient of friction. The PTFE membrane
has lower coefficient of friction as compared to PVDF membrane. So, the permeate flux in PTFE

membrane is lower than PVDF membrane at same operating conditions.

The effect of feed temperature on temperature polarization coefficient is shown in Figure 5.11 for
both PTFE and PVDF membrane. Temperature polarization coefficient (TPC) is defined as the
ratio of difference in interface temperatures to the difference in bulk temperatures on feed and
permeates side as given in equation (5.8). The decreasing trend with constant rate was observed in
TPC value with feed temperature which represents that the difference between the interface

temperature on feed and permeate side is increased which results in decrement of thermal
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boundary layer thickness. Due to this the transport of vapors through the pores of the membrane is

increased which results in higher permeate flux.

TPC = Jm = Tom
B =T, (5.8)

The fractional contribution of Poiseuille flow has also been evaluated as shown in Figure 5.9. It
can be clearly seen that the fractional contribution is increased with increase in feed temperature.
This happens due to the higher rate of vaporization at the membrane surface.
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Figure 5.9: Effect of feed temperature on fractional contribution of Poiseuille flow
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Table 5.10: Comparative analysis of feed temperature on permeate flux for PTFE and PVDF membrane

PTFE Membrane

PVDF Membrane

Temperature | Exp. Flux | CCD CFD R & | R & | Exp. Flux | CCD CFD R & | R &
Model (1) | Model (2) | MAPE (1) | MAPE (2) Model Model MAPE (1) | MAPE (2)
25 1.95 2.35 2.09 0.989 0.995 2.85 3.61 3.26 0.985 0.991
40 8.13 9.41 9.86 & & 9.98 10.98 1063 | & &
55 19.16 21.03 20.51 |10.16 7.63 22.15 23.54 2295 |9.61 5.81
70 33.55 34.85 34.09 36.54 37.99 37.35
85 53.51 53.89 54.41 55.12 54.51 55.85
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Figure 5.11: Effect of feed temperature on temperature polarization coefficient (a) PTFE membrane, (b) PVDF membrane
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Table 5.11: Comparative analysis of vacuum degree on permeate flux for PTFE and PVDF membrane
PTFE Membrane PVDF Membrane
Vacuum Degree | Exp. | CCD CFD R & | R? & | Exp. Flux | CCD CFD R & | R &
(mmHg) Flux Model (1) | Model (2) | MAPE (1) | MAPE (2) Model Model MAPE (1) | MAPE (2)
670 46.85 47.25 47.59 0.989 0.995 46.85 47.25 4759 | 0.985 0.991
690 48.45 | 48.99 4935 | & & 48.45 48.99 49.35 | & &
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710 50.24 50.79 51.15 0.95 1.8 50.24 50.79 51.15 | 0.93 1.57
730 51.75 52.36 52.75 51.75 52.36 52.75
750 53.51 53.89 54.26 53.51 53.89 54.26
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Figure 5.13: Effect of vacuum degree on temperature polarization coefficient
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Table 5.12: Comparative analysis of flow rate on permeate flux for PTFE and PVDF membrane
PTFE Membrane PVDF Membrane
Flow rate | Exp. Flux | CCD CFD R° & | R? & | Exp. Flux | CCD CFD R® R® &
(Ipm) Model (1) | Model (2) | MAPE (1) | MAPE (2) Model Model MAPE (1) | MAPE (2)
2 48.33 48.79 49.06 0.989 0.995 54.37 54.68 55.13 0.985 0.991
4 49.45 49.95 50.28 & & 54.99 55.13 55.58 & &
6 50.95 51.35 51.71 0.908 1.39 55.36 55.75 56.15 0.61 1.24
8 52.14 52.71 52.98 55.95 56.43 56.85
10 53.51 53.89 54.26 56.75 57.14 57.55
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5.4.2. Effect of vacuum degree

Vacuum degree is the level of vacuum applied on the permeate side of the membrane. The
absolute pressure at the downstream side will be the difference between the atmospheric pressure
and vacuum applied. Figure 5.12 depict the effect of vacuum degree on permeate flux at the
optimized conditions of other operating variables like feed temperature as 85 °C, flow rate of 5
Ipm and initial dye concentration of 30 ppm for both PTFE and PVDF membranes. It can be seen
from Figure 5.12 that permeate flux is linearly increased from 46.85 to 53.51 kg/m®.h and 54.37 to
56.75 kg/mz.h with increasing vacuum degree from 670 to 750 mmHg for PTFE and PVDF
membrane respectively. On increasing the vacuum degree, the mass transfer resistances arising
due to presence of air inside the pores of the membrane is removed which results in higher rate of
vapor transfer through the pores of the membrane which results in higher permeate flux. This may
also be supported by the statement that the driving force (trans-membrane vapor pressure
difference) is increased due reduction in vapor pressure on the permeate side of the membrane
which results in higher permeate flux. The comparison with developed CCD and CFD model is
carried out with experimental data. The R? and MAPE was found to 0.989 & 0.995 and 0.95 and
1.8 of CCD and CFD model for PTFE model and 0.985 & 0.991 and 0.93 & 1.57 for PVDF

membrane as shown in Table 5.11.

On increasing vacuum degree, the permeate volume is increased linearly. So, the specific energy
consumption is reduced from 2.53 to 0.95 kWh/kg and 2.47 to 0.85 kWh/kg for PTFE and PVDF
membrane. The temperature polarization coefficient is also reduced linearly with increase in
vacuum degree as shown in Figure 5.13. This may be due to the temperature of the permeate
section (Tp) is reduced which increased the denominator according to equation (5.8). So, the

temperature polarization coefficient is reduced and Hence, the permeate flux is increased.

5.4.3. Effect of flow rate

The linear increment in permeate flux was observed on increasing flow rate from 2 Ipm to 10 Ipm
for both PTFE and PVDF membrane as shown in Figure 5.14. This increment in permeate flux
may be due to decrease in thermal and concentration boundary layer thickness at the surface of the
membrane. The permeate flux increased from 48.33 to 53.51 kg/m®.h and 54.37 to 56.75 kg/m?®.h
on increasing flow rate from 2 to 10 Ipm at constant feed temperature of 85 °C, vacuum degree of
750 mmHg, and initial dye concentration of 30 ppm. The specific energy consumption is
decreased linearly from 1.21 to 0.61 and 0.89 to 0.575 kWh/kg with increase in flow rate from 2
to 10 Ipm. The permeate volume is increased with flow rate due to turbulence created on the

membrane surface which results in reduction in specific energy consumption. The comparison of
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CCD and CFD model is carried out with experimental data. The both models are found best fitted
with R? values as 0.989 &0.995 and MAPE values as 0.908 & 1.39 of CCD and CFD model for
PTFE membrane. For PVDF membrane, the R? value as 0.985 &0.991 and MAPE value as 0.61
and 1.24 of CCD and CFD model is found to be best fitted.

