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ARTICLE INFO ABSTRACT

Keywords: Research on monosaccharide dehydration primarily focuses on combining catalysts and organic solvents to
Biorefinery maximize product yields. This study evaluates reaction performance and solvent recyclability experimentally and
Bioeconomy

through process simulation, emphasizing their role in biorefinery design. Glucose and xylose, at intermediate
aqueous sugar concentration, were dehydrated over aluminum chloride using 1,4-dioxane or acetone as co-
solvents. Both organic systems exhibited comparable results, with 100 % sugar conversion. The 5-hydroxyme-
thylfurfural yield reached 60.9 + 0.2 % for 1,4-dioxane and 59.5 + 0.6 % for acetone systems, while the
furfural yield reached 78.1 + 0.8 % and 78.9 + 1.5 %, respectively. Process simulations indicate that using
acetone instead of 1,4-dioxane can significantly reduce heat duty during the solvent recovery stage by 72 %,
solvent loss by 60 %, and catalyst loss by 48 %. A multi-stage continuous distillation system was built to recover
solvents from model solutions. The results highlight the advantages of using acetone instead of 1,4-dioxane,
offering insights for improving energy efficiency in biorefinery processes.
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1. Introduction identified these 5-HMF and furfural as key bio-based C5 and C6 pre-

cursor platforms for decarbonizing global economies [3].

The abundant carbon-rich lignocellulosic biomass is a promising
alternative feedstock to the fossil-based economy for producing high-
value-added products such as polymers, solvents, syngas, liquid fuels,
etc. [1]. Glucose and xylose are the primary monomeric products after
the complete saccharification of cellulose and hemicellulose, present in
lignocellulosic biomass. These monosaccharides can be upgraded under
acidic conditions to 5-hydroxymethylfurfural (5-HMF) and furfur-
aldehyde (furfural), respectively [2]. The U.S. Department of Energy has

5-HMF and furfural have been utilized at the laboratory scale as
starting materials to produce various molecules through different con-
version strategies, including aldol-condensation, decarbonylation,
decarboxylation, hydrogenation, oxidation, etc. [4]. From an economi-
cally significant perspective, 5-HMF can yield 2,5-furandicarboxylic
acid (FDCA), the precursor of polyethylene furanoate (PEF), a 100 %
bio-based polymer with the potential to replace polyethylene tere-
phthalate (PET), the second most used polymer worldwide, with an
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estimated annual global market value of USD 44.1 billion in 2020 [5].
Likewise, more than 80 different chemicals can be synthesized from
furfural, a material with a market size of USD 520 million in 2021 [5,6].

The saccharification of polymeric carbohydrates in lignocellulosic
biomass to monomeric sugars typically involves significant amounts of
water in both enzymatic and nonenzymatic processes (e.g., acid hy-
drolysis) [7]. Low-solids biomass loadings (5 wt%) yield over 80 %
carbohydrate conversion [8], while high-solid loadings (15 wt% — 35 wt
%) significantly reduce conversion to below 60 % [9]. Consequently,
this process often results in highly diluted sugar products, which impacts
biorefinery capital and operational costs. Therefore, understanding the
transformation of monomeric carbohydrates into furanic compounds in
intermediate to high sugar-content systems is crucial for industrial
applications.

During the acid-catalyzed dehydration of glucose and xylose in
aqueous systems, the addition of an organic co-solvent, such as DMSO,
1,4-dioxane, 1-butanol, MIBK, THF, etc., has been used to enhance the
yield of 5-HMF and furfural by reducing unwanted side reactions,
including nucleophilic addition, self-condensation, and polymerization
leading to humin, a dark-colored polymeric network of furanic de-
rivatives that is known for its ability to block reactors, deactivate cata-
lysts, and absorb high-value molecule products [5,10,11]. The use of
organic solvents forming a biphasic system with the aqueous sugar so-
lution, along with the addition of modifiers aimed at enhancing phase
separation and promoting the migration of furanic compounds to the
organic phase, has been widely adopted in recent years. However, the
high amount of required modifier and its chemical nature (e.g., 20 wt% -
35 wt% NaCl) can be detrimental to the process’s economy due to the
need for additional separation units, increased wastewater treatment
cost, and the requirement for specialized equipment materials [12].
Additionally, the biphasic approach is often oversimplified by suggest-
ing single decanting units to separate the dehydration products in the
organic phase, ignoring the solvent loss in the aqueous phase, which can
be economically restrictive [13].

