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This work represented the first step toward pioneering the use of a two-stage process for sucrose
monolaurate (sucrose ester) production from lauric acid with high productivity and selectivity. In the
first stage, lauric acid was firstly converted into methyl laurate via esterification, followed by the
transesterification of methyl laurate into sucrose ester in the second stage. In this research, the first
stage of process was primarily focused and thoroughly evaluated. Methyl laurate was continuously
produced via lauric acid and methanol in a mini fixed-bed reactor. Amberlyst 15 was used as a catalyst.
The operating variables were thoroughly investigated and optimized. The optimal condition to
achieve 98 wt% yield (99% purity) was as follows: temperature of 110 °C, residence time of 5 min,
and feed concentration of 94 g/L. High catalytic stability was observed over the time-on-stream of
30 h. This process provided good productivity compared to the other processes. The methyl laurate
obtained from the first stage could be used as a raw material for the second stage to produce sucrose
ester, which was demonstrated experimentally. The high selectivity of 95% of sucrose monolaurate
was obtained. The continuous production of sucrose ester from lauric acid could be achieved.

Sugar ester (sugar-based fatty acid ester; SE), consisting of hydrophilic (sugar) and lipophilic (fatty acid) groups,
is a non-ionic, non-toxic, and biodegradable surfactant. Sugar ester has been attractively considered one of
the outstanding bio-based compounds used in food, cosmetic, and pharmaceutical applications’. However,
the attention of sugar ester has been hindered by its price. For example, sugar ester price was about 2-10 $/kg
(2017)%, while the prices of general and non-bio-based surfactants (such as alkylphenol ethoxylates: APEs) was
only 0.9-1.8 $/kg (2017)*. One of the main barriers is the insufficient sugar ester production performance (low
production capacity and product purity), which must be developed.

There are two conventional routes for sugar ester production. The first route is called the esterification reaction
[see Fig. 1 (reaction (1))]. Sugar is reacted with free fatty acid under a homogenous acid catalyst to produce sugar
ester and water. The second route involves the transesterification of fatty acid ester and sugar in the presence of a
homogenous base catalyst [see Fig. 1 (reaction (2))]. Both routes are generally carried out under reduced pressure
(<3 kPa) and anhydrous conditions in a batch process®*. The major challenge is the low sugar monoester yield/
selectivity due to the side reactions (hydrolysis and saponification [see Fig. 1 (reactions (3)-(5))]. Mass transfer
limitation caused by an incompatibility between reactants is another issue that needs to be resolved. Several
organic solvents have been searched to substitute for water in order to prevent side reactions and to facilitate
mass transfer (dissolving both reactants as a monophasic system). Dimethyl formamide (DMF) and dimethyl
sulfoxide (DMSO) are commonly used as solvent. Unfortunately, their solubility limits the maximum loading
of reactants®. Recently, the solvent-free system has been developed and implemented to avoid the use of solvent,
cutting down the cost and simplifying the downstream processing®. Although the yield was improved, an elevated
temperature (130-180 °C) was required to melt the sugar and to accelerate the reactions’. The decrease in the
yield due to the decomposition of sugar was also a concern. The recycling of catalysts and catalyst separation are
the critical factors that need to be considered for economic sustainability. Hence, a promising heterogeneous-
based method that can enhance the production capacity (via continuous process) and the yield of sugar ester
needs further investigation.
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Sugar + Fatty acid = Sugar ester + Water 1)

—_

Sugar + Fatty acid methyl ester = Sugar ester + Methanol  (2)
Fatty acid methyl ester + Water = Fatty acid + Methanol 3)
Sucrose + Water — Glucose + Fructose “)
Fatty acid methyl ester + Base — Carboxylate salt + Methanol (5)

Lauric acid + Methanol = Methyl laurate + Water 6)

Figure 1. Chemical reactions involved in the production of sucrose monolaurate.

