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Water Impact:

The thermal as well as the non-thermal effects of microwave induced (MI) irradiation was
utilized as a means to heat and reduce the fouling of the highly concentrated salt solutions via
membrane distillation (MD). The MIMD process exhibited enhanced desalination performances in

terms of pure water generation and less fouling compared to the conventional system.
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Abstract

Membrane distillation (MD) is an emerging technology that has much potential in
desalination and the treatment of saline waste. Although MD has shown its ability to treat
high saline waters, membrane fouling is still one of the major issues that limits the long-term
stability performances of MD. In this paper, we report the reduction in scaling during
microwave induced membrane distillation (MIMD), where the feed water is heated by
microwave irradiation instead of conventional thermal heaters. MD was carried out using a
carbon nanotube immobilized membrane using highly concentrated aqueous calcium
carbonate, calcium sulfate and barium sulfate solutions, and it was observed that the decline
in flux over time was significantly less in MIMD. As compared to conventional heating, the
salt deposition on the membrane was 50-79 % less during microwave heating. Scanning
Electron microscopy analysis also showed that morphologies of the deposited salts from
MIMD were different from those from conventional MD. The decrease in scale formation
was also confirmed by dynamic light scattering studies which showed that microwave heating
formed smaller particles than via conventional heating. The study clearly demonstrated that
MIMD not only generated higher flux, but also had significantly less fouling with the

inorganic scalants studied here.
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1. Introduction

With water scarcity looming all over the horizon, the generation of potable water from
sea/brackish water as well as the saline waste management are becoming important
desalination technologies. Desalting is also important for zero to minimal liquid discharge
(ZLD) systems that eliminate liquid waste from production facilities by recovering all salts
and reusing the purified water !-3. Typical ZLD units use thermal distillation techniques
because Reverse osmosis (RO) has limited applicability at high salinity encountered in ZLD
45

Compared to conventional thermal distillation, the relatively low temperature
operation (50-90°C) and the lower CAPEX (capital expenditure) make membrane distillation
(MD) an attractive alternative ®°. In MD, the driving force is a temperature induced vapor
pressure gradient generated by having a hot feed and a cold permeate '°. The low operating
temperature in MD makes desalination possible using low grade heat sources such as low
pressure steam and solar energy '!!7. Compared to reverse osmosis (RO) a major advantage
of MD is that while the former uses dense hydrophilic membranes, MD uses microporous
hydrophobic membranes that are less prone to fouling, and MD can be used to treat water
with higher salinity '8-21.

To make MD commercially viable, it is important to address some of its limitations
such as low water vapor flux, fouling at high salt concentrations and high energy
consumption !3-2228_ Since MD can be used for treating high salt concentration waters, some
major commercial opportunities for MD are the treatment of RO reject, power plant blow
downs and produced water from oil and gas production %232, One of the anticipated
problems with increased salt concentrations is scaling where flux decreases due to the
deposition of suspended or dissolved substances on the membrane '® !°. Membrane processes

are susceptible to scaling at higher salt concentrations when the ionic product of sparingly
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soluble salts in the concentrated feed exceeds its equilibrium solubility product 33. Some
common scalants are calcium salts such as calcium carbonate (CaCOs), Calcium sulfate
(CaS0,) and barium sulfate (BaSO,) '8-20. Numbers of studies have reported different
approaches to scaling control #-3¢, The use of ultrasound has been studied as an effective
technique to enhance the membrane performance and membrane cleaning 34, the introduction
of nano-bubbles in ceramic membrane has shown improved fouling resistance 3> and micro-
bubble aeration has been investigated in vacuum MD resulting in the improved desalination
performance 3. All of these process modifications require additional energy that may
increase the operational cost as well as carbon foot print. The use of antiscalants is another
conventional way to mitigate the fouling 37, however, the presence of antiscalants may hinder
the precipitation of salts present in the concentrate 38, which require additional separation
steps 3. The other methods also have some disadvantages, such as, the ultrasound may
damage the membrane during long term operation and the control of feed solution pH needs
additional chemicals, which may affect the membrane stability and need further separation
steps. On the other hand, the MIMD does not affect the membrane and is a clean process that
does not require additional chemicals.