Biorefineries are expected to operate sustainably [14]. Therefore, a
thorough analysis is required during their conceptual design [15].
Continuous distillation has been used to recover organic solvents during
the production and purification of bioethanol, lactic acid, 5-HMF, and
furfural [16]. Several physicochemical properties can affect the opera-
tion of distillation columns, such as the presence of solid materials, the
instability of the processed components, and the occurrence of azeo-
tropic nodes between the chemicals of interest, among others [17].

High carbohydrate conversion rates (92 % - 100 %) and yields of
furans (75 % - 80 %) have been documented when 1,4-dioxane is used at
high organic solvent-to-aqueous volume ratios (e.g., 5-1) during the
dehydration reaction of monomeric sugars (6 wt% aqueous sugar con-
tent) over Lewis-acid catalysts [18]. This solvent has been recognized as
one of the most effective organic solvents supporting glucose dehydra-
tion, based on both experimental and computational approaches [19].
These remarkable findings suggest that 1,4-dioxane may be suitable for
producing C5 and C6 furanic compounds in industrial-scale applica-
tions. However, this aprotic solvent exhibits an azeotrope node with
water under atmospheric conditions (82 wt% & 87.6 °C) [20,21]. This
thermodynamic restriction adds complexity to its further separation and
recovery. Furthermore, this solvent has been associated with potential
genotoxic and harmful biological effects on rodents and other model
organisms after chronic high-dose exposure [22]. Hence, finding an
alternative solvent for designing an operationally safe, energy-efficient,
scalable, and economically feasible process to produce large amounts of
furans from lignocellulosic feedstocks is imperative.

This study aims to compare reaction performance and solvent recy-
clability parameters, both experimentally and through process simula-
tion, during the dehydration of glucose and xylose at intermediate
aqueous concentrations over aluminum chloride in miscible single-
phase organic systems using 1,4-dioxane versus acetone to produce 5-
HMF and furfural. Process models based on experimental dehydration
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results are used to estimate process parameters such as recovered sol-
vent purity, organic solvent loss, dehydration catalyst makeup, and heat
duty across the reactor and the distillation unit. Furthermore, a multi-
stage distillation system was built based on simulation results to
analyze the distilled and heavy products for solvent and furanic com-
pounds content. This study examines the production of 5-HMF and
furfural, as well as the solvent recovery stage, as intermediate steps
within a broader biorefinery process. It does not address the upstream
transformation of biomass into sugars, further downstream purification
and transformation of products, or waste stream treatment.

2. Materials and methods
2.1. Chemicals

Analytical reagents including D(+)-glucose (anhydrous, 99 %,
Thermo Scientific™), D(+)-Xylose (>99 %, Thermo Scientific™),
Aluminum Chloride (Hexahydrate, 99 %, Thermo Scientific™), 5-
Hydroxymethylfurfural (>99 %, Sigma Aldrich®), 2-Furaldehyde
(99 %, Sigma Aldrich®), acetone (>99.5 %, Thermo Scientific™), 1,4-
dioxane (99.5 %, Thermo Scientific™), Certified Reference Material
for the quantification of glucose, xylose, 5-Hydroxymethylfurfural, and
furfural (Absolute Standards, Inc), were used as received. Ultra-filtrated
water (Milli-Q® Biocel water system) was utilized in all experiments.