5.5. Interaction effects of process variables

The 2D contour plots of the dependent responses (permeate flux, specific energy consumption and
percentage removal) as the function of any two independent operating variables (feed temperature,
vacuum degree, flow rate and initial dye concentration), keeping other variables constant at
optimum conditions can be helpful for understanding the interaction behavior and relationship of
these two operating parameters with responses. These interaction plots for the dependent
responses were developed using the quadratic model developed using CCD design for both

membranes.

5.5.1. Interaction effects for permeate flux

For permeate flux, three interactions (A*B, A*D, B*D) were found significant according to the
analysis of variance as shown in Table 5.6 and the contour plots are shown in Figure 5.15 for
PTFE membrane. Figure 5.15(a) represents the interaction effect of feed temperature and flow rate
on permeate flux at constant initial dye concentration (30ppm) and vacuum degree (750mmHg).
Within the range of experimental design, the permeate flux increases with both feed temperature
and flow rate. From this contour, it can be clearly seen that the effect of feed temperature is higher
as compared to feed flow rate on permeate flux. This is because, temperature has the exponential
relationship with vapor pressure by Antoine equation. So, the driving force increased
exponentially on increasing feed temperature. However, the concentration boundary layer
thickness is reduced by increasing flow rate from 2 to 10 Ipm due to turbulence at the membrane
surface which allows more vapor to pass through the pores of the membrane. Thus the permeate

flux is also increased with flow rate but not as high with feed temperature.

Another significant interaction effect of feed temperature and vacuum degree at constant flow rate
of 5 Ipm and the initial dye concentration of 30ppm is shown in Figure 5.15(b). It is clear that the
interaction effect of permeate pressure and feed temperature is higher as compared to interaction
effect of flow rate and feed temperature. This happens because permeate pressure increased the
transmembrane membrane vapor pressure difference(driving force) by applying vacuum on the

permeate side which directly influenced the permeate flux.
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The significant combined effect of flow rate and vacuum degree on permeate flux is shown in
Figure 5.15(c). It can be noted that permeate flux increases on increasing flow rate and vacuum
degree from 2 Ipm to 10 Ipm and 670 mmHg to 750 mmHg respectively at constant feed
temperature 85 °C and the initial dye concentration of 30ppm. From Figure 5.15, it can also be
observed that the effect of flow rate on permeate flux is lesser as compared to vacuum degree.
This may be due to fact that vacuum degree directly increased the driving force by lowering the
vapor pressure on permeate side while flow rate only reduced the polarization effect at membrane
surface which indirectly increased the transport of more vapor through membrane but it is not
such effective. So, the vacuum degree has a significant effect as compared to feed flow rate on
permeate flux.Similarly, the significant interaction effects of permeate flux for PVDF membrane
is given in Figure 5.16. In case of PVDF membrane, A*D, B*D and B*D is found as significant
interaction parameter as in case of PTFE membrane. Similar effects was obtianed in case of

PVDF membrane as in PTFE membrane.
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Figure 5.15: Interaction plots of permeate flux for PTFE membrane
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Figure 5.16: Interaction plots of permeate flux for PVDF membrane
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5.5.2. Interaction effects for specific energy consumption

Three significant interaction plots (A*B, A*D & B*D) for specific energy consumption is shown in Figure
5.17 & Figure 5.18 for PTFE and PVDF membrane respectively. It can be seen from the Figure 5.17(a) &
Figure 5.18(a), that specific energy consumption is rapidly reduced on increasing feed temperature and
flow rate from 25 to 85 °C and 2 to 10 Ipm respectively. From equation(4.2), it can be seen that specific
energy consumption is inversely proportional to the volume of permeate collected and an exponential
increment in permeate volume was seen on increasing feed temperature. So, the specific energy
consumption is reduced significantly from 12.96 to 3.1 kWh/kg and 11.85 to 2.5 on increasing feed
temperature from 25 to 85 °C at 30 ppm feed concentration, and 750 mmHg vacuum degree for PTFE and
PVDF membrane respectively. Moreover, the volume of permeate collected was also increased on
increasing feed flow rate from 2 to 10 Ipm due to a reduction in concentration polarization effect but this
increment in volume of permeate collected is not much higher as compared to feed temperature as shown
in Figure 5.17(a) & Figure 5.18(a). So, the specific energy consumption is reduced significantly on

increasing feed temperature as compared to flow rate.

Figure 5.17(b) & Figure 5.18(b) shows the significant interaction effect of feed temperature and vacuum
degree on specific energy consumption at constant flow rate of 5 Ipm and the initial dye concentration of
30 ppm for PTFE and PVDF membrane. From these figures, it can be seen that on increasing feed
temperature from 25 °C to 85 °C, the specific energy consumption reduced from 15 to less than 5 kWh at
670 mmHg permeate pressure. However, on increasing vacuum degree from 670 to 750 mmHg, the less
reduction in specific energy consumption was observed from 15 to 10 kWh at 50 °C feed temperature. So,
it can be concluded that the feed temperature is highly significant as compared to permeate pressure for
less specific energy consumption. However, from the interaction effect of feed temperature and vacuum
degree, it can be seen that at higher feed temperature and permeate pressure as 85 °C and 750mmHg

respectively, the specific energy consumption will be lower than 3 kWh/kg.

For lower specific energy consumption, the third significant interaction of vacuum degree and feed flow
rate is shown in Figure 5.17(c) & Figure 5.18(c) at a constant feed temperature of 85 °C and the initial dye
concentration of 30ppm for PTFE and PVDF membrane. From these figures, it can be observed that the
interactive effect of vacuum degree is higher as compared to flow rate. This may be due to the fact that the
vacuum degree increased transmembrane vapor pressure difference (driving force) which allows more
vapors to pass through the pores of the membrane and results in higher permeate flux and thus the specific
energy consumption is lower. However, at higher permeate pressure of 750 mmHg and 10 Ipm, the specific
energy consumption was found lowest as less than 3 kWh at 30 ppm initial dye concentration and 85 °C.

But at flow rate of 10 Ipm, the chance of pore wetting is very high which can reduce the life of the
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membrane. So, vacuum degree of 750mmHg and flow rate of 5 Ipm was found the optimized condition to

run the experiments without compromising with the life of the membrane.

