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Abstract

A challenge facing the synthesis of bioderived platform chemicals such as polyols and
polyacids via fermentation processes is their separation from dilute aqueous streams. This study
presents microwave-induced membrane distillation (MIMD) as a method for concentrating viscous
1,2,4-butanetriol (BT) at concentrations that can be sourced from fermentation broth. MIMD and
sweep gas membrane distillation (SGMD) processes were employed to concentrate BT feed
solutions utilizing nanocarbon-based membranes, namely carbon nanotube immobilized
membrane (CNIM) or graphene oxide immobilized membrane (GOIM). Microwave heating
(MWH) was utilized to elevate the temperature of the feed system and was found to be superior to
conventional heating (CH) in terms of flux, mass transfer coefficients and thermal efficiency. Our
findings reveal that GOIM membranes exhibited an 11.5% higher dehydration rate compared to
CNIM membranes. Initial water flux reached 14.1 kg/m?h, albeit this value decreased thereafter as
the concentration of BT increased, thus limiting mass transfer coefficients due to increased
viscosity, which reached to 11.41 mPa.s at 90 wt.% and 80 °C. Overall, MWH substantially
alleviated this issue, leading to a flux as high as 15.7 kg/m?h and a 35% improvement in mass
transfer coefficients over CH. The overall thermal efficiency of BT concentration reached 74.5%
for GOIM-based MIMD with a specific energy consumption (SEC) of 263 kWh/m?, which showed

a 6.5% reduction compared to CH.

Keywords:1,2,4-butanetriol, Microwave-induced membrane distillation, Dehydration

1. Introduction
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Platform chemicals, also known as building block or bulk chemicals, are intermediate
compounds that serve as key precursors to produce a variety of end-use materials such as plastics,
fibers, pharmaceuticals, and other specialty chemicals '-3. Currently the US Department of Energy
is emphasizing the synthesis of platform chemicals such as polyacids and polyols from renewable
resources via processes such as fermentation. 1,2,4-Butanetriol (BT) is such a polyols intermediate
serving as a foundational component for a wide array of applications such as controlled drug
release, a plasticizer for polymers like polyurethane 4, a precursor for propellent and antiviral
pharmaceutical compounds. Commercial production of BT involves the hydrogenation of D,L-
malic acid esters %7 . However, this method generates a significant waste stream and is expensive

due to the use of NaBH, as a stoichiometric reducing agent.

There is a growing interest in exploring alternative biosynthetic approaches for BT
production 812, These include a four-step enzymatic reaction using xylose as a substrate 13-4, and
a two-step fermentation strategy utilizing Pseudomonas fragi and recombinant Escherichia coli '*
15 In addition, there are ongoing efforts to streamline BT production into a single-step process by
introducing enzymes into a recombinant E. coli strain. However, bio-based fermentation products
are typically obtained as components of complex aqueous solutions. Isolation of BT can be
complicated by low BT concentration (2 - 4%), and a complex array of contaminants including
bacteria, proteins, polysaccharides, monosaccharides, polyols, organic acids, and inorganic salts
316 Moreover, BT's polyhydroxy structure results in strong hydrophilicity and a high boiling point
rendering the separation and purification of bio-based BT challenging !7-!°. Consequently, the
substantial separation costs account for over 70% of total production expenses, significantly hinder
large-scale bio-based BT production. Various traditional separation methods such as distillation,

adsorption, aqueous two-phase extraction, and reactive extraction have been explored for
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polyalcohol recovery % 13, These processes have been limited in terms of yield, selectivity, and

cost.

Membrane-based purification methods such as membrane distillation (MD) could be a
potential approach to enrich BT from the fermentation broth 202!, MD is a thermal separation
technique used to purify and concentrate liquids, especially aqueous solutions, by exploiting vapor
pressure differences across a hydrophobic membrane 2>23. A hot feed is brought into contact with
one side of a porous hydrophobic membrane, while a cooler or a lower-pressure environment is
maintained on the other side *22°. As the solution heats up, water molecules evaporate and go
through the membrane, leaving behind concentrated solute. The goal of such an MD process is to
enhance the water removal, where the highly soluble BT may pose some challenges, and highly
selective membranes are needed to provide rapid water removal 3037, The development of high
flux carbon nanotube (CNT) and graphene oxide (GO) immobilized membranes represent a major
advantage in such dewatering applications 33-41,