Among sugar esters, sucrose monoesters are the most desirable compound for pharmaceutical applications,
particularly for drug delivery enhancement'. For the purpose of absorption and penetration improvement,
sucrose monolaurate (C,, fatty acid) is one of the promising candidates for future natural water-soluble surfactant.
However, the commercial production of this compound has been facing challenges, particularly in achieving high
sucrose monoester yield®. It is difficult to control the degree of substitution of sucrose since a sucrose molecule
contains a reactivity of the eight hydroxyl groups. Therefore, the novel production process of sucrose monolaurate
was developed and proposed in this work.

Mini fixed-bed reactor technology is one of the efficient continuous reactors that can offer high rates of heat
and mass transfer, demonstrated by our research group for various applications®®. The outstanding produc-
tion performances were presented when compared to the other production technologies. For example, in the
5-Hydroxymethylfurfural (5-HMF) application, the relatively high yield of 5-HMF produced in a mini-fixed
bed reactor was achieved compared to those of other reactors’. However, this technology has never been imple-
mented for the sugar ester production. Hence, in this work, the mini fixed-bed reactor was applied to explore its
effectiveness to overcome the technical challenges for the production of sugar ester.

This work proposed the two-stage process for the production of sucrose monolaurate, which has rarely been
studied, to enhance production capacity and efficiency. This production process could offer a small degree of side
reactions compared to that of the direct production route. The level of substitution could be easily controlled by
this proposed method. In addition, the inefficient heat and mass transfers could be mitigated via the use of mini
fixed-bed technology. The main goal of this research was to focus on the development of the first-stage process.
In this production route (see Fig. 2), the lauric acid was firstly converted into lauric acid methyl ester (methyl
laurate) via esterification. The operating variables affecting the product yield were investigated and optimized.
The production performance of our proposed process was compared to the other techniques from the literature.
The second stage of the process was also performed to confirm the feasibility of using the two-stage process for
production of sucrose monolaurate.
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Figure 2. Continuous production of sucrose monolaurate from lauric acid through a two-stage process (Figure
was drawn with Microsoft Professional Visio, 2019).
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Materials and methods

Materials. For the first stage of the process, lauric acid (=98%) and methanol (99.9%) were purchased from
Thermo Scientific and RCI Labscan, respectively. Amberlyst 15 was obtained from Alfa Aesar and used without
any modification. For the second stage of the process, sucrose was purchased from Merck and DMSO (= 99%)
was obtained from Loba Chemical. Amberlyst 21 from Alfa Aesar was used as a catalyst without any pretreat-
ment. Methyl laurate (>98%) and sucrose monolaurate (98%) were obtained from Sigma-Aldrich for analytical
purposes.

Methyl laurate production (the first stage process). In the first stage of sugar ester production,
methyl laurate was continuously produced via esterification of lauric acid and methanol in a mini-fixed bed
reactor (inside diameter: 4.6 mm, reactor volume: 3.3 mL) [see Fig. 1 (reaction (6))]. In this process, lauric acid
solution (47 to 330 g/L) was fed into the mini-fixed bed reactor, where the Amberlyst 15 (2.7 g) was packed
and used as catalyst to accelerate the reaction. Amberlyst 15 is one of the effective catalysts for esterification
reaction'®'!. High catalytic stability was the highlight of this catalyst’. The volumetric flow rate was adjusted
according to the residence time studied [see Eq. (1)]. The bed porosity of our reactor was 0.67, which was con-
ducted based on our previous work®. The temperature and pressure were maintained by the convection oven and
back pressure regulator, respectively. The product outlet was purified using deionized water and a centrifugal
separator to separate the solvent. The product was washed twice to obtain high-purity product. The purified
product was analyzed using by High-performance liquid chromatography (HPLC) technique to determine the
amount of methyl laurate. This data was used to evaluate the production performance [see Egs. (2) and (3)]. The
purified methyl laurate was then used as raw material for sugar ester production (second stage of the process). A
schematic view of the experimental setup is shown in Fig. 2.

