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1. Introduction

Biofuels have been promoted as sustainable alternatives to fossil fuels to
reduce the anthropogenic CO, emissions. However, the two main biofuels, i.e.,
ethanol and biodiesel, require significant land usages and may compete with
food production (Bringezu, 2009). These challenges have diverted some
attention toward 1-butanol as a favorable biofuel. More specifically, in
comparison with ethanol, butanol can be blended with conventional gasoline at
higher concentrations without requiring engine retrofitting while it also has a
high energy density (Kazemi Shariat Panahi et al., 2019). More importantly,
biobutanol is more sustainable due to a variety of feasible feedstock. In addition
to agricultural wastes, such as barley straw and corn stover (Qureshi et al.,
2014), fermentative butanol can be produced by microalgae (Wang et al.,
2017), and thus competition over arable could be avoided.

In spite of all the above-mentioned advantages, biobutanol production has
remained uneconomical (Bharathiraja et al., 2017). The cost associated with
the separation/purification step is regarded as the main obstacle of a successful
biobutanol production (Garcia et al., 2011). Butanol is less volatile than water,
with a saturation pressure of 30% of water pressure at 20°C (Munday et al.,
1980). The current butanol distillation method relies on conventional boiling
with multiple steps (Xie et al., 2015). In this process, mixed liquid is fractioned
by phase separation, via evaporation and condensation. Due to the high boiling
point of 1-butanol, i.e., 118°C, water will evaporate more significantly
(Oudshoorn et al., 2009). The relative evaporation is disadvantageous for
butanol production given the fact that the maximum concentration of butanol
in the aqueous phase is only ~ 70 g/L (Barton and Haulait-Pirson, 1984;
Sakashita et al., 2010; Bharathiraja et al., 2017) or 6 wt.% (Cheng and Park,
2017). Furthermore, the biological process cannot tolerate high butanol
concentrations. Typically, butanol concentration in the fermentative broth is
limited to ~ 1.5 wt.% (Mariano et al., 2012). As a result, a separation process
via conventional distillation is highly uneconomical for fermentative butanol.
Consequently, many separation techniques have been attempted to increase the
process efficiency. These include pervaporation, adsorption/desorption,
surfactant (cloud point) extraction, steam stripping distillation, liquid-liquid
extraction and gas stripping (Garcia et al., 2011). Among these methods, it has
been theoretically estimated that adsorption is the most efficient process, at
1,948 kcal/kg butanol (Qureshi et al., 2005).

Most of these processes involve a phase conversion, in which energy is
required to vaporize the liquid phase. In the conventional pool-boiling, the heat
is applied to liquid bulk. During the process, bubbles are formed in bulk, before
busting to the liquid surface (Mori and Utaka, 2017; Liang and Mudawar,
2019). Recently, surface evaporation, i.e., without bubble formation in bulk,
has been examined. In this method, a liquid droplet can be evaporated without
pool-boiling (Fig. 1), by contact with either a hot air flow (Nguyen et al., 2018)
or microwave irradiations (Asakuma et al., 2016). This method does not require
a bulk boiling and is more energy-efficient since it only heats the surface layer
instead of the whole liquid bulk.
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Fig. 1. Evaporation of liquid (a) conventional pool-boiling vs. (b) microwave/hot airflow.

One of the most interesting features of the microwave/hot airflow-assisted
evaporation method is that selective evaporation of liquid mixtures, such as
water/glycol (Asakuma et al., 2018) and water/glycerol (Nguyen et al., 2018)
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is feasible. These previous studies verified that the evaporation rate of the
studied component would be dramatically changed along with a small
change in its bulk concentration. Since these organics are amphiphilic, they
can be adsorbed at the interface, i.e., acting as a weak surfactant and thus
having a high surface concentration.

The surface adsorption of alkanols is well-known (Posner et al., 1952;
Glinski et al., 1998; Strey et al., 1999; Habrdova et al., 2004; Le et al., 2012)
and their surface tensions are shown in Figure 2. For 1-butanol, it has been
verified that the surface tension of its aqueous solution can be reduced to
25 mN/m at the solubility of 6 wt.% (Cheng and Park, 2017). Hence, it is
expected that alkanols are strongly adsorbed at the air/water surface (Lee et
al., 2016) and have selective evaporation (Walz et al., 2015), even at low
concentration conditions of fermentative broth.
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Fig. 2. Surface tension of alkanols at 25°C as reported in the literature (lines are empirical
fitting curves).