Microwave heating has generated some interest in the membrane community recently.
The microwave induced photo-catalysis has been couple to membrane processes**-#? and
microwave induced vacuum membrane distillation has been reported*. Recently, we have
reported microwave induced membrane distillation (MIMD) for desalination where the feed
water is heated by microwave instead of conventional thermal heaters 44. The mechanism of
microwave heating is quite different from conventional heating 4* 43, In general, saline water
generates dipoles when placed in a microwave field which then develops orientation
polarization, and the lag between the dipole orientation and the electric field leads to heating

of the water 46-4°, In addition, non-thermal effects such as local super heating and generation
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of nanobubbles are associated with microwave heating 43 30-32, Together these lead to lower
temperature polarization, higher vapor pressure gradient and flux 3. The microwave process
is also known to reduce the activation energy of physical and chemical processes, break down
hydrogen bonded structures and reduce the average particle size salts in an aqueous
environments 43 33-36_ The energy consumption in MIMD has also been reported to be
significantly lower than that by regular heating 444 57.58_ Our previous study has
demonstrated enhanced flux compared to regular MD with highly concentrated aqueous
sodium chloride (NaCl) solution and showed higher ionic mobility that indicated the
possibility of reduced fouling via microwave heating 4. Based on the results so far, MIMD
seems to be a promising technique, where the microwave radiation appeared to break down
salt water clusters. Therefore, it was deduced that MIMD may exhibit altered fouling
behavior, and it is important to study the scaling in MIMD resulting from common inorganic
foulants. This is a goal of the present study.

Particle size of the dissolved solute is one of the key factors that influences membrane
fouling. In general, it has been observed that the particles with smaller size tend to lower the
fouling tendency #4. Since important parameters such as hydrogen bonding and surface
tension are affected by microwave radiations, the latter also affects the colloidal behavior of
salts 44.59-61 Both crystal growth and decomposition which refers to the breakdown of salt
crystals are effected by microwave radiations 2. Since the mechanism of salt crystals
formation in microwave is known to be quite different 93 64, therefore, it is expected that the
fouling behavior in MIMD will vary from conventional heating. The objective of this
research is to explore the effect of microwave heating on fouling in a MD process, especially

in the presence of common foulants such as calcium and barium salts.
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2. Experimental
2.1. Chemicals, materials and membrane module

CaSOy4 (99% pure, anhydrous), CaCOj; (98+%, pure heavy powder), and BaSO,4 (99%,
precipitated) were obtained from Fisher Scientific (Hanover Park, IL) and deionized water

(Barnstead 5023, Dubuque, lowa) were used in all experiments.

The carboxylated carbon nanotubes (CNT-COOH) were incorporated on the
polypropylene (PP) membrane (A carbon nanotube immobilized membrane (CNIM) was
used in this study. The base membrane was a polypropylene (PP) membrane (0.45 pum pore
size, STERLITECH company, WA, US) to fabricate the carbon nanotube immobilized
membrane (CNIM). The details for CNT-COOH synthesis and CNIM fabrication have been

reported before 27- 63,

2.2 Experimental setup

The MIMD setup for this experiment is shown in Figure 1 and it has been described
in our previous work #. A polytetrafluoroethylene (PTFE) module with an effective
membrane area of 11.94 cm? has been used for DCMD experiments. The experimental setup
includes the membrane module, pumps (Cole Parmer, Vernon Hills, IL) for feed and
permeate flow, temperature controlled water bath (GP-200), a circulating chiller (MGW
Lauda RM6) and a microwave (Oster, OGZF1301). A temperature controlled water bath was
used to heat the feed water for conventional MD and an 1100-watt domestic microwave for
MIMD. The experiments were carried out at different feed flow rates and temperatures with
constant permeate flow rate of 200 mL/min at 15°C. K-type temperature probes (Cole
Parmer) were used to monitor the temperatures of the system. The permeate water quality
was monitored using a conductivity meter (Jenway, 4310). Under similar conditions, each of
the experiment was conducted for three times. The relative standard deviation was found less

than 1%.
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Figure 1. Schematic of microwave induced membrane distillation system.

2.3. Membrane performances

The performance of MIMD, especially its fouling characteristics with CNIM was
investigated using CaSQO,, CaCOs, and BaSO, solutions at the concentrations of 2950, 3500
and 2500 ppm respectively. Comparisons were made with conventional MD. The water vapor
permeate flux was used to determine the performance of MIMD and MD with varying feed

temperatures and flow rates. The water vapor flux, Jy, is expressed as:

Jao = (1)

where, Wp is the total mass of permeate, t is the operation time and A is the effective
membrane surface area. To compare fouling in conventional MD and MIMD, the flux was

measured over a period of time and the normalized flux decline, FD,, was measured as:

FD,, (%) = (1 _ ]]—f)x 100 2)
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Where, Jrand J; are the final permeate flux and initial flux, respectively.