Residence time (min) = reactor volume X bed porosity/volumetric flowrate (1)

Methyl laurate yield (yield, %) = (mole of methyl laurate/mole of lauric acid) x 100% )

Productivity (Po, 8product/ Scat —h) = gram of desired product/(gram of catalyst used x residence time)

€)

Sucrose ester production (the second stage process). Methyl laurate obtained from the first stage
(or pure methyl laurate) and sucrose were mixed in DMSO to obtain a homogeneous solution. The ratio was
adjusted depending on the feed concentration (5 g/L) and the molar ratio of sucrose to methyl laurate (0.63:1).
The solution was then fed into the mini fixed-bed reactor packed with Amberlyst 21 (1.7 g). Note that, the litera-
ture suggested that base catalyst was required for the high-performance sucrose ester production®. Amberlyst 21
has been extensively used as a promising catalyst for base catalyzed reactions’; however, this catalyst has never
been studied for sugar ester application. The reaction temperature of 120 °C and ambient pressure were held
constant. The outlet stream was collected for product analysis. The schematic diagram of continuous two-stage
sucrose ester production is shown in Fig. 2. The productivity, yield and selectivity of sucrose monolaurate were
calculated using Egs. (4) to (5), respectively.

Sucrose mono laurate yield (%) = (mole of sucrose mono laurate/mole of sucrose) x100%  (4)

Sucrose mono laurate selectivity(%) = (yield of sucrose mono laurate/conversion) x100% (5)

Product analyst. The components of sucrose esters (mono-, di-, and triester of sucrose) were analyzed
by HPLC (Nexera series, Shimadzu) equipped with a refractive index detector (RI; RID-20A, Shimadzu). The
analysis was conducted on the ACE Excel C;g column (250 mm x 4.6 mm, 5 pum particle size) at 40 °C. The
mobile phase was 85:15 (v/v) of methanol and DI water and the volumetric flow rate was 1 mL/min. The sample
was analyzed without any treatment and the injection volume was 10 pL. Lauric acid and methyl laurate were
quantified by the same method except that the mobile phase was a mixture of acetone and acetonitrile (70:30
v/v). Similarly, sugar compounds, including sucrose, glucose, and fructose were analyzed using ACE excel 5
NH, (250 mm x 4.6 mm X 5 um) and a mixture of DI and acetonitrile (82:12 v/v) as mobile phase. The analytical
standards were used to identify and quantify these compounds.

Results and discussion

Main and interaction effects of process variables on methyl laurate production perfor-
mance. In this work, the continuous production of methyl laurate from lauric acid was focused and carried
out in a mini fixed-bed reactor packed with Amberlyst 15. Three significant process variables, including reac-
tion temperature (60-120 °C), residence time (2.5-60 min), and concentration of lauric acid (47-329 g/L), were
investigated and identified for process optimization. The yield and selectivity of methyl laurate were selected for
evaluating the production performance. The first variable was reaction temperature which was assessed under
various residence times. The feed concentration of 47 g/L was kept constant (methanol-to-lauric acid molar ratio
of 100:1). As shown in Fig. 3, a complete esterification of lauric acid and methanol was achieved at the reaction
temperature higher than 100 °C. The yield of more than 99% was achieved with the residence time of 5 min.
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This revealed that the rate-determining step was mainly dominated by the intrinsic kinetics rather than the mass
transports (external/internal mass transfers between solid catalyst and reactants). This was attributed to the
facilitated mass transfer using a mini fixed-bed reactor (short diffusion distance). The pore size of the catalyst
(Amberlyst 15) was around 33.8 nm, promoting the accessibility and diffusion of the reacting molecules to the
catalyst’s active sites. The selectivity of 99% indicated that side reaction was not significant under these condi-
tions. A large amount of methanol could inhibit the undesired reactions'>. However, the side reaction(s) could
be detected when using strong acid homogeneous catalysts (such as H,SO,) at high temperatures. For example,
the undesired reaction was reported at temperatures exceeding 90 °C for the esterification reaction'®. In this
research, the reaction temperature of 100 and 120 °C were chosen for further investigation.