5.5.3. Interaction effects for percentage removal

For higher percentage removal, three interaction effects (B*C, B*D, and C*D) were found significant, and
interaction plots are shown in Figure 5.19 & Figure 5.20 for both PTFE and PVDF membranes. From these
interaction plots, it can be seen that the percentage removal decreased slightly from 99.8 to 99.12 on
increasing feed flow rate from 2 to 10 Ipm, the initial dye concentration of 10 to 130 ppm at a constant
vacuum degree of 750 mmHg and Feed temperature of 85 °C. In all the experimental runs, it was found
that the lowest percentage removal is 99.14% and at the optimum conditions as 85°C of feed temperature, 5
Ipm of feed flow rate, 30 ppm of initial dye concentration and 750 mmHg of vacuum degree, the
percentage removal is 99.7%. So, optimum conditions can be chosen as best conditions for maximum
percentage removal. However, from the contour plots of Figure 5.19 & Figure 5.20, it can be clearly seen
that the percentage removal decreased significantly on increasing the vacuum degree as compared to feed
flow rate and initial dye concentration. Because the chances of pore wetting is higher at higher vacuum

degree. Moreover, there is no significant reduction was observed by increasing the feed temperature.
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Figure 5.17 Interaction plots of specific energy consumption for PTFE membrane
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Figure 5.18: Interaction plots of specific energy consumption for PVDF membrane
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Figure 5.19: Interaction plots of percentage removal for PTFE membrane
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Figure 5.20: Interaction plots of percentage removal for PVDF membrane
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5.6. Development of Heat and Mass Transfer Correlation

5.6.1. Heat Transfer Correlation

Heat transfer correlations are used for calculating the heat transfer coefficient across the boundary layers

which is extensively used for rigid heat exchangers. However, the heat transfer mechanism is quite

different in membrane processes due to its porous nature. Moreover, in VMD process, the heat transfer is

associated with mass transfer so the correlation coefficients are different from rigid heat exchangers. In

the present work, heat transfer phenomena for VMD were studied using the lab scale test module which

consists of flat sheet hydrophobic porous PTFE membrane. Various sets of experimental conditions was

considered for flow rates of ranging from 2 to 10 Ipm, feed temperature from 25 to 85 °C at two different

vacuum degree as 730 and 750 mmHg and initial dye concentration of 30ppm and the results are shown

in Table 5.13. For given experimental conditions, the heat transfer correlation is developed using the

dimensionless numbers such Prandtl number, Nusselt number and Reynolds number.

Table 5.13: Experimental and model data for heat transfer correlation at 30 ppm initial dye
concentration

S.No. Flow Feed Vacuum Flux Re Pr Model Nu | Exp. Nu Exp h¢
Rate Temp. Degree | (kg/m?.h)
(Ipm) (’C) (mmHg)
1. 2 25 750 1.79 887.8 6.32 894.16 647.40 768.48
2. 4 25 750 1.87 1753.9 6.52 1643.23 1287.49 1528.27
3. 6 25 750 2.04 2650.2 6.23 2326.28 1922.23 2281.72
4. 8 25 750 2.09 3542.3 6.28 3009.75 1937.15 2299.44
5. 10 25 750 2.14 4417.0 6.37 3669.59 2445.19 2902.48
6. 2 40 750 5.99 982.3 5.59 938.25 858.51 1019.07
7. 4 40 750 6.69 1953.9 5.55 1713.12 1706.40 2025.53
8. 6 40 750 7.06 2922.8 5.60 2447.03 2646.14 3141.01
9. 8 40 750 7.38 3907.7 5.59 3155.76 3381.89 4014.37
10. 10 40 750 7.96 4858.2 5.64 3833.40 3820.78 4535.33
11. 2 55 750 18.54 1230.1 4.32 1050.31 1171.59 1390.71
12. 4 55 750 18.82 2435.0 4.39 1923.56 1761.20 2090.58
13. 6 55 750 19.24 3665.0 4.34 2743.84 2253.94 2675.47
14. 8 55 750 19.64 4903.4 | 4.32 | 3538.99 | 3247.68 | 3855.06
15. 10 55 750 20.18 6108.3 4.36 4305.74 4562.69 5416.00
16. 2 70 750 34.18 1685.7 3.06 1236.58 1394.66 1655.48
17. 4 70 750 34.59 3339.7 3.11 2265.70 2159.46 2563.32
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18. 6 70 750 35.06 5033.2 3.09 3241.10 2961.28 3515.09
19. 8 70 750 35.64 6774.9 3.04 4186.06 4853.48 5761.18
20. 10 70 750 35.86 8428.5 3.07 5088.52 5775.50 6855.63
21. 2 85 750 52.56 1999.6 2.52 1347.28 1692.11 2008.56
22. 4 85 750 53.42 3954.5 2.57 2468.61 5004.23 5940.11
23. 6 85 750 53.78 5866.1 2.59 3497.21 6008.21 7131.86
24. 8 85 750 54.21 7998.6 2.51 4549.01 6972.47 8276.45
25. 10 85 750 54.74 9886.3 2.55 5507.13 8340.83 9900.72
26. 2 25 730 0.97 887.8 6.32 894.16 517.19 613.91
217. 4 25 730 1.04 1753.9 6.52 1643.23 1157.27 1373.71
28. 6 25 730 1.22 2650.2 6.23 2326.28 1792.01 2127.16
29. 8 25 730 1.26 3542.3 6.28 3009.75 1806.94 2144.88
30. 10 25 730 131 4417.0 6.37 3669.59 2314.97 2747.92
31. 2 40 730 5.17 982.3 5.59 938.25 728.30 864.50
32. 4 40 730 5.86 1953.9 5.55 1713.12 1576.19 1870.96
33. 6 40 730 6.24 2922.8 5.60 2447.03 2515.92 2986.45
34. 8 40 730 6.55 3907.7 5.59 3155.76 3251.68 3859.81
35. 10 40 730 7.13 4858.2 5.64 3833.40 3690.56 | 4380.77
36. 2 55 730 17.72 1230.1 4.32 1050.31 1041.38 1236.14
37. 4 55 730 17.99 2435.0 4.39 1923.56 1630.99 1936.01
38. 6 55 730 18.41 3665.0 4.34 2743.84 2123.73 2520.90
39. 8 55 730 18.82 4903.4 4.32 3538.99 3117.47 3700.49
40. 10 55 730 19.35 6108.3 4.36 4305.74 | 4432.47 5261.43
41. 2 70 730 33.35 1685.7 3.06 1236.58 1264.44 1500.92
42. 4 70 730 33.77 3339.7 3.11 2265.70 2029.25 2408.76
43. 6 70 730 34.24 5033.2 3.09 3241.10 2831.07 3360.53
44. 8 70 730 34.82 6774.9 3.04 4186.06 4723.27 5606.61
45. 10 70 730 35.04 8428.5 3.07 5088.52 5645.29 6701.07
46. 2 85 730 51.74 1999.6 2.52 1347.28 1561.90 1854.00
47. 4 85 730 52.59 3954.5 2.57 2468.61 4874.01 5785.55
48. 6 85 730 52.95 5866.1 2.59 3497.21 5878.00 6977.30
49. 8 85 730 53.38 7998.6 2.51 4549.01 6842.26 8121.89
50. 10 85 730 53.92 9886.3 2.55 5507.13 8210.61 9746.16
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The amount of heat required to vaporize the water on feed side of the membrane is provided by heat
transfer coefficient. The heat flux can be given as:

g; = hf (tf _tfm) (5.9)
The transfer of heat through the membrane can be assumed by contribution of conduction in membrane
material and evaporation into the pores of membrane. So, the heat flux through membrane can be given as
O = NAH +h, (t;, —t,.) (5.10)
By solving equation (5.9) and (5.10) simultaneously, the heat transfer coefficient can be obtained for
experimental data. The empirical correlation for heat transfer as given in equation (5.11) is fitted in MS-
excel solver by optimizing the constant parameter values of a, b, and ¢ using Newton solver method.