Recently we have reported the development of microwave-induced membrane distillation
(MIMD), which is an innovative approach that combines microwave heating (MWH) with the MD
process. Microwaves can rapidly heat the feed solution 3*4? and specifically target polar molecules
that are microwave active. In MD, this selective heating can promote the vaporization of the
volatile component, facilitating its transfer through the membrane. Microwaves also lead to
rotation and vibration of molecules which lead to breakdown of hydrogen-bonded structures
encountered in aqueous environments, leading to higher flux and selectivity.

In this study, the goal is to use sweep gas membrane distillation (SGMD) to dehydrate BT
from low concentration aqueous streams using high flux CNT and GO based membranes. Yet

another objective is to test MIMD as an approach that may lead to energy saving and increased
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flux over conventional heating (CH) because it is expected that hydrogen bonded BT-water

clusters will be disrupted during MWH.

2. Materials and methods
2.1. Chemicals and materials

A flat-sheet polytetrafluoroethylene (PTFE) membrane with a polypropylene (PP)
supporting layer (0.22 um pore size, 119 pum thickness, and 74% porosity) was obtained from
Adventec Toyo Kaisha, Ltd., (Tokyo, Japan). 1,2,4-Butanetriol (Fisher Scientific), and acetone
(Millipore Sigma) were used as received. In all experiments, deionized (DI) water was used. Multi-
walled carbon nanotubes (MWCNTs) and graphene oxide (GO) were purchased from Cheap Tubes
Inc., Brattleboro, VT. The MWCNTs had an average utter diameter of ~30 nm and a length of

15 pm.

2.2. Membrane fabrication

The fabrication of carbon nanotube and graphene oxide membranes was carried out using a
two-step process. In the first step, CNT and GO nanomaterials were efficiently dispersed in
acetone using ultrasonication, following the methodology reported elsewhere 444, A sonication
bath (TRU-SWEEP TM Ultrasonic cleaner, CREST ULTRASONICS) was used to disperse the
nanoparticles. Sonication time was set at 3 h. For each membrane, 0.75 mg of the nanomaterials
were dispersed in 10 mL of acetone. In a separate vial, 0.1 mg of PVDF was mixed with 2 mL of
acetone and sonicated to obtain a homogeneous solution, which was then added to the dispersed

nanomaterials as a binder during the immobilization process. PTFE membranes were drop-coated
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with the dispersed nanomaterial solutions and left to dry overnight under a hood at room
temperature. Vacuum was applied to uniformly coat the PTFE membrane surface. The CNT

immobilized membrane is labeled as CNIM and GO immobilized membrane is labeled as GOIM.

2.3. Characterization

Surface morphology for the CNIM and GOIM membranes was studied using a scanning
electron microscopy (SEM, JEOL JSM 7900 Oxford Instruments). Contact angle (CA) for DI
water and BT mixtures was measured by putting 5 puL. droplet on the surface and calculating the
angle by Image J software. The mean value of three replicates was reported. Membrane thickness
was measured using a micrometer (Mitutoyo 293-340-30 Digital Micrometer). Average value of
at least 3 readings was reported. Wetting resistance of the modified membranes was evaluated
using a home-made liquid entry pressure (LEP) device similar to what has been reported before 3.
Pressure was increased step by step to see where the first liquid flow comes out of the membranes.
The device is made of a nitrogen gas tank, dispensing pressure vessel (1 gallon in volume,
Millipore Sigma) connected to a pressure gauge, a PP filter holder (47 mm effective area up to 5
bars, Cobetter Filtration) and a container to collect the liquid that passes through the membrane.
Porosity of the fabricated membranes was measured using a gravimetric method as follows.
Membranes were cut in a specific shape and weighed and then immersed in wetting liquid for at

least 24 h. Then the wet weight of the membranes was measured using a digital analytical balance.