The following variable was the feed concentration, studied in the range of 47-330 g/L (equivalent to the molar
ratio of 100:1 to 12:1). The residence time between 5 and 30 min was focused. The results are shown in Fig. 4.
Conceivably, higher reaction temperature and prolonged reaction time were required to obtain high yield when
high feed concentration was used. For the feed concentration lower than 191 g/L, complete conversion of lauric
acid was achieved under the relatively short residence time (< 15 min) and low reaction temperature (<120 °C).
Increasing the feed concentration greater than 191 g/L was possible; however, the economic feasibility might
be compromised by the requirements of relatively high temperature and prolonged residence time. Hence, the
appropriate feed concentration for the cost-effective process was between 94 and 191 g/L. Based on the results,
the ranges of variables for the optimization analysis are summarized in Table 1.

The interaction effects were evaluated based on the analysis of variance (ANOVA) method. Two interest-
ing process variable pairs, temperature-concentration and residence time-concentration, were assessed. The
unassessed variables were kept constant at the medium range (level 0) (see Table 1). As shown in Fig. 5, the
interaction effects of both process variable pairs were evident, indicated by the difference in the slope of the lines.
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Figure 3. Effect of reaction temperature on methyl laurate yield and selectivity.
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Figure 4. Effect of feed concentration on methyl laurate yield and selectivity.
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Levels

Variables Symbol | -1 ‘ 0 ‘ 1 Constraints
Independent variables

Lauric acid concentration (g/L) | X, 94 161 | 191 | Inthe range
Reaction temperature (°C) X, 100 110 | 120 | Inthe range
Residence time (min) X3 5 10 15 In the range
Dependent variable

Methyl laurate yield (%) ‘ Y ‘ ‘ ‘ ‘ Optimize

Table 1. Process variables, range of variables, and constraints for the optimization analysis.

For the temperature-concentration interaction at low-concentration level, increasing the reaction temperature
resulted in the rise of methyl laurate yield before leveling off (> 110 °C). This was due to the complete transes-
terification reaction. However, at high-concentration level, the temperature higher than 120 °C was required to
complete the reaction due to the excess reactant amount. The result was in line with the work of Liu et al."*, who
studied the esterification of oleic acid with ethanol over organic phosphonic acid/NaY catalyst. For the second
pair, the longer residence time was needed to achieve the full conversion when the feed was at high-concentration
level. Similar behavior was also reported in the work of Han et al.">.

Optimization of methyl laurate production. This optimization in this work was performed based
on the response surface methodology (RSM) coupled with the Box-Behnken design (BBD). The experimental
design of three main variables with three levels for each variable is shown in Table 1. The yield of methyl laurate
was selected as the response. Note that all experiments were performed in a randomized order with two replica-
tions.

The correlation between process variables and the yield of methyl laurate is expressed in the form of a
polynomial regression equation, as shown in Eq. (6). The optimal conditions were the reaction temperature of
110 °C, residence time of 5 min, and feed concentration of 94 g/L. The yield and purity of methyl laurate were
98% and 99%, respectively.

Yield of methyl laurate = 167.540 + —0.0366X; + 0.0625X; + 0.093X; + 2.488x10 °X? — 2.781
x 107°X3 — 0.0012X3 + 7.5833 x 1077X;X; — 9.31 (6)
x 107X X3 + 0.0001X,X3

The accuracy of the model was validated based on the coefficient of determination, pure error, and P-value of
lack of fit. The lack of fit of the model provided the p-value of 0.648, confirming that the model was appropriate
to define the relationship between process variables and product yield. The fitness of the model was reflected by
the value of coefficient of determination of 99.7%, suggesting that the model fitted well with the experimental
data. The relatively small pure error of this model was obtained, indicating the reliability of the experimental
procedures. Based on all indicators, the model provided high prediction accuracy.
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Figure 5. Interaction effects of process variable pairs on methyl laurate yield; T temperature, RT residence time.
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Catalyst stability. The catalyst stability was tested under the optimal operating conditions for 30 h of time-
on-stream. The catalyst activity in terms of the yield of methyl laurate was used as a monitoring signal to measure
the long-term catalyst stability. Figure 6 shows that the yield of methyl laurate was approximately 98% through-
out the experimental period. The Brunauer-Emmett-Teller (BET) surface area and pore volume of Amberlyst
15 were not significantly changed after the experiment (see embedded Table in Fig. 6). However, when compared
to the stirred-batch process, the losses of BET surface area and pore volume of catalyst resin were observed due
to the catalyst attrition after ten cycles of operation'®. These results suggested that our catalyst was suitable for
the continuous production of methyl laurate, offering high yield and selectivity. No catalyst post-treatment and
catalyst separation were required compared to the other techniques'®!”.