2.2. Dehydration of monomeric sugars

A sugar solution was prepared using glucose, xylose, and ultra-
filtrated water. An intermediate total sugar mass content of 20 wt%
and a glucose-to-xylose mass ratio of 3.6-1, as typically found in
lignocellulose-derived hydrolysate [23] and consistent with previous
work by this research group on paper sludge hydrolysis [24]. The sugar
dehydration experiments employed a volume ratio of organic
solvent-to-aqueous sugar solution of 2-1. Five samples containing 1,
4-dioxane and five samples containing acetone were studied.
Aluminum chloride (AlCly), a Lewis acid catalyst, was used at a total
catalyst loading of 15 millimolar (mM) in the experiments according to
the reaction pathways displayed in Fig. 1 [25-28]. Dehydration exper-
iments were conducted using a CEM Discover 2.0 Microwave Synthe-
sizer (CEM Corporation, Charlotte, NC) and 10 ml Pyrex vessels
(maximum working pressure: 3000 kPa). A dynamic control method was
applied for experiments, which allows the power to be automatically
adjusted based on temperature and pressure sensor feedback, ensuring
that the temperature control point was reached rapidly while mini-
mizing temperature and pressure overshoot (maximum applied power:
300 W). After the setpoint temperature was reached, power consump-
tion was measured at 155 W for 1,4-dioxane systems and 210 W for
acetone systems (Supplementary material). A method was implemented
with a setpoint temperature of 185 °C, which was determined as optimal
based on previous experimental results for glucose dehydration
(Supplementary material). Additionally, 15 seconds of pre-stirring,
continuous stirring at a medium level, and a holding time of 3 mi-
nutes were applied. The typical ramping time was recorded at 2.5 mi-
nutes for 1,4-dioxane systems and 3.2 minutes for acetone systems. The
quantification of unreacted sugars, as well as the produced furans, was
carried out according to NREL procedures [29], using an Agilent HPLC
1260 equipped with a Bio-Rad, Aminex HPX-87H Organic Acid Analysis
chromatographic column, a Diode Array Detector (5-HMF at 284 nm and
furfural at 277 nm), and a Refractive Index Detector (Agilent Technol-
ogies, Santa Clara, CA). The conversions of glucose and xylose, as well as
the yields of 5-HMF and furfural, were estimated using Eqs. (1) and (2).

__sugar consumed(g)

Sugar conversion(%) = sugar input(g) x 100 1)
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Fig. 1. Reaction pathways for the dehydration of glucose and xylose to 5-HMF and furfural, respectively, using aluminum chloride as a Lewis acid catalyst.

Furanic compound formed(g)
Maximum possible furanic compound(g)

x 100

Furanic compound yield(%) =

(2)
2.3. Process description and process modeling

Previous studies on the recovery and reuse of miscible organic sol-
vents used in sugar dehydration in hypothetical biorefineries suggested
employing a single-stage evaporator [30,31]. However, this approach
does not meet the requirement to separate the solvents to a high purity
before recirculation. Therefore, a multi-stage distillation unit was
employed in this work. The two-step biorefinery process flow diagram
for the dehydration of glucose and xylose, along with the solvent re-
covery strategy, is depicted in Fig. 2. An aqueous sugar solution enters
the mixer, combining with fresh organic solvent (1,4-dioxane or
acetone), the catalyst supporting the dehydration reaction (aluminum
chloride, AlCl3), and a recycled stream primarily containing recirculated
solvent. The mixture then flows into the dehydration reactor operating
at 185 °C before being transferred to a continuous distillation system to
separate and recirculate the organic solvent back to the mixer. Given the

complexity of the transport phenomena occurring in the distillation
column, adequate process simulation software was required to estimate
the heat demand across the process accurately. Aspen Plus™ (version
11) was employed to assess the mass balance and the thermal energy
demand (heat duty) across the units shown in Fig. 2. The main set of
equations used to solve the mass and energy balances across the bio-
refineries is available in the Supplementary material. Aspen Plus™
(version 11) has been validated in modeling modern biorefineries
handling biomass conversion to sugars, furans, etc. [32]. In the simu-
lation, sugars and solvents were considered “conventional materials,” and
humin was handled as unreacted sugars, given the broad distribution of
polymeric species forming this side product and the lack of detailed
thermodynamic properties. Experimental results from the dehydration
reaction were used to parameterize the reaction simulation block (e.g.,
operating pressure, conversion, yield). A distillation unit operating
under atmospheric conditions with a typical reflux rate of 1.5 was used
in the model. The total number of equilibrium stages and the “Feed
stage” location were varied to minimize the reboiler heat duty.
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Fresh organic
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[Makeup]
A(';m'r'l‘;: DEHYDRATION
Catalyst] REACTOR
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Fig. 2. Two-step biorefinery process flow diagram featuring a dehydration reactor and a distillation system to recover and recirculate the organic solvent after the

reaction step.
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2.4. Continuous distillation of organic solvents