2.4. MIMD

The experiments were conducted in a bench-scale MD system and the setup for MIMD is

shown in Figure 1. This setup was similar to an experimental system reported previously 34, The
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membrane module was made of PTFE round sheets. The hot feed entered the feed side of the
module while the cool gas swept through the permeate side to remove the vapors. Insulated tubing
was utilized to minimize heat loss during the experiments. The effective membrane surface area
used in the experiments was 11.80 cm?. To circulate the hot feed, a peristaltic pump (Cole Parmer,
model 77200-52) was used, and its temperature was regulated by a water bath. The feed and
permeate temperatures were monitored using K-type temperature sensors. Dry laboratory air was
used as the sweeping gas during the experiments. The sweeping gas flow rate was set to be 2
mL/min throughout the tests. The change in feed weight was measured using a digital scale (with
two decimal point accuracy). An enclosed feed chamber was used to ensure that there was no feed
loss during the experiment. The concentration of BT was measured using a refractive index meter
(Cole-Parmer Digital Refractometer, 0 - 85% Brix, 1.3330 - 1.5100 RI). The experiments were

repeated three times, and the relative standard deviation was below 5%.

MIMD Experimental Setup

Thermocouple Sweep gas out

Condenser

L@— Sweep gas n

Flow Meter

Permeate Water

Microwave

G

Pump
Permeate Side

Feed Side

Figure 1: Experimental setup for the dehydration of BT using microwave heated SGMD.
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2.5. Viscosity Measurements

At high concentrations, the BT mixtures became viscous and dense. All viscosity and
density measurements were obtained with an Anton Parr SVM 3001 Cold Flow Properties
Viscometer. Temperature was regulated using an internal Peltier heating and cooling system
alongside a Julabo FP50-HL heating and cooling circulator. All samples were prepared by mixing
BT with water by mass. Concentrations of 70 - 90 wt.% BT were measured normally on the
viscometer at 80 °C. 10 - 60 wt.% BT mixtures could not be measured normally at 80 °C,
potentially due to bubble formation. Instead, the 10 - 60 wt.% samples were ramped from 20 °C
up to a final temperature as close to 80 °C as possible with data points taken every 5 °C. The
density values were then extrapolated via linear regression to provide densities at 80 °C. Kinematic
viscosity data were modeled using Microsoft Excel’s exponential regression and viscosity values

at 80 °C were obtained by extrapolation for the 10 - 60 wt.% BT mixtures.

3. Results and Discussion

3.1. Membrane characterization

The SEM images for GOIM and CNIM are shown in Figure 2. The nanocarbons are well
dispersed with intact pore structures. Table 1 summarizes membrane properties for CNIM and
GOIM. The incorporation of GO and CNT altered the CA compared to the control membrane.
Membranes showed high hydrophobicity toward DI water and these angles decreased as the BT
concentration increased. Surface tension for water (~72 mN/m) is higher than that of BT (~50
mN/m) and this caused the BT mixtures to wet the membrane surface easier than the DI water as
the concentration of BT increased in the mixture. The loading of nanocarbon was kept the same

for both the membranes. Using DI water, LEP was found to be 62 and 65 psi for the GOIM and
8
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CNIM membranes, respectively. Having higher LEP translated into more wetting resistance and
more secure operation in longer operating time. It means that the larger pores on the membrane

surface will not get wet easier in contact with the feed.

Table 1. Physical properties for CNIM and GOIM Membranes.

CA(°)
Nanocarbon Porosity LEP Thickness
Membrane | loading 25 wt% | 50 wt% | 100 wt%
DI water (%) (psi) (um)
2
(mg/em?) BT BT BT
GOIM 0.06 117+2 101+2 89+2 78 +£2 73+£0.02 | 62+3 133+3
CNIM 0.06 126 £2 110+2 96 +2 82+2 73+£0.02 | 65+2 135+2

Figure 2: Surface SEM images of the CNIM and GOIM membranes. The scale bar is 100 nm

long. The magnification is 30 kx for the SEM images.
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3.2. Dehydration using CNIM and GOIM

The Antoine equation was used to determine the vapor pressure at a temperature range of
340-390 °K for the BT-water mixtures. In Figure 3, the vapor pressure as a function of temperature
is shown for the pure compounds. The vapor pressure of water and BT is important during the
membrane distillation process. The separation of the two components and the water flux depends
on the vapor pressure gradient. The formula for the Antoine equation is shown in Eq. 1 as follows:
Log jo(P)=A-BAT+C)) cceeevrennnn. (1)