Purification of the product.  Prior to the production of sugar ester by reacting methyl laurate with sucrose,
the purification of the product from esterification of lauric acid and methanol, obtained at the optimal condi-
tions, was required in order to remove the large amount of methanol and some water content (by-product).
These solvents caused the side reactions during the sugar ester production [see Egs. (3) to (5)]. Hence, the
high purity of methyl laurate was desirable to achieve the high yield of sucrose ester. Product purification via
evaporation could be a simple and effective technique to eliminate the solvents (methanol and water). Note
that the boiling point at atmospheric pressure of methanol, methyl laurate, and water are 64.7, 267, and 100 °C,
respectively. In this work, the product was evaporated under ambient pressure at 105 °C for 6 h. The purity of
our purified product was 99%. The impurity in the purified methyl laurate was possibly caused by the impurity
of the as-received lauric acid (trace amount of other methyl esters). The chromatogram of the purified product
(methyl laurate) is presented in Fig. 7.
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Figure 7. Chromatogram of methyl laurate product obtained at the optimal condition.
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Methyl laurate production performance. Our continuous methyl laurate production was compared to
the other processes from the literature based on various indicators, including process type, operating conditions,
yield/conversion, and productivity. The results are summarized in Table 2. In batch processes, one of the sig-
nificant hurdles is the catalyst reusability/stability. Generally, the yield continuously declines after several cycles
of operation, limiting its use for large-scale production. Due to the large degree of mixing of batch process, the
reasonable yield was achieved by increasing reaction temperature and/or reaction time. Apparently, our work
was the first continuous process for the production of methyl laurate from lauric acid. Our continuous process
provided high catalyst stability (see Section “Catalyst stability”), possibly improving the cost-competitiveness
of the production. Moreover, our proposed method offered the good production performance of 1.4 kg,oquc/
kg...-h and high yield of methyl laurate (98%) with the relatively short residence time (5 min) and medium reac-
tion temperature (110 °C), when compared to those of the other processes. Note that, the productivity of batch
process will generally drop upon the scale-up production. The catalyst reusability will become another problem.
Unlike batch process, the large-scale productivity of our process can be similar as that of lab-scale production if
the numbering-up assembly is applied. Although large amount of methanol was used, the recycling of ethanol
could be easily implemented for practical application. Hence, this process could be used as the first step of the
high-throughput and highly selective production of sucrose ester (discussed in the following sections).

Sucrose ester production. In this work, the second stage of the process was demonstrated to validate the
feasibility of using a two-stage process for the production of sucrose monolaurate. In this process, the purified
methyl laurate obtained from the first stage of the process (Section “Purification of the product”) was used as a
raw material to produce sucrose ester via esterification. The operating conditions studied were sucrose concen-
trations of 5 g/L, molar ratio of sucrose to methyl laurate (S:M ratio) of 0.63:1, reaction temperature of 120 °C,
and residence time of 60 min. The results showed that 95% of sucrose monolaurate selectivity (33% of sucrose
ester yield) was achieved, confirming the good performance of our proposed sugar ester production through the
two-stage process. However, further investigation is necessary to study the influence of operating variables of the
second stage process on the sucrose ester yield/selectivity. In addition, the optimization should be performed to
achieve the maximum sucrose ester yield/selectivity. The purification of product should also be investigated to
achieve the high purity product. All of these works would be undertaken in our future work. The chromatogram
of second stage product is shown in Fig. 8. The trace of unknown peaks was not detected on the chromatogram,
validating the high selectivity of our proposed process.