The deposition of salt crystals was characterized by scanning electron microscopy
(SEM) (JEOL; model JSM-7900F, JEOL USA inc., USA) and quantified using gravimetric
measurements (Perkin Elmer, TGA 8000). Dynamic light scattering (Zetasizer Nano-ZS90,
Malvern Instrument Ltd, UK) was used to determine the sizes of salt particles in simulated
conventional and microwave heating. The water and salt-water interactions with microwave
heating were characterized using Fourier transform infrared spectroscopy (FTIR) (IRAffinity-

1, Shimadzu).

3. Results and Discussion
3.1. Effect of temperature and feed flowrate on water vapor flux

Figure 2a shows the effect of temperature on water vapor flux in MD and MIMD.
Highly concentrated CaSO, solution was used as the feed. The permeate fluxes of both MD
and MIMD with CNIM increased with increase in temperatures as the water vapor pressure
increased with temperature. It was observed that MIMD provided higher permeate flux at all
temperatures when compared with the conventional MD. The highest enhancement was
found at the feed temperature of 50°C with permeate flux of 38.6 kg/m?.h, which was 90 %

higher than conventional MD. This is in line with our previous work 44,

The effect of varying feed flow rate at 70°C is shown in Figure 2b. The permeate
flow rate was kept constant at 200 ml/min. Increase in feed flow rates increased the water
vapor fluxes of both MIMD and MD. The increased feed flow rate not only increases the
amount of water vapor into the MD module, but created a turbulence and decreased the
boundary layer effect at the bulk feed solution-membrane interface. As a result, the
temperature polarization decreased and the permeate flux was enhanced. In general, these

results are in line with our previous study with NaCl 44, The enhancements in MIMD were
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attributed to the microwave effects such as localized super heating, nanobubbles formation,
breakdown of hydrogen-bonded H,O and salt-water cluster destruction. However, it is noted
that the enhancements reported here for CaSO, were higher than those reported for NaCl 44,
The scaling tendency of CaSO, is much higher compared to the NaCl solution. The reduction
in particle size and other non-thermal effect of microwave heating significantly lessen the

membrane fouling via salt deposition and hence enhanced the desalination performances.
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Figure 2. Effect of increasing a) feed temperature and b) flow rate on water vapor flux for
CaSQO; solution during MD and MIMD.
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3.2 Membrane fouling in MD and MIMD

As already mentioned, the membrane fouling in MIMD was studied using highly
concentrated salt solutions such CaSO,4, CaCO3, and BaSO,, and compared to the
conventional MD. These concentrations were clearly higher than what is normally
encountered and were used only to test the level of fouling. Fouling was investigated by the
reduction of flux over the period of operation time. All experiments were carried out at a feed
temperature of 70°C and feed flow rate of 200 ml/min. Figure 3a, 3b, and 3¢ show the water
vapor flux as a function of time for CaSO,4, CaCO3, and BaSO,, respectively. The reduction
in water vapor flux with time showed that fouling was quite serious with the salt solutions
tested for both MIMD and MD.

Figure 3a shows that the water vapor flux was 46.1 kg/m?.h at the first hour for
conventional MD with CaSQ, solution, while it was 54.3 kg/m?.h for MIMD. The flux for
MD dropped to 12.6 kg/m?2.h after 12 h of continuous operation. The flux reduction pattern
was somewhat different for MIMD, where the flux reduced rapidly within the first four hours
and then gradually decreased to 23.5 kg/m?2.h after 12 h, which was 86.5 % higher than that of
MD. The initial and final permeate fluxes were used to calculate the normalized flux decline.
The results show that the normalized flux decline of MD and MIMD with CaSO, were 72.7%
and 56.7%, respectively.

Figure 3b illustrates the water vapor flux of MIMD and MD with CaCOs. The flux
for MD was 50.1 kg/m?2.h, while it was 55.3 kg/m2.h for MIMD at the first hour. The flux
decline was much slower for CaCOj; than CaSO,. The flux of MD modestly dipped and ended
up at 32.4 kg/m?.h after 20 hrs. For MIMD, the water vapor flux had the same trend as CaSO,

with the significant reduction in the first five hours, followed by the gradual decrement and
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the flux was 40.2 kg/m?.h after the operation of 20 h, which was 24.1% higher than that of
MD. The normalized flux decline of MD was 35.6%, while the value of MIMD was 27.3%.
Figure 3¢ shows the fluxes of MD and MIMD for BaSO, with 16 h of continuous
operation. The initial flux was 50.1 kg/m?.h for MD and gradually decreased to 33.5 kg/m?.h
after 16-h operation. At the same time the flux of MIMD was 54.4 kg/m?.h at the first hour
and gradually reduced to 38.5 kg/m?.h after 16 h, which is 14.9% higher than that of MD. The
normalized flux decline of MD and MIMD with BaSO, were 33.4% and 29.2%, respectively.
The normalized flux decline of the three salts calculated at the operation time of 12 h showed
that CaSO,4 was the strongest foulant and this was in agreement with results published
previously 44. The results also shown that BaSO,4 was the stronger foulant compared to
CaCO;. It was also evident that the microwave heating provided not only higher water vapor
flux than MD, but also the fouling was less compared to conventional heating. The fouling
intensities of CaS0O4, CaCO3 and BaSO4 salts were observed to be different that may be due