Previously, microwave has been used to extract volatile compounds in
the distillation-extraction process. The results have demonstrated a
significant improvement over the conventional heating method, that is
through conduction (Ferhat et al., 2007). Furthermore, microwave can
focus the energy on the surface layer, where the evaporation process takes
place, instead of heating the bulk liquid phase. The arrangement can reduce
the energy required for the phase separation process. Due to the highly
amphiphilic structure of butanol, it is expected that butanol molecules will
adsorb microwave energy via molecular rotation and evaporate faster than
water. On this basis, in this study, we apply the microwave irradiations to
water/butanol droplet and quantify the in-situ temperature/surface tension.
The new insights into surface evaporation of the mixture can lead to a new
process to separate water/biobutanol. In addition to 1-butanol, the mixture
of 1-pentanol/water was also investigated. Since 1-pentanol has a higher
boiling point than water, it is expected that the data for 1-pentanol/water
mixture can validate the influence of microwave irradiation on surface
evaporation.

2. Experimental

The pendant drop of alcohol solution was hung at the tip of
polytetrafluoroethylene (Teflon) pipe, with an outside diameter of 2 mm
and inside diameter of 1 mm. The droplet was placed at the centre of the
microwave reactor. After placing the droplet (Parmar et al., 2014), an optic
fibre was inserted inside the droplet through the Teflon pipe (Fig. 3).
Accordingly, the temperature inside the droplet both during and after
microwave irradiation could be monitored. A digital camera was employed
to capture the shape of the droplet during and after microwave irradiation.
The edge profiles of the droplet were analyzed by Axisymmetric Drop
Shape Analysis (ADSA) to calculate its surface tension (Zuo et al., 2004).
Experimental conditions of alcohol concentration and microwave are listed
in Table 1. Low concentrations were selected due to the low solubility of
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alcohols. On the other hand, this concentration range covers typical
concentrations of butanol in fermentation broth (Qureshi et al., 2005).

Temperature Probe  Droplet

Fig. 3. Microwave reactor for in-situ surface tension measurement.

Table 1.
Experimental conditions.

Concentration Microwave Power Irradiation time

No. Alcohol (Wt.%) w) ©)
1 1-Butanol 0.1 50, 100, 150, 300 120
2 1-Butanol 0.8 50, 100, 150, 300 120
3 1-Butanol 15 50, 100, 150, 300 120
4 1-Pentanol 0.1 50, 100, 150, 300 120
5 1-Pentanol 0.3 50, 100, 150, 300 120
6 1-Pentanol 0.5 50, 100, 150, 300 120

3. Results and Discussion

Figure 4a shows the surface tension of a butanol/water droplet as a function
of time. Solid symbols and unfilled symbols represent the data during and after
the irradiation, respectively. The transient temperature was also recorded and
used to plot the tension-vs.-temperature profile (Fig. 4b). In addition to our
results, the data obtained by conventional heating are also included (Ono et al.,
2009). During the first 20 s of microwave irradiation, the surface tension
decreased prior to a rapid increase. The initial decrement was prominently
caused by the increase in droplet’s temperature. This temperature increment
may enhance the adsorption of the alcohol to the surface, decrease the cohesive
forces (Ghatee et al., 2010), leading to a reduction in surface tension. However,
the increment of surface tension after 20 s indicated that the alcohol adsorption
was reduced. It is noteworthy that such tension increment is contrasting to the
behavior of a pure liquid droplet, such as water and glycol (Parmar et al., 2014).
The tension increment indicated that adsorbed butanol molecules were
vaporized to the surrounding air. The evaporation rate of alcohol was much
higher than that of water. This evaporation reaches the highest point at a
specific temperature for each microwave power. This temperature is
demonstrated by a vertical section in the tension-versus-temperature data (Fig.
4b). For instance, the corresponding temperatures of 50, 100, and 150 W were
47, 58 and 68°C, respectively. For 300 W, the data were leaning backwards,
which indicated that the droplet temperature was dropping before the
microwave was turned off. In this instance, the evaporation rate was so high
that the droplet was cooled down, from 80 to 70°C, during microwave
irradiation. After the microwave was turned off at 120 s, the evaporation was
quickly reduced. A similar effect can be observed in the case of 1-pentanol
(Fig. 5).