To study organic solvent recovery from the dehydration product
solution via bench-scale distillation, commercially available 5-HMF and
furfural were used to prepare 300 ml of aqueous model solutions based
on the findings from the dehydration experiment for each solvent sys-
tem. Glucose and xylose were added in corresponding proportions to
simulate the presence of humin and other side products. A correspond-
ing volume of organic solvent (1,4-dioxane or acetone) was added at an
organic solvent-to-aqueous solution volume ratio of 2-1. Using simula-
tion data on theoretical equilibrium stages and the optimal “Feed stage”
location, a multi-stage continuous distillation system was built to
recover each solvent from the studied solutions (Supplementary mate-
rial). Two six-section Snyder columns (ACE Glass Inc., Vineland, NJ), a
500 ml round-bottom flask serving as the reboiler, and a Graham
condenser were assembled to create a system with fourteen equilibrium
stages. A heating mantle with a magnetic stirrer (Fisherbrand™) was
used as the heat source for the reboiler. This in-house-built distillation
apparatus used two peristaltic pumps (Golander LLC, USA). The first
pump transferred the furans solution containing organic solvent to
“Equilibrium stage No. 8” (top to bottom). The second pump removed
the bottom product from the round-bottom flask. Two temperature
controllers (J-Kem Scientific Inc., St. Louis, MO) were utilized. The first
controlled the temperature inside the reboiler at a setpoint of 101 °C.
The second controller regulated the temperature of a heating tape
wrapped around the distillation column to prevent heat loss to the
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surroundings (room temperature: 20 °C). Its setpoint was set 2 °C below
the expected distillate temperature reported in the literature for each
solvent system: 87.6 °C (1,4-dioxane/water azeotropic mix) [20,21] and
56 °C (pure acetone) [33]. A reflux distillation splitter adapter (Chess
Life Sciences LLC, Vineland, NJ) installed on top of the column assembly
and below a glass spiral reflux condenser (Equilibrium stage No.1) was
used to divert the recovered solvent (distilled product). Lastly, a local
temperature indicator (Sper Scientific LLC, Scottsdale, AZ) was installed
at “Equilibrium stage No. 2” to measure and record the temperature in
this section. The quantification of 1,4-dioxane and acetone at the
distillate and bottom products was carried out using an Agilent HPLC
1220 equipped with an InfinityLab Poroshell 120 EC-C18, 4.6 mm x
100 mm and 2.7 um chromatographic column, and a Variable Wave-
length Detector at 190 nm and 266 nm respectively (Agilent Technolo-
gies, Santa Clara, CA).

3. Results and discussion
3.1. Microwave-assisted sugar dehydration reaction

The benefits of processing biomass at intermediate and high solids
content on the overall economics during the production of bio-based
chemicals and fuels in biorefineries have been widely supported [34,
35]. In this section, the dehydration of purchased glucose and xylose at
an intermediate solids content of 20 wt% and a solvent-to-aqueous sugar
solution volume ratio of 2-1 was investigated. The results for the
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conversion of sugars and the yield of furanic compounds during the
dehydration reaction in 1,4-dioxane and acetone systems are displayed
in Fig. 3. Both solvents exhibited comparable results, with 100 % con-
version of sugars. The complete conversion of glucose and xylose ach-
ieved within the short reaction time in a CEM Discover 2.0 Microwave
Synthesizer contrasts with the results of other reactor technologies (e.g.,
hydrothermal batch reactors) [31]. The yield of 5-HMF reached 60.9
+ 0.2 % for the 1,4-dioxane system and 59.5 + 0.6 % for the acetone
system, while the yield of furfural reached 78.1 + 0.8 % and 78.9
+ 1.5 %, respectively. These results are in agreement with previous
studies utilizing aluminum chloride as a Lewis acid catalyst and aqueous
solutions of sugars with lower solids content (5 wt%) and a higher
organic solvent volume ratio (4-1, and 8-1) [26]. The reduction in the
pH of the solutions after the dehydration reaction was observed at a
consistent level (from pH 2.9 to approximately pH 1.9 at 21 °C) for both
analyzed solvent systems (Supplementary material). This result has been
previously explained as a consequence of side product formation,
including levulinic acid and formic acid, arising from the degradation of
5-HMF and furfural [26]. The findings suggest that, under the investi-
gated reaction conditions, replacing 1,4-dioxane with acetone has a
negligible impact on the yield of the intended dehydration products.
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3.2. Process simulation results