Nu =aRe’Pre (5.11)
After fitting, the correlation is found to be as follows:

Nu =1.25Re*¥" Pr®* (5.12)

Figure 5.21 shows the plot of experimental and theoretical values of Iog(Nu/ Pr°-33) versus log(Re). It

was that the theoretical model is best fitted with experimental results with R?as 0.989.
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Figure 5.21: Fitting of heat transfer correlation at 30 ppm initial dye concentration

The effect of feed temperature on heat transfer coefficient is shown in Figure 5.22 at 8 and 10 Ipm of flow
rate. It can be observed that the value of heat transfer coefficient is increased significantly on increasing

the feed temperature as well as flow rate at constant vacuum degree of 750 mmHg. This may due to
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reduction in the effect of temperature polarization coefficient which signifies that the feed side bulk
temperature and membrane surface temperature becomes identical and the difference between feed side
and permeate side membrane surface temperature is become maximum which results in higher driving
force. The relationship between heat transfer coefficient and feed temperature is given by equation (5.13),
and (5.14).

At 10 Ipm flow rate and 750 mmHg vacuum degree

h, =0.058T} —8.531T7 +474.3T, —4530 (5.13)
At 8 Ipm flow rate and 750 mmHg vacuum degree

h, =0.053T 2 -7.599T? + 402.7T, —3785 (5.14)
The value of R?is found to be 0.99 and 0.984 at 10 and 8 Ipm flow rate respectively.
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Figure 5.22: Effect of feed temperature on heat transfer coefficient
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Figure 5.23: Comparison of heat transfer coefficient of Dye-water and NaCl-water mixture

In literature various heat transfer correlations are reported by various researchers which are differentiated
on the basis of hydrodynamic conditions as well as module geometry. The comparison of heat transfer
coefficient for different feed systems was carried out by considering the same module geometry and
hydrodynamic conditions. The heat transfer coefficient for NaCl-water mixture is reported by
(Upadhyaya et al. 2016c) as the function of feed temperature used for comparison. After comparing the
heat transfer coefficients of Dye-water mixture and NaCl-water mixture, it can be seen that the heat
transfer coefficient is higher for NaCl-water as compared to Dye-water mixture. This is because the

viscosity of NaCl-water is lower as compared to Dye-water mixture which results in lower heat transfer

as heat transfer coefficient is the function of ,u_o's. Moreover, the molecular weight of the dye larger as

compared to NaCl so it takes larger time to stay at membrane surface and blocks the pores of the
membrane. Due to blockage of pores, the transfer of vapor molecules is reduced simultaneously the heat

transfer coefficient is reduced.
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5.6.2. Mass Transfer Correlation

In VMD process, vapor molecules are transported through the pores of the hydrophobic membrane. So, it
Is essential to determine the mass transfer coefficient for the process. In VMD process mass transfer
coefficient is the function of feed temperature, vacuum degree and flow rate so the correlation should be
developed in the form of dimensionless numbers to estimate the mass transfer coefficient. The
dimensionless mass transfer correlation can be expressed in terms of Sherwood number, Schimdt number,

and Reynolds number as follows:

Sh=aRe" Sc° (5.15)

k.d
Where, Sh:Df— and SC= . The experiments was carried out at different feed temperature

AB ,D AB
ranging from 25 to 85 °C, flow rate of 2 to 10 Ipm and vacuum degree of 730 and 750 mmHg at constant
dye concentration of 30 ppm. The experimental mass transfer coefficient is calculated by solving the
different equations (5.16), (5.17), and (5.18) in MS excel.

N =k, AC (5.16)
5.17
c_ M (5.17)
RTavg
5.18
N =k, MapP (5.18)
RT

avg
The experimental data at different operating conditions is given in Table 5.14. From experimental
analysis, it was found that the mass transfer is increased with increase in feed temperature, flow rate and
vacuum degree. This increment in mass transfer is due to reduction in concentration polarization
coefficient at the membrane surface. The theoretical mass transfer correlation was developed using the
Ms-Excel Newton solver which is freely available by minimizing the error between the experimental and

model values given as follows.

Sh = 45.58 Re®*® 5S¢ (5.19)

The plot of theoretical and experimental values of log(Sh/Sc®3*

) versus log(Re) is shown in Figure 5.24.
It was observed that the theoretical model is in good agreement with the experimental data. The R? value

was found to be 0.953.
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Figure 5.24: Fitting of mass transfer correlation at 30 ppm initial dye concentration

Table 5.14: Experimental and model data for mass transfer correlation at 30 ppm initial dye
concentration