Antoine equation constants for 1,2,4-butanetriol were not available and the constants for
1,2,3-butanetriol instead, which we believe is a fair assumption. The Antoine parameters for BT
are as follows: A (6.766), B (3681.25) and C (6.727). Similarly, the Antoine parameters for water
are A (8.07), B (1730.63), and C (233.426). From the figure, it is evident that the vapor pressure
of water is increasing exponentially with respect to temperature. Meanwhile, at the temperatures
studied, the vapor pressure of BT is negligible as these compounds have significantly different
boiling points (~300 °C at 1 atm versus 100 °C at 1 atm). Therefore, it is anticipated that during

membrane distillation, the water would be more prominent in the permeate side compared to BT.

10
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Figure 3. Vapor pressure of BT and water as a function of temperature using the Antoine

equation.

The dehydration efficiency of aqueous BT mixtures was examined by measuring the
concentration of BT before and after the MD tests using both CH and MWH methods. Various
operating parameters were adjusted and their correlation with experimental findings was analyzed.
Additionally, the mass transfer coefficient was assessed by measuring concentration as a function
of time during the dehydration process. The amount of water permeating through the membrane
was calculated from the measured water concentration in the permeate and the weight of collected
permeate. The efficiency of separation for each membrane studied was determined by measuring
the final concentration of the feed. The higher the concentration of the feed after the experiments,
the higher the process efficiency.

The water flux for SGMD of an aqueous BT solution is shown in Figure 4. Here, CH and
MWH were applied and compared with respect to water flux. Both GOIM and CNIM membranes

were used for the performance study. At 80 °C using CH, the average flux for CNIM and GOIM

11
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was 13.8 £ 0.53 kg/m?h and 14.7 £ 0.69 kg/m?h, respectively. Therefore, GOIM was more

permeable than CNIM.

: = CNIM = GOIM
16 -
15 -
14 -
13 -

12+

Flux (kg/m’h)

11 +

10 -

Flux , CH Flux , MWH

Figure 4. Average water flux for a 5 wt.% aqueous BT mixture at 80 °C and a flowrate of 100

mL/min.

The enrichment of BT depends on the efficient removal of water as a permeate in the
membrane distillation process. MIMD showed some unique advantages in water removal. When
subjected to microwave radiation, water and BT exhibited distinct behaviors due to differences in
dielectric constant, heating rate, and boiling point. Both water and BT are polar molecules and
microwaves induce rotations/vibrations that generate heat via molecular friction. Despite their
similar polar characteristics, water, with its higher dielectric constant (kx = 78.4) absorbs
microwave energy more effectively than BT (k = 32). Consequently, water experiences faster
heating and reaches its lower boiling point before BT. Also, MWH is known to facilitate the

disruption of hydrogen bonded water-organic clusters which will further facilitate water removal

12
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42, Finally, the Antoine equation illustrates the subtle increase in vapor pressure for BT compared
to water, which results in its concentration during MD.

The concentration of BT in the feed was a critical factor in determining the flux due to the
high viscosity of BT. The microwave induced breakdown of clusters enhanced mass transfer
processes, but increased viscosity reduced mass transfer. Figure 5-A illustrates the gradual decline
of water flux as a function of feed concentration. The feed without BT showed the highest flux for
both CNIM and GOIM membranes using conventional and MWH. Increasing the concentration of
BT in the feed reduced the overall flux with respect to time. Initially the flux drop was relatively
slow compared to the increase in BT concentration. However, flux steadily dropped as the
concentration increased to 20 wt.%, after which flux decreased exponentially. For example, the
flux dropped from 15.8 kg/m?h to 10.4 kg/m?h for the GOIM membrane with MWH as the
concentration changed from 5 to 57 wt.%. The lowest flux was seen in the case of the CNIM
membrane with CH. As the water content in the feed side dropped, the viscosity of the solution
increased. As a result, less water vapor was formed, resulting in a lower vapor pressure.