to the difference in solubility, deposition and crystal formation rate.
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Figure 3. Water vapor flux in PP-CNIM membranes for a) CaSO, at a concentration of
2.95¢g/1, b) CaCO3 at a concentration of 3.5g/1 , and ¢) BaSO, at a concentration of 2.5¢g/1.
All analysis was done at a temperature of 70 °C and feed flow rate of 200 mL/min.
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3.3. Deposition of salts on MD and MIMD membranes

The difference in the deposition of salt on CNIM by conventional MD and MIMD
was quantified by weighing the amount of salt on the membrane before and after the
experiment. The weight measurements were made after drying the membrane in an oven
overnight at 70°C. Special measures were taken to avoid any loss of deposited salt from the
membrane surface during the removal of the membrane from the module and drying process.
Table 1 shows that the total amount salt deposited on the membrane surface after 7 h of
continuous operation at 70°C under during MD and MIMD. The amount of salt deposited was

significantly less, 50 to 79% for MIMD.

Tablel. Deposition of salts on the membrane surface after 7 hrs of operation at 70°C

Salt Amount of salt deposited on the membrane surface (mg) | % weight
Conventional heating Microwave heating decrease
CaSOq4 20.8 9.4 54.8
CaCO; 7.1 1.5 78.9
BaSO, 3.6 1.8 50.0

Membrane fouling was further investigated by characterizing the deposition of the
respective salt crystals on the CNIM. Figure 4a and 4b show SEM images of the original
polypropylene membrane and the CNIM used in these experiments. The SEM images in
Figure 4c to 4h were obtained from the membranes that were used to generate data described
in Figure 3. Figure 4¢ and 4d show the deposition of calcium sulfate crystal scales on CNIM
after the experiments with conventional heating and microwave heating respectively. It is
evident that the formation of calcium sulfate crystal on the membranes was significantly
different in MD and MIMD. With conventional heating, calcium sulfate salt seemed to form
homogeneous crystals that adhere to the membrane surface (Figure 4c), while such crystal

formation was not observed in MIMD. Here the calcium sulfate crystals were small and non-
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uniform, and the particles appeared to be sparsely dispersed certain areas on the membrane
(Figure 4d). As a result, there was more active membrane surface available during MIMD
that resulted in higher water vapor flux. Similar pattern of crystal formation was also
observed in case of CaCO;.With conventional MD, the rod like crystal of calcium carbonate
densely packed the membrane surface (Figure 4e), whereas in MIMD, the crystals were
smaller in size and flaky in nature with interstitial pores in-between them (Figure 4f).

The deposition of barium sulfate on the membrane was also studied as illustrated in
Figure 4g and 4h. The crystals of barium sulfate salt with conventional heating appeared to
be quite uniform and agglomerated (Figure 4g). While, with microwave heating, the particles
were smaller and loosely deposited on the membrane surface (Figure 4h), so these resulted in

higher flux enhancement for MIMD, compared to MD.



Environmental Science: Water Research & Technology

T
Mag s 1088 KX i
TECT W e T AT T AT S

Figure 4. a) original PP membrane, b) CNIM, c) CaSO, scale with conventional heating, d)
CaSO04 scale with MIMD, e) CaCOs; scale with conventional heating, f) CaCO3 scale in
MIMD, g) BaSO, scale with conventional heating, and h) BaSO4 scale with MIMD
conventional heating, and h) BaSO4 scale with MIMD (The membranes in Figure 4c to 4h
were obtained after completing the experiment described in Figure 3).
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4. Proposed mechanism

Applying microwave heating of the brine during MD can affect the solution in
different ways. The microwave heating breaks down the hydrogen bonded structure in the
aqueous phase and disintegrate the salt particles present in the solution 44, FTIR “*and Raman
¢l measurements have shown that the O-H band changes significantly in microwave treated
water.