S.No. | Flow Feed Vacuum | Flux Re Sc Model | Exp. Sh | Exp. Kf

Rate Temp. | Degree | (kg/m?.h) Sh

(Ipm) [ (°C) | (mmHg)
1 2 25 750 1.79 887.8 | 0.038 | 37.788 | 37.533 | 0.0173
2 4 25 750 1.87 1753.9 | 0.039 | 41479 | 42.016 | 0.0194
3 6 25 | 750 2.04 |2650.2 | 0.039 | 43.676 | 43.593 | 0.0201
4 8 25 750 2.09 3542.3 | 0.038 | 45.330 | 46.359 | 0.0214
5 10 25 750 2.14 4417.0 | 0.039 | 46.697 | 46.332 | 0.0214
6 2 40 | 750 5.99 982.3 | 0.035| 37.035| 36.309 | 0.0168
7 4 40 750 6.69 1953.9 | 0.035 | 40.597 | 41.292 | 0.0191
8 6 40 | 750 7.06 |2922.8|0.035| 42.833 | 43.460 | 0.0201
9 8 40 | 750 7.38 | 3907.7 | 0.035 | 44.453 | 43.686 | 0.0202
10 10 40 750 7.96 4858.2 | 0.035 | 45.820 | 45.014 | 0.0208
11 2 55 750 18.54 |1230.1 | 0.028 | 35.413 | 36.113 | 0.0167
12 4 55 | 750 18.82 | 2435.0 | 0.028 | 38.856 | 37.650 | 0.0174
13 6 55 750 19.24 | 3665.0 | 0.028 | 40.946 | 40.612 | 0.0187
14 8 55 750 19.64 |4903.4 | 0.028 | 42.489 | 41.365| 0.0191
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15 10 55 750 20.18 |6108.3 | 0.028 | 43.778 | 43.637 | 0.0201
16 2 70 750 3418 |1685.7 | 0.020 | 33.259 | 33.599 | 0.0155
17 4 70 750 3459 |3339.7|0.020 | 36.487 | 37.182 | 0.0172
18 6 70 750 35.06 |5033.2|0.020 | 38.440 | 38.187 | 0.0176
19 8 70 750 35.64 |6774.9|0.020 | 39.840 | 40.068 | 0.0185
20 10 70 750 35.86 |8428.5|0.020 | 41.060 | 41.751| 0.0193
21 2 85 750 52.56 ]1999.6 | 0.017 | 32.148 | 31.658 | 0.0146
22 4 85 750 5342 |3954.5|0.017 | 35.280 | 34.801| 0.0161
23 6 85 750 53.78 |5866.1 | 0.017 | 37.286 | 37.074| 0.0171
24 8 85 750 54.21 |7998.6 | 0.017 | 38.545| 38.636 | 0.0178
25 10 85 750 54.74 |9886.3 | 0.017 | 39.776 | 39.551 | 0.0183
26 2 25 730 0.97 887.8 | 0.038 | 37.788 | 37.112 | 0.0171
27 4 25 730 1.04 1753.9 | 0.039 | 41.479 | 42.059 | 0.0194
28 6 25 730 1.22 2650.2 | 0.039 | 43.676 | 47.750 | 0.0220
29 8 25 730 1.26 3542.3 | 0.038 | 45.330 | 46.180 | 0.0213
30 10 25 730 1.31 4417.0 | 0.039 | 46.697 | 45812 | 0.0211
31 2 40 730 5.17 982.3 | 0.035| 37.035| 36.312 | 0.0168
32 4 40 730 5.86 1953.9 | 0.035 | 40.597 | 41.392 | 0.0191
33 6 40 730 6.24 2922.8 | 0.035 | 42.833 | 42.218 | 0.0195
34 8 40 730 6.55 3907.7 | 0.035 | 44.453 | 45.606 | 0.0210
35 10 40 730 7.13 4858.2 | 0.035 | 45.820 | 45.297 | 0.0209
36 2 55 730 17.72 | 1230.1 | 0.028 | 35.413 | 35.754 | 0.0165
37 4 55 730 17.99 |2435.0 | 0.028 | 38.856 | 38.300 | 0.0177
38 6 55 730 18.41 | 3665.0 | 0.028 | 40.946 | 40.732 | 0.0188
39 8 55 730 18.82 |4903.4 | 0.028 | 42.489 | 42.190 | 0.0195
40 10 55 730 19.35 |6108.3 | 0.028 | 43.778 | 43.637 | 0.0201
41 2 70 730 33.35 |1685.7 | 0.020 | 33.259 | 33.016 | 0.0152
42 4 70 730 33.77 | 3339.7 | 0.020 | 36.487 | 36.482 | 0.0168
43 6 70 730 34.24 |5033.2 | 0.020 | 38.440 | 38.187 | 0.0176
44 8 70 730 3482 |6774.9|0.020 | 39.840 | 39.670 | 0.0183
45 10 70 730 35.04 | 84285 |0.020 | 41.060 | 41.534 | 0.0192
46 2 85 730 51.74 11999.6 | 0.017 | 32.148 | 31.995| 0.0148
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47 4 85 730 52.59 39545 |0.017 | 35280 | 35.146 | 0.0162
48 6 85 730 52.95 |5866.1| 0.017 | 37.286 | 37.040 | 0.0171
49 8 85 730 53.38 | 7998.6 | 0.017 | 38.545| 38.637 | 0.0178
50 10 85 730 53.92 ]9886.3 | 0.017 | 39.776 | 39.948 | 0.0184

The effect of feed temperature on mass transfer coefficient is given in Figure 5.25 at 2 and 10 Ipm flow

rate respectively. From this Figure 5.25, it can be stated that the mass transfer coefficient is slightly

increased/nearly constant over the entire range of feed temperature. This may be due to reduction in

thermal boundary layer at the membrane surface. The comparison between the mass transfer coefficient

of Dye-water mixture and NaCl-water solutions is carried out and shown in Figure 5.26. From this figure,

it can be seen that the mass transfer coefficient of NaCl-water mixture is around 10 times higher than the

dye-water mixture. This may due to the retention time of dye molecules on the surface of the membrane.

The dye molecules take more retention time on the surface of the membrane due to higher molecular

weight as compared to salt. Another possible reason may be the affinity of dye molecules to the fibre

surface which formed vander-waal forces. So, the mass transfer coefficient of dye-water mixture is lower

as compared to NaCl-water mixture.
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Figure 5.25: Effect of Feed Temperature on mass transfer coefficient
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Figure 5.26: Comparison of mass transfer coefficient of Dye-water and NaCl-water mixture

5.7. Membrane Characterization and fouling study

In the continuous run, the initial dye concentration of 30 ppm was fed to feed tank and operated in VMD
setup. The permeate flux was collected over a period of 60 hrs for both PVDF and PTFE membrane The
effect of operating time on permeate flux for PTFE and PVDF membrane is shown in Figure 5.27. It can
be seen that the permeate flux is decreased continuously from 45.51 to 43.45 kg/m2.h and 46.85 to 43.03
kg/m®.h in 60 hrs for PTFE and PVDF membrane respectively. Nearly 4.5% and 8.08% reduction in
permeate flux was observed in PTFE and PVDF membrane respectively at 85 °C of feed temperature,
vacuum degree of 750 mmHg, flow rate of 5 Ipm and initial dye concentration of 30ppm. This reduction
may be due to deposition of dye molecules at the surface of the membrane. It was also found that the
percentage reduction in permeate flux is lower in case of PTFE membrane as compared to PVDF
membrane because the hydrophobicity of the PTFE membrane is higher. After 60 hrs of continuous
operation, the washing of the membranes are carried out using water. After washing, the performance of
the membranes are further checked that the permeate flux is regained to about 44.94 and 45.78 kg/m?.h in
case of PTFE and PVDF membrane at the same operating conditions with removal of dyes upto 99.9%.
Moreover, it can be seen that the permeate flux is not regained as original (in case of fresh membrane)
which may due to entrapment of dye molecules inside the pores of the membrane which results in

permanent blockage of membrane pores.
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Figure 5.27: Effect of operating time on permeate flux