3.2.1. Thermodynamic model validation

Selecting an appropriate thermodynamic method and binary inter-
action parameter sources is crucial in process simulation to accurately
represent experimental results for the systems under investigation. Ac-
cording to the literature, the Non-random Two Liquid (NRTL) thermo-
dynamic method [36] closely reproduces experimental data for sugar
dehydration and other biomass transformation operations [37]. Various
thermodynamic methods and binary interaction parameter sources were
evaluated using Aspen Plus™ (version 11) to identify the best set of
equations to accurately represent experimental vapor-liquid equilibrium
data reported in the literature for the analyzed organic solvent systems.
After comparing the simulation and experimental results, the NRTL-2
property method with the binary interaction parameter sources
APV110 VLE-IG and NISTV110 NIST-IG were selected for the process
simulation work. The composition of the liquid and the vapor phases in
equilibrium predicted by Aspen Plus™ (version 11) for the binary 1,
4-dioxane/water, acetone/water, and acetone/furfural systems at
101.325 kPa, along with experimental results from the literature, are
presented in Fig. 4 and Supplementary material [20,21,33,38-40].
Theoretically, the azeotrope at high proportions of 1,4-dioxane and the
“pinch” at high concentrations of acetone (Fig. 4) in aqueous systems
may shift when reduced operational pressure is used (e.g., 10 kPa),
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potentially increasing the purity of the top product and lowering the
heat demand at the reboiler. However, the experimental equipment
available for comparison purposes operates at atmospheric pressure.
Thus, this condition is used in the simulation work.

3.2.2. Biorefinery approach

Four different scenarios are analyzed, two for each solvent system:
the “realistic” (closed) scenarios, where the solvent is distilled and
recirculated to a mixing unit before reentering the dehydration reactor
(Fig. 2), and the “non-realistic” (open) scenarios, where the solvent
passes through the reaction and the distillation column only once,
similarly to what can be replicated at bench scale. The results from the
“open” scenarios are irrelevant for real industrial settings. Still, they are
suitable for comparison with experimental distillation outcomes and
useful for understanding the reason for the increase in total mass flow
running through the distillation column, particularly in 1,4-dioxane
systems, where a high proportion of water is recirculated.

The size of the hypothetical biorefinery is fixed at a processing ca-
pacity of 100 kg/h of sugars (500 kg/hr of 20 wt% sugar aqueous so-
lution). The dehydration experiment results in Fig. 3, and the
experimental operating pressure in the dehydration reactor (1,4-
dioxane: 1634 kPa; Acetone: 2068 kPa) were incorporated as input data
in the simulation models. Table 1 presents detailed results for the mass
balance and the heat duty across the reactor and the distillation system
for all cases after determining the optimal total number of equilibrium
stages and “Feed stage” location for the analyzed solvent systems.

3.2.3. Solvent purity in distillate product

The simulation model predicts a mass percentage of 1,4-dioxane and
the temperature in the distillate stream, closely matching the values
reported in the literature (Simulation: 80 wt% and 88.0 °C; Literature:
82 wt% and 87.6 °C) [20,21]. Similarly, it suggests the possibility of
distilling high-purity acetone (>98 wt%) at a temperature near the
boiling point of pure organic solvent under atmospheric conditions
(Simulation: 56.4 °C; Literature: 56 °C) [33], consistent with the “pinch”
observed at high acetone concentrations (Fig. 4).