The preliminary production performance comparison of our proposed process with literature is summarized
in Table 3. The operating conditions, solvent and catalyst types used, yield/selectivity, and productivity were
used as performance indicators to initial evaluate the effectiveness of our proposed high-throughput process.
Note that, the productivity (P,) was modified based on the work of Sasayama et al.>. Generally, homogeneous-
based batch process has been used for sucrose ester production. Various challenges have been confronted for
this conventional process such as scale-up complexity, catalyst separation/purification, and low productivity.
Our proposed process offered a continuous process, promising for commercial application. Good production
performance (Pg; 3.0 kgpoquc/Kgo-h) was obtained compared to the other conventional methods. The sucrose
ester yield and productivity of our method could possibly be improved further in our future work. Moreover,
the shortened residence time (60 min), low S:M ratio (0.63:1), and ambient pressure could possibly reduce the
operating cost, while improving the practicality of the process.

Conclusion

This research introduced a novel two-stage process for the high-throughput production of sucrose monolaurate
from lauric acid. In the first stage, the lauric acid was continuously converted into methyl laurate via acid-
catalyzed esterification in a mini fixed-bed reactor where the Amberlyst 15 was packed. In the second stage,
methyl laurate was reacted with sucrose to continuously produce sucrose methyl laurate via based-catalyzed
transesterification with Amberlyst 21 in a mini fixed-bed reactor. In this work, the first stage of the process was
mainly focused. All major factors affecting the methyl laurate yield were examined and optimized to achieve
the maximum vyield. For the first stage, the residence time of 5 min, reaction temperature of 110 °C, and lau-
ric acid concentration of 94 g/L provided the maximum yield of methyl laurate of 98% and the productivity
of 1.4 kgoquct/Kgea-h. High catalyst stability (Amberlyst 15) was observed with relatively constant yield over
30 h of time-on-stream. The second stage of the process was also demonstrated. The high selectivity of 95% of
sucrose monolaurate was achieved. This work is the first step toward pioneering the use of a two-stage process for

Process Reactor type Catalyst type/amount Temp (°C) | Time (h) | Ratio (mol/mol) | Yield/conversion (%) | Py (kgyroquct/kgca-h) | Ref.
Batch Batch Ag,(NH,),PW ,0,,/UiO-66/10 wt% | 150 3 15:1 175 25 18

Batch Batch Ammonium ferric sulphate/8 wt% 65 1.5 6:1 99/~ 83 9

Batch Batch af(i/:i-actlvated montmorillonites/12 160 2 12:1 /95 39 2

Batch Batch Ferric-alginate/16 wt% 65 3 16:1 99/~ 2.0 2

Batch Batch Amberlyst 15/7 wt% 110 33 1:1 -/52 NA 2
Continuous Mini fixed-bed | Amberlyst 15/2.7 g 110 0.08 47:1 98/100 14 This work

Table 2. Comparison of methyl laurate production performance with literature.
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Figure 8. Chromatogram of second stage product and analytical standard of sucrose mono laurate; sucrose
monolaurate (mono SE), sucrose dilaurate (di SE), and sucrose trilaurate (tri SE).

Catalyst type/ Yield/selectivity | Py (kgproduct/
Reactor Raw material amount Temp (°C) | Pressure (kPa) | Time (h) | Ratio (mol/mol) | (%) k,-h) Ref.
Ultrasonic-assisted | Sucrose/methyl K,CO5/4 wt% 30 1 25 21 70/- 52 2
batch laurate
Ultrasonic-assisted | Sucrose/ethyl K,CO4/11 wtdh 70 1 5 21 78/- 97 2
batch laurate
Mini fixed-bed f:f:a"tze/ methyl | o berlyst 21/1.7 g | 120 101 1 0.63:1 33/95 3.0 This work

Table 3. Comparison of sucrose ester production performance with literature.

sucrose monolaurate production with high productivity. The improvement of this proposed production should
be considered for practical applications.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon
reasonable request.
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