Figure 5-B represents the concentration of BT in the feed with respect to SGMD operating
time. The experiment was conducted for 13 h and concentration was measured hourly. The initial
concentration was 20 wt.%, and the flowrate was maintained at 100 mL/min with a feed
temperature of 80 °C. A similar experiment was conducted for feed concentration of 5 and 10 wt.%

and the final concentrations are tabulated in Table 2.

13
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Figure 5. A) Change of flux as a function of feed concentration. B) Concentration as a function of

time. Experiments were done at 80 °C under both heating methods at a flowrate of 100 mL/min.

The final concentration of the BT after MIMD is shown in Table 2. The initial feed
concentration varied from 5 - 20 wt.% of BT. Initial concentration was 5 wt.% and after 13 h of
distillation, the final concentration reached 29.2 wt.% for the CNIM membrane. The GOIM
membrane showed further concentration enhancement to 34.1 wt.%. The incorporation of
microwave irradiation improved the flux and raised the final feed concentration to 35.1 and 39.0

wt.% for the CNIM and GOIM membranes, respectively.

14
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Table 2: Final BT concentration for both CNIM and GOIM membranes using CH and MWH (MD

duration, 13 hours; flowrate, 100 mL/min; and temperature, 80 °C)

Final Feed
Initial Feed
Membrane (wt.%)
(wt.%)
CH MWH

5 29.2 34.1
CNIM 10 42.9 44.9
20 57 67.1

5 35.1 39

GOIM 10 51.1 58
20 71.3 85.7

A similar trend was observed for the experiments with initial concentrations of 10 and 20
wt.% BT. The 10 wt.% feed was concentrated to 51.1 wt.% using the CNIM membrane and 58
wt.% for the GOIM membrane. Meanwhile, the 20 wt.% feed was concentrated to 71.3% for the
CNIM membrane and 85.7 wt.% for the GOIM membrane. The final concentration is dependent
on efficient distillation and MIMD offers a higher dehydration rate. The experimental water flux
suggests that microwave-based dehydration is more effective in concentrating the initial feed. The
final feed becomes very dense and viscous with no phase separation. Figure 6 shows the

comparison of initial and final feed in terms of physical appearance.

15
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Final Feed, Initial Feed,

85% w/iw 20% wiw

Dense and Viscous layer Homogenous mixture

Figure 6. Physical appearance of the 1,2,4-butanetriol mixtures.

3.3. Mass transfer coefficient

The mass transfer coefficient (MTC) for the MD using BT mixtures is shown in Figure 7,
and percentage change in MTC due to microwave irradiation at various concentrations is shown
in Figure 8. The MTC represents the rate at which mass is transferred through the membrane per
unit area, and it depends on various factors encompassing membrane properties, temperature, and
feed properties. The relationship between overall MTC (k) and membrane flux (J) is shown in Eq.
2. Here Py is the feed side vapor pressure and P, is the permeate side vapor pressure. The vapor
pressures of water were calculated using the Antoine equation. & values are important to explain

permeation of water through membrane pores.

From Figure 7, it is evident the MTC is the highest at the onset of distillation when the
concentration of BT is lower. Permeate flux drops as the feed side becomes more concentrated. At
the highest concentration tested, the MTC dropped by almost 35% compared to the initial MTC.

This reduction is attributed to the increased viscosity of the feed solution. The viscosity of the

16

Page 16 of 29



Page 17 of 29

Sustainable Energy & Fuels

solution increases with BT concentration increment. The flux of water dehydration reduced due to
the increased viscosity shown in Figure 9-A. At 5 wt.% BT, the viscosity was 0.95 mPa.s whereas
at 35 wt.%, the viscosity increased to 2.36 mPa.s. The viscosity at 25 °C is three times to the
viscosity at 80 °C. However, viscosity showed an increasing trend at higher concentrations and the
increase in viscosity was considerable. The mass transfer variation as a function of viscosity is
shown in Figure 9-B. Elevated viscosity impedes molecular movement, diminishing mass transfer
efficiency in more viscous fluids. Viscosity's impact extends to diffusion rates as well, with more
viscous fluids exhibiting slower diffusion, leading to an overall reduction in mass transfer rates.
The application of microwave irradiation significantly improved the MTC. The change in MTC
due to microwave irradiation (see Figure 8) provides further support for the role of microwave
irradiation in increasing the efficiency of BT distillation. This effect is due to the breakdown of
water-BT clusters and localized heating. The breakdown mechanism is graphically depicted in the
coming session. The disruption of hydrogen bonding enables water molecules to disassociate and
move through the membrane pores. In addition, the localized heating minimizes the boundary layer

on the membrane-liquid interface.