From nucleation theory 3, nucleation rate per volume is described by :

where D is the diffusivity of nuclei, Ry is the space between the nuclei, AG* is the activation
energy, K is the Boltzmann constant, and T is the temperature. D, Ry, as well as the activation
energy can dramatically change the nucleus radius of salt under microwave radiations.
Studies have also shown that the crystallization parameters including the nucleation
coefficient, nucleation rate constant and the growth rate constant change significantly in
microwave field 6667,

Another important consideration is the change in surface tension which is a measure of
surface energy under microwave radiations. The reduction of surface tension is related to the
nucleus radius salt granule by the equation below.

R* =
AGy

Where R* is the critical nucleus radius, v is the surface energy per area of nucleus or equal to
o (surface tension). Therefore, microwave radiation is expected to reduce surface tension, the
nuclei radius and finally the size of the salt crystal. In addition, the nano-bubbles generated
under microwave irradiation can also alter colloidal behavior of crystallizing salts, a

phenomenon that has not been studied so far.
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The influence of microwave heating on salt solutions was investigated by using FTIR
spectroscopy and studying the alterations of the particle size via dynamic light scattering. The
FTIR spectra of CaSO,4, CaCO3 and BaSO, solution at room temperature (RT), conventional
heating and microwave heating are presented in Figure 5a, 5b and Sc, respectively. As can
be seen from the figures that the IR absorption of water molecules differed under
conventional and microwave heating due to the variation in water-water and salt-water
interactions 44, The peak at 2127 cm™! resulted from the combination of bending and
liberations. The bending frequency at 1644 cm-! was attributed to the hydrogen bonding,
which was much weaker for microwave treated water for CaSQO, solution. The peak at ~3490
cm! arose due to the stretching of water molecules. The nature of the spectrum was observed
to be different under changing heating conditions as the arrangement of hydrogen bonded
water clusters changed differently, which led to the variation of the peaks. The nature of
FTIR spectra for BaSO, solution at 1644 cm™! and ~3490 cm™! were found to be slightly
different than other Ca*? salt solutions due to the difference in the ionic interactions of the

corresponding salt solutions.
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Figure 5. FTIR spectra of a) CaSO,4-water solution (2.95g/1); b) CaCOs-water solution
(3.5g/1); ¢) BaSOy4-water solution (2.5g/1) under room temperature (RT) microwave (MIMD)
and conventional heating (MD).
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Dynamic Light Scattering (DLS) was used to measure changes of the particle size
of salt molecules after microwave irradiation compare to conventional heating. Figure 6a
shows the influence of microwave irradiation on particle size distribution of CaSQO,. The
average CaSQy particle size was 1173 nm at room temperature and dropped to 994 nm. at
70°C of regular heating, while it was 354 nm. when heated by the microwave heating at the
same temperature. This showed that the microwave heating significantly lowered the average
particle size of the CaSO, clusters. Figure 6b shows the influence of microwave heating on
the particle size of CaCO; which was 1175 nm. at room temperature, and it dropped to 371
nm. at 70°C of regular heating and to 226 nm. during microwave heating. Similar influences
were seen for BaSO, as shown in Figure 6c, where the particle size dropped from 827 nm.
during regular heating to 362 nm. during microwave heating. In general, the particle size of
all the salts above was significantly reduced by regular heating and microwave heating
compared to what was observed at room temperature. This is in line with the previous report
on crystallization in microwave activated water where microwave radiation led to a reduction

in crystal lattice volume and crystal size compared to samples without microwave treatment

44
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It is noted that the size reductions for CaSO,4, CaCOs3, and BaSO,4 were different. It
appears that BaSO,4 was followed by CaCOs, and CaSO,4. Among the other factors, the
dissimilarities could be attributed to the difference in their dielectric constants. BaSO,4 had the
highest dielectric constant, so it could absorb more energy and show more microwave effects
while CaCOs; had a higher electric constant than CaSO,4, which made the rate of size

reduction of CaCOj; higher than of CaSO,.

5. Conclusions

In our previous study, we had demonstrated the performance enhancement of MIMD
as compared to conventional MD. In this study, microwave irradiation was used as a means
to heat the highly concentrated CaCO;, CaSO,4 and BaSO, solutions in the DCMD mode.
Besides the enhancement of water vapor flux, the MIMD exhibited significantly less fouling
and the normalized flux decline was lower than conventional MD. The salt deposition on the
membrane surface was observed to be between 50-79% less during MIMD and the
morphology of the deposits from MIMD was quite different from those of conventional MD.
It appears that non-thermal effect, such as, localized super heating, the breakdown of
hydrogen bonding, alternation of surface tension, the increase in ionic mobility altered
colloidal behavior and particle formation in MIMD. Apart from the less energy requirement
and higher flux in MIMD, the lower flux decline at very high salt concentrations could lead

to dramatic improvements to the MD technology in the future.
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