The characterization of membrane surface was carried out before and after use of membrane using

scanning electron microscopy and EDS. The SEM images with EDS of the fresh and used membranes
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(after 60 hrs operation run) is shown in Figure 5.28 and Figure 5.29 for PTFE and PVDF membranes
respectively. By comparing the SEM images of fresh and used membranes, fouling of dye molecules at
the membrane surface can be easily detected. Pore size distribution graph for PTFE and PVDF membrane
Is generated using the SEM images of fresh and used membrane with the help of ImageJ Software. From
the PSD graph shown in Figure 5.30, it can be seen that the average pore size of fresh PTFE and PVDF
membrane is around 0.22 um which is same as provided by the manufacturer (Millipore). It can be also
stated that the average pore size of both PTFE and P\VDF membrane is reduced for used membrane which
is confirmed the blockage of pores of the membrane which results in lower permeate flux. The SEM
images of PTFE and PVDF membrane after washing is shown in Figure 5.31. It can be seen from Figure
5.31 that fouling is effectively removed after the washing of the membrane and due to this the flux is

recovered.

o | mode ) il bwrwa;:]V vac mode i “.‘JDV dwell | det | — I - ,;,;{ nv -‘7““.“ 'rag‘] ode WD
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Figure 5.28: Surface morphology analysis of PTFE membrane (a) fresh, and (b) used membrane
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Figure 5.29: Surface morphology analysis of PVDF membrane (a) fresh, and (b) used membrane after
60hrs using SEM and EDS analysis
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Figure 5.30: Pore size distribution of Fresh and used membranes for PTFE and PVDF membrane
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5.8. Recovery Model

The recovery of water through VMD process was evaluated by solving the model equations provided in
Chapter 3. For recovery analysis, the lab scale VMD setup was operated for 60 hrs and the flux was
obtained to be 0.12 kg/hr which is considered as constant over the period of operating time through the
membrane area of 0.00212 m. Feed solution of 10 litres with initial dye concentration of 30 ppm is fed to
the feed tank and operated at 85 °C of feed temperature, 5 lpm of flow rate and 750 mmHg of vacuum
degree for 60 hrs continuous run. From experiments, it was found that the concentration of the dye in the
feed tank is increased gradually from 30 to 70 ppm over the run time as shown in Figure 5.32 and
theoretical transition dye concentration is also estimated by solving model equations in MATLAB which
was best fitted. Moreover, the volume of the tank decreased from 10 It to 2.8 It in 60 hrs. So, to conduct
further experiment, the feed tank should be refilled with fresh feed solution because the minimum volume
requirement is 2.5 It for continuous operation. The percentage recovery of water on permeate side is
increased with time and become around 70% in 60 hrs. In lab scale setup, the effective surface area of
membrane is 0.00212 m? which is very low that’s why the time of water recovery is very high. If this
membrane area is replaced by 1 m? area then the same recovery can be obtained in less than 15 min. It
can also be seen that the theoretical recovery is in good agreement with experimental data as shown in
Figure 5.33.
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Figure 5.32: Variation of Dye concentration and volume of feed in tank with operating time
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5.8.1. Effect of operating parameters on recovery
The effect of the different operating parameters such as feed temperature, vacuum degree, flow rate and
initial dye concentration is studied in a continuous operation for 60 hrs. From Figure 5.34(a), it can be
seen that the percentage recovery is increased from 43.48% to 69.38% on increasing the feed temperature
from 55 to 85 °C in 60 hrs. The possible reason for this increment is that the permeate flux increased
exponentially with increasing feed temperature due increased in trans-membrane vapor pressure
difference. The percentage recovery is also increased from 63.94% to 69.38% with increasing vacuum
degree from 670 to 750mmHg as shown in Figure 5.34(b) in 60hrs. This may be possible due to reduction
in mass transfer resistances on the permeate side of the membrane which increased the permeate flux and

results in higher recovery.

Figure 5.35(a) shows the variation in percentage recovery with increased in flow rate from 2 Ipm to 10
lpm at constant feed temperature of 85 °C, vacuum degree of 750 mmHg, and initial dye concentration of
30 ppm in 60hrs continuous operation. From this Figure 5.35(a), it can be seen that the effect of flow rate
IS not very significant on recovery because feed flow rate is not directly increasing the driving force for
vapor transfer through the membrane. As a result, little increment in permeate flux was obtained on
increasing flow rate from 2 to 10 Ipm as discussed in section 5.4.3. From Figure 5.35(b), it can be seen
that no remarkable changes observed in percentage recovery till 20 hours, whereas after 20 hours the
variation in percentage recovery is observed on increasing feed dye concentration from 10 to 130 ppm at
constant optimized conditions of other operating variables for 60 hrs. This may be due to the fact that the
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deposition of dye particles on membrane surface might get increased after 20 hours with increasing the
dye concentration because the solubility of dye molecules is small in water so the deposition rate is high
at higher concentration. Therefore, the pores of membrane are blocked which create additional resistances
for vapor molecules to pass through the membrane. Hence, the percentage recovery is decreased with

increasing dye concentration in feed.
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5.9. Sensitivity analysis

Process sensitivity analysis is considered an important parameter for analyzing the performance
of the process and to improve it for all variables. For enhancing the permeate flux through the
VMD process is necessary by analyzing the operating parameters. From the optimization of
process variables using CCD, it was found that the feed temperature and vacuum degree was
considered as significant operating parameters. So, the sensitivity analysis of these operating

parameters with mass flux was evaluated using the equation 3.15 to 3.22.

5.9.1. Sensitivity of permeate flux to feed temperature

The sensitivity of permeate flux to feed temperature is shown in Figure 5.36 by normalized
sensitivity factor. The permeate flux sensitivity factor with feed temperature is determined by
solving the equations 3.17 and 3.18 simultaneously. It can be seen from Figure 5.36 that the
sensitivity factor is decreased significantly with increase in feed temperature. This is due to the
fact that the little variation in feed temperature is result in significant increment in permeate flux.
It can be seen that the sensitivity factor decreased from 148 to 18 with increasing feed
temperature from 25 to 85 °C at optimum conditions of flow rate of 5 Ipm, vacuum degree of
750mmHg, and initial dye concentration of 30 ppm, which indicate that the permeate flux is
higher at higher feed temperature (highly sensitive parameter to permeate flux). So, for the better
performance of VMD, the feed temperature of the system should be high.
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Figure 5.36: Sensitivity of permeate flux to feed temperature

[vacuum degree = 750mmHg; feed flow rate = 5lpm; initial dye concentration = 30ppm]
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5.9.2. Sensitivity of permeate flux to vacuum degree

Figure 5.37 shows the normalized sensitivity factor of permeate flux with vacuum degree at the
optimum condition for feed temperature of 85 °C, flow rate of 5 lpm and initial dye
concentration of 30 ppm. It can be seen that the at lower vacuum the value of sensitivity factor is
-1.3 which reduced to -0.085 on increasing vacuum degree upto 750mmHg. This is because the
permeate flux is increased on increasing vacuum degree which is already described in section
5.4.2. 1t is found that the sensitivity of VMD process is lower at lower vacuum degree;
therefore, it is analysed that system should be operated at higher vacuum degree to obtained
higher permeate flux.
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Figure 5.37: Sensitivity of permeate flux to vacuum degree