Alcohol concentrations after microwave irradiation were calculated by the
value of surface tension through the correlation between the concentration and
surface tension (in Fig. 2). Accordingly, it was found that the alcohol content
was reduced significantly. The data were compared with theoretical liquid
concentrations via boiling, generated by Aspen-HYSYS using UNIQUAC
coefficient (Anderson and Prausnitz, 1978). It can be seen that microwave
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Fig. 4. Surface tension of 1-butanol solution (1.5 wt.%) droplet for different irradiation
powers as a function of (a) time and (b) temperature (Solid Symbols: during MW, Unfilled
Symbols: after MW). The black squares in Figure 4b represent the surface tension via the
maximum bubble method, which excluded the evaporation (Ono et al., 2009).

irradiation can reduce alcohol content far lower than the corresponding
thermodynamic equilibrium at 98 and 99°C. Furthermore, the microwave-
induced evaporation was achieved at a liquid temperature around 80°C (Fig.
6), which is much lower than the boiling point of water.

From the volume of droplet, the evaporation of water was also calculated
for comparison (Fig. 7). For 1.5 wt.% 1-butanol droplet, the alcohol
concentration was reduced to 0.16 wt.% by 300W irradiation, or in another
word, ~ 90% of butanol was evaporated, comparing to 35% of evaporated
water. The mass ratio between the evaporated butanol and water was 4.9%.
In another word, the microwave enriched the butanol concentration from
1.5 wt.% to 4.9 wt.% (Fig. 7a). For pentanol/water mixtures, the vapor
phase also contained more pentanol than water. However, the enrichment
ratio was much less (Fig. 7b) than 1-butanol due to the higher molecular
weight of pentanol.

It has been well-accepted that microwave irradiations heat liquids by
friction between rotating molecules. Consequently, the highest friction
occurs in the interfacial region, such as water/oil or water/solid interfaces
(Hyde et al., 2017). It should be noted that the observed evaporation rate
herein was much higher than the evaporation of butanol/water droplet in
contact with hot air flow (Nguyen, 2018). At these layers, molecules with
different polarities will rotate at different rates and produce higher friction
(Marek and Straub, 2001). The same mechanism is expected at the
water/butanol surface, due to the enhanced butanol concentration. As a
result, the alcohol molecules in the interfacial layer evaporate faster.
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Fig. 5. Surface tension of 1-pentanol solution (1.5 wt.%) droplet for different irradiation powers as a function of (a) time and (b) temperature (Solid Symbols: during MW, Unfilled Symbols: after
MW). The gray circles in Figure 5b represent the surface tension via the maximum bubble method (Ono et al., 2009).
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It should be noted that the current separation techniques are not easy to apply
simultaneously with the fermentation process due to the potential loss of
nutrients and fermentation intermediates (Kazemi Shariat Panahi et al., 2019).
Consequently, researchers have to rely on a reduced vacuum to enhance the gas
stripping process (Mariano et al., 2012). Adjusting pressure may shift the
microwave separation favorably. Furthermore, the addition of electrolyte can
enhance alcohol adsorption at the solution surface (Gao et al., 2017) and
increase alcohol evaporation. Further experiments at different conditions are
recommended to improve separation and energy efficiency.

4. Conclusions

An aqueous droplet containing 1-butanol was exposed to microwave
irradiations. The surface tension indicated that the adsorbed alcohols
evaporated quickly during microwave irradiation. The evaporation was reduced
during the post-microwave cooling period. The results obtained demonstrated
that microwave could be used to evaporate 1-butanol/water selectively. The
vapor phase had a higher butanol concentration than the aqueous phase. For
example, 1.5 wt.% butanol solution could produce a vapor phase with 4.9 wt.%
butanol. While the selective evaporation could not completely separate butanol
from water, the enriched butanol in the vapor phase could undergo other
separation processes for biofuel production.
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