17
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Figure 7. MTC with respect to concentration for GOIM and CNIM membranes.
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Figure 8. Change in MTC due to microwave exposure.
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Figure 9. Effect of viscosity on the flux and mass transfer coefficient: (A) Flux as a function of

viscosity; (B) MTC as a function of viscosity.

3.4. Dehydration mechanism

The proposed transport mechanism of water-BT cluster breakdown and permeation of
water vapor through the membrane is shown in Figures 10 and 11. Microwave exposure
preferentially heats up water molecules more compared to BT and exerts excitation energy to
disrupt hydrogen bonding. The water molecules then move through the membrane based on the

preferential sorption pathway promoted by the functional sites of CNIM and GOIM. As GOIM

19
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resulting in more efficient concentration of the feed.
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Figure 11. Water vapor transport mechanism in SGMD using GOIM and CNIM membranes.
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3.5. Energy efficiency of BT dehydration by conventional MD and MIMD

Thermal analysis demonstrates the efficiency of the MD systems. There are several
parameters that can be used to determine energy efficiency, namely evaporation efficiency and
specific energy consumption. Evaporation efficiency is defined by the amount of heat utilized for
flux compared to total energy passing through the membrane. Meanwhile, specific energy
consumption shows how much energy is required per unit flux. The mathematical expression for

each of the thermal efficiency parameters are given below:

Jp AAH,,,, Quva
TE (%)=pTx 100=m X100 . ... 3)

where Qy, is the heat transferred through the membrane by conduction and convection, J; is the
flux, A is the active membrane surface area, and H, is the heat of vaporization for water. Heat
transferring through the membrane can be calculated by Eq. 4, where my is the feed flow rate and
C, 1s the heat capacity of the water.

Qm=m¢ C, (T in— Thout) coovvveervererenn 4)

Eq. 5 shows the formula for calculating specific energy consumption (SEC) as follows:

SEC (KWh/m®) = [%]/3600 ................. )

Several assumptions were made to calculate thermal efficiency and specific energy
consumption. For simplicity, the heat capacity of water was used for the feed. Also, membrane
conductivity was taken as the base membrane conductivity. This is because only a small amount
of nanocarbon is used for the modification of the membranes. The thermal efficiency for the
MIMD of BT using CNIM and GOIM membranes is shown in Table 3. The evaporation efficiency

of the system was quite high at 71% and 74.5% for the CNIM and GOIM membranes, respectively.
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The specific energy consumption reduced for microwave heating. The GOIM membrane exhibited

an SEC value of 263 kWh/m? for the microwave heated distillation of BT.

Table 3. Thermal efficiency and SEC of the membranes using CH and MWH.

Thermal efficiency SEC
Membrane (%) (kWh/m?)
CH MWH CH MWH
CNIM 63 71 287 267
GOIM 66 74.5 281 263

4. Conclusion

In summary, microwave-assisted SGMD stands out as a promising and efficient method
for concentrating BT in aqueous solutions in spite of high viscosity because of concentration
increment. Utilizing CNIM and GOIM membranes, this approach surpasses traditional distillation
techniques with its lower specific energy consumption, decreased operational expenses, and
enhanced concentration of BT. Since the amount of CNT or GO used in membrane fabrication was
very small, they do not significantly add to the overall cost of the membranes, making them
economically viable options. Microwave-assisted SGMD enabled a final concentration of 85.7%
from an initial feed solution of 20%. This process ensures efficient distillation with improved flux,
while microwave irradiation further enhances thermal efficiency. Overall, microwave-assisted
SGMD presents a promising method for efficient separation processes, offering significant
benefits over conventional methods in terms of energy consumption, operational costs, and

concentration enhancement of BT.
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