[Feed temperature = 85 °C; feed flow rate = 5lpm; initial dye concentration = 30ppm]

5.9.3. Sensitivity of permeate flux to flow rate

The effect of flow rate on sensitivity is shown in Figure 5.38 at feed temperature of 85 °C, flow
rate of 5 Ipm and initial dye concentration of 30ppm.. It is observed that the value of sensitivity
factor is increased with increase in flow rate from 2 Ipm to 5 Ipm and then decreased. The VMD
performance is maximum at 5 Ipm since this sensitivity is very high at this point and this fact

was also observed from the optimization results.
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Figure 5.38: Sensitivity of permeate flux to flow rate

5.9.4. Sensitivity of permeate flux to membrane characteristics

The effect of membrane characteristics & 13 on sensitivity is shown in Figure 5.39. The
sensitivity remains constant at 1 on varying the membrane characteristics from 2000 to 10000
because of the linear change in mass flux, which is also evident from Equation 3.27.
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Figure 5.39: Sensitivity of permeate flux to membrane characteristics
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5.10. ANN modeling for permeate flux

Artificial neural networks (ANN) unit is widely used in many engineering analysis comes and
not simply restricted to chemical industries. Neural networks offer a straightforward thanks to
relating 2 systems of knowledge sets, wherever the primary one is taken into account to be
associate degree input vector and is assumed to possess a relationship with the second set, i.e.,
the output knowledge vector. A man-made neural network contains an assortment of parallel
process units connected with every different by call weights. Even although all artificial neural
networks unit are made from this basic building block, the basics could vary. Method of coming
up with a neural network is an associate degree repetitive process. A general ANN model was
created and simulated victimization MATLAB package. These are used for modeling the VMD
and determinant the impact of various parameters however they affect the VMD performance.

Artificial neural network with 4 input conditions with 1 target value was created with varying
number of neurons from 2-10 using TRAINLM as function of learning. Moreover, the
performace function for algorithm learning and transfer functions were assumed to be
LEARNGDM and TANSIG respectively. The neurons are corresponding to input conditions as
feed temperature (25 — 85 °C), flow rate (2-10 Ipm), vacuum degree (670-750mmHg) and initial
dye concentration (10-130 ppm). The training of the network is done with 31 data, 15 data are
used for the testing of the network and then 15 data are used for the validation of the results. It
was seen that the ANN model is best fitted with the given conditions with R? as 0.988, 0.992,
and 0.998 for training, testing and validation respectively. So, for the prediction of permeate
flux, ANN model can be used. The weights used for the development of this neural network are
given in Table 5.15 for the input layer, output layer, input hidden layer and the output hidden
layer. The comparison of the developed ANN model with experimental flux is carried out along
with CCD model developed so far and the comparison is given in Table 5.16. From this table, it
can be observed that the R? and MAPE values are found to be 0.998 & 0.995 and 2.06 and 7.88
for ANN and CCD modeling respectively. So, the developed ANN model is well fitted with

experimental conditions as compared to CCD model.
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Table 5.15: Weights for Artificial Neural Network

(a) Weights to different input hidden layers

Weight to layer 1 from | Weight to layer 1 from | Weight to layer 1 from | Weight to layer 1 from
inputl input 2 input 3 input 4

-0.79838 0.12472 0.10292 -0.29514

-0.31011 -0.092513 2.0264 -0.71069

0.50778 -1.7882 -0.82776 -0.67493

-0.65313 -0.33023 0.090036 -1.5539

-1.2049 -1.0016 -1.0313 0.22776

-1.121 2.031 -0.80241 0.13475

-0.33971 1.8433 0.9464 -0.97467

-2.1169 0.74724 -0.15086 1.5093
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-1.6667 -1.0228 1.3098 -1.6199
2.0131 -1.5255 -0.01981 0.69974
(b) Weights to output layer
- - - 0.41319 | - 0.3317 | - 0.073521 | - 0.36711
2.9613 | 0.028643 | 0.26135 0.63406 0.33471 0.40411
(c) Bias to hidden input layer
1.2657 | 2.3002 2.2255 | 0.91946 | 0.18893 | -1.7756 | 0.12879 | -1.0601 | -1.5785 | 2.31

(d) Bias to hidden output layer

Training: R=0.98869
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Figure 5.41: Fitting of artificial neural network with experimental data

10 20 30 40

50

Experimental Flux (kg/m2.h)

129

10 20 30 40

50

Experimental Flux (kg/m2.h)




Table 5.16: Comparison of ANN and CCD model with Experimental Flux

S.No. | Experimental Model Flux R°ANN | R°CCD | MAPE | MAPE
Flux ANN CCD ANN CCD
1. 3.15 3.06 3.03 0.998 | 0.995 2.06 7.88
2. 32.55 32.61 32.16
3. 7.15 7.32 7.2
4. 33.15 33.42 33.82
5. 2.96 3.11 3.11
6. 32.86 32.75 32.33
7. 6.9 6.86 7.06
8. 33.13 33.13 33.78
0. 11.52 11.31 10.32
10. 35.15 35.35 34.54
11. 13.25 12.96 13.33
12. 35.76 35.52 35.05
13. 11.15 11.26 10.03
14. 34.95 35.16 34.35
15. 12.99 12.69 12.82
16. 34.96 35.09 34.63
17. 1.13 1.19 1.7
18. 52.23 52.42 52.64
19. 16.15 16.03 17.85
20. 23.01 22.92 22.3
21. 18.12 18.39 18.61
22. 17.9 18.09 18.28
23. 15.46 15.48 14.63
24, 20.95 19.48 22.78
25. 17.85 17.92 17.71
26. 18.57 17.92 17.71
27. 16.46 16.52 17.71
28. 17.02 17.92 17.71
29. 18.51 17.92 17.71
30. 19.05 17.92 17.71
31. 16.58 17.92 17.71
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CHAPTER 6. CONCLUSIONS & FUTURE RECOMMENDATIONS

The following important conclusions can be concluded from this present study.

1.

Central composite design is successfully applied to determine the number of experiments
and for the optimization of process variables such as feed temperature varies from 25 to
85 °C, vacuum degree varies from 670 to 750 mmHg, flow rate varies from 2 to 10 Ipm
and initial dye concentration varies from 10 to 130 ppm.

From the analysis of variance and percentage contribution, it was found that feed
temperature and vacuum degree is highly significant operating parameters and different
significant interaction parameters are also identified for all responses.

The optimum conditions for both membranes (PTFE and PVDF) were found be as
follows: feed temperature of 85 °C, vacuum degree of 750 mmHg, flow rate of 5 Ipm and
initial dye concentration of 30 ppm for the maximization of permeate flux and percentage
removal and minimization of specific energy consumption. The permeate flux, specific

energy consumption and percentage removal is as follows:

SNo. Membrane Permeate flux Specific Energy Percentage
Type (kg/m2.h) Consumption (kWh/kg) Removal
1. PTFE 53.89 2.98 99.698
2. PVDF 54.51 2.23 99.85

CFD model is also developed which comprises heat and mass transfer effects to calculate
interfacial temperatures and permeate flux through the membrane.

The exponential increment in permeate flux was observed from 1.95 to 53.51 kg/m®h
and 2.85 to 54.12 kg/m?.h on increasing feed temperature from 25 to 85 °C for PTFE and
PVDF membrane respectively. This is due to exponential increment in trans-membrane
vapor pressure difference across the membrane.

The Poiseuille flow contribution is found to be increased from 2 to 19% for permeate
flux on increasing feed temperature from 25 to 85 °C. The Knudsen diffusion is dominate
over the Poiseuille flow due to smaller pore size of the membrane.

The linear increment in permeate flux was observed from 46.85 to 54.12 kg/m%h and
51.23 to 54.12 kg/m?.h on increasing vacuum degree from 670 to 750 mmHg for PTFE
and PVDF membrane respectively. This may be due to reduction in mass transfer
resistances caused by the gas molecules filled in the pores of the membranes.

131




10.

11.

12.

13.

14.

The effect of feed temperature and vacuum degree on temperature polarization is also
analyzed. The exponential and linear reduction in temperature polarization coefficient is
observed on increasing feed temperature and vacuum degree respectively.

Feed temperature*flow rate, feed temperature*vacuum degree and flow rate*vacuum
degree are considered as three significant interaction parameters for maximization of
permeate flux and minimization of specific energy consumption.

Heat transfer correlation was obtained as Nu= 1.25Re %%’ pr 03

using Newton’s solver
available in MS Excel. The comparison of the available NaCl-water mixture is carried out
with the present model and it is found that the heat transfer coefficient is higher for NaCl
system because this is directly proportional to pu°°. Due to this the permeate flux is
higher in NaCl-water mixture (reported by (Upadhyaya et al. 2016c)) as compared to
present work.

Similarly mass transfer correlation was also obtained as Sh= 45.58 Re®**Sc ** and the
comparison is carried out with available mass transfer coefficient of NaCl-water mixture.
From this comparison, it is found that the mass transfer coefficient of NaCl-water
mixture is larger as compared to present system. This is due to the adherence properties
of dye molecules with fibre.

The performance of the PTFE and PVDF membrane was checked for the continuous
operation of 60hrs. It was found that the permeate flux is decreased upto 4.5% and 8.08%
in case of PTFE and PVDF membrane respectively. This is due to deposition of dye
molecules at the surface of the membrane which is confirmed by SEM and PSD analysis.
The original flux is almost regained after washing the used membrane with water.

Water recovery was found to be 76 % at 60 hours of operation. The effect of different
operating parameters on recovery is also obtained and it was found that feed temperature
is highly significant factor for the higher recovery.

The sensitivity analysis of permeate flux to feed temperature and vacuum degree is
studied. From this analysis, it was found that the performance of the VMD process is
maximized at 85 °C of feed temperature and 750 mmHg of vacuum degree. It can be
observed that the performance of the VMD process increased with flow rate and
maximized at 5 Ipm which also verified the optimum conditions obtained from the CCD.
The sensitivity of membrane characteristics remain 1 which predict that the permeate

flux will enhanced with properties.
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15. The experimental data was also trained and validated by ANN successfully. Both CCD
model and ANN predicted the data in agreement with experimental data however, the
MAPE values for ANN are slightly better.

Contribution to Knowledge

1. The optimization of operating parameters such as feed temperature, flow rate, vacuum
degree and initial dye concentration was done for various responses in present study.

2. The individual effect and interaction effect of various operating parameters for various
responses for VMD is studied.

3. 3D CFD model was developed which comprises heat and mass transfer effects to
estimate the interphase temperatures and permeate flux through membrane in present
study.

4. Heat and mass transfer correlations were developed and the comparison was carried out

with the existing correlations for treatment of dye-water mixtures.
Future Recommendations

1. More research is needed to develop new membranes with improved hydrophobicity and
liquid entry pressure for higher permeate flux.

2. Fabrication of composite membrane for VMD needs more attention.

3. More focused should be done on heat recovery from the vapors during the integration of
process to minimize energy consumption.

4. The optimization of the membrane properties such as porosity, tortuosity, liquid entry
pressure, hydrophobicity, thermal conductivity and pore size is needed.

5. Economic analysis of the process should be carried out and compared with other processes.

6. Integration of VMD plants with non-conventional energy resources like solar energy,
geothermal energy etc. for large scale production is needed to minimize energy

consumption.
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APPENDIX-I

1. Normalized Sensitivity analysis of permeate flux to feed temperature

S(N_I_)_alnN_T_f N
T aInT, N 4T,

We also know that
h

N =Z(Tf -T,)

N =k,~m(P, -P,)

From equation (2), we get

aN _h_hdT,
dT, 1 AdT

dT
Now to calculate d?f equating equation (2) and (3).
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h p
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From clasusius claperyon equation
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From equation (5) and (6)

dT, _gkmm(mpf J”
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Where, R, =
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So,

ON _hp, 1 \_h[_R
dT, A R+1) A\R+1

T
S el

Now from equation (2)
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So, normalized sensitivity factor of permeate flux to the feed temperature is
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2. Normalized Sensitivity analysis of permeate flux to vacuum degree

P
sNpy= 2NN _ S pON (1)
onP, N |{oP,
We also know that
h
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From equation (3), we get
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So, normalized sensitivity factor of permeate flux to the feed temperature is
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APPENDIX-11

1. CFD Temperature Contour at different feed temperature

Q) Feed Temperature = 25 °C, vacuum degree = 750mmHg, flow rate = 5 Ipm, initial
dye concentration = 30 ppm

Surface: Temperature (K) Wolume: Temperature (K)

1| A29811

100

50—

|| 297

W 296,92

(i) Feed Temperature = 40 °C, vacuum degree = 750mmHg, flow rate = 5 lpm, initial
dye concentration = 30 ppm

Surface: Temperature (K} Volume: Temperature (K}

[ ' | | A 31317

L I

312.5

10

1312

20

311.5

¥ 310,56
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(iii)  Feed Temperature = 55 °C, vacuum degree = 750mmHg, flow rate = 5 lpm, initial
dye concentration = 30 ppm

Surface: Temperature (K] Volume: Temperature (K}

A 328.27

326.5

326
0
o | 3255
Tt
v 325.21

(iv)  Feed Temperature = 70 °C, vacuum degree = 750mmHg, flow rate = 5 Ipm, initial

dye concentration = 30 ppm

Surface: Temperature (K) Volume: Temperature (K)

¥ 340.08
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