3.2.4. Organic solvent makeup

Due to the estimated ~20 wt% water content in the distillate stream
being recirculated in the “realistic” 1,4-dioxane scenario, the amount of
organic solvent entering the dehydration system needs to be increased
by 98.5% compared to its corresponding “non-realistic” model to
maintain an organic solvent-to-aqueous sugar solution volume ratio of
2-1. Since the loss of organic solvent has been fixed at a typical indus-
trial value of 2 % of the total solvent entering the distillation system [41,
42], the makeup of organic solvent in the “realistic” 1,4-dioxane sce-
nario is also adversely affected (Table 1). Furthermore, an increased
mass flow may also lead to higher capital expenditure due to the need for
larger equipment. Conversely, the lower amount of water in the recir-
culated acetone (~2 %) predicted for the corresponding “realistic”
acetone scenario leads to a 4.1 % increase in the solvent mass flow
required to enter the reactor compared to its corresponding “non-real-
istic” scenario. This minor difference explains the similar results for the
estimated mass balance and heat duty when comparing the “open” and
“closed” models handling acetone (Table 1).

When comparing the results for the “realistic” scenarios of 1,4-
dioxane and acetone systems, a fresh organic solvent makeup of
32.8 kg/hr is projected when using the cyclic ether. In contrast, the
simulation predicts a lower makeup flow of 13.2 kg/hr if the volatile
ketone is used. Based on the simulation results and under the assump-
tions made, substituting 1,4-dioxane with acetone yields a 60 %
reduction in organic solvent loss, which could lead to lower operational
costs considering the solvent price: USD 1300 per metric ton of 1,4-
dioxane [43] and USD 1200 per metric ton of acetone [44] (estimated
in 2024 U.S. dollars).
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Table 1

Simulation results: mass balance and heat duty for the dehydration reaction of
glucose and xylose over aluminum chloride to furans using 1,4-dioxane versus
acetone as organic co-solvents. “Realistic” (closed) and “non-realistic” (open)
scenarios.

1,4-dioxane 1,4-
“Realistic” dioxane
scenario “Non-
(Closed) realistic”
scenario
(Open)

Acetone Acetone
“Realistic” “Non-
scenario realistic”
(Closed) (Open)

Mass Balance and
Heat Duty Results

SUGAR SOLUTION
(FEED)

Total mass flow of 100 100 100 100
sugar processed
(kg/h)

Glucose mass flow 78.3 78.3 78.3 78.3
to reactor (kg/h)

Xylose mass flow to ~ 21.7 21.7 21.7 21.7
reactor (kg/h)

Fresh water with 400 400 400 400
sugars to reactor
(kg/h)

Sugars mass 0.2 0.2 0.2 0.2
fraction (aq.)

Total mass flow of 500 500 500 500
sugar solution
(kg/h)

DEHYDRATION
REACTOR

Glucose conversion 100 100 100 100
(%) -
Experimental

Yield of 5-HMF (%) 60.9 60.9 59.5 59.5
- Experimental

Xylose conversion 100 100 100 100
(%) -
Experimental

Yield of furfural (%) 78.1 78.1 78.9 78.9
- Experimental

Solvent-to-water 2.0 2.0 2.0 2.0
volume ratio
entering the
reactor

Total solvent to 1638 825 658 632
reactor
(recirculated +
fresh) (kg/h)

Total water to 792 400 416 400
reactor
(recirculated +
fresh) (kg/h)

Solvent/water mass 2.1 2.1 1.6 1.6
ratio entering the
reactor

Total mass flow to 2534 1327 1176 1134
the reactor (kg/
hr)

Reaction 185 185 185 185
temperature (°C)

Reactor’s 1634 1634 2068 2068
operating
pressure (kPa) -
Experimental

Reactor’s heat 1085 675 1196 1155
duty (MJ/hr)

DISTILLATION
SYSTEM

Reflux ratio (mass 1.5 1.5 1.5 1.5
basis)

Estimated total 10 10 10 10
theoretical
equilibrium
stages required

Estimated optimal 5 5 5 5
“Feed stage”
location

(continued on next page)
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Table 1 (continued)

Acetone Acetone
“Realistic” “Non-
scenario realistic”
(Closed) (Open)

Mass Balance and
Heat Duty Results

1,4-dioxane 1,4-
“Realistic” dioxane
scenario “Non-
(Closed) realistic”
scenario
(Open)

Total mass flow to 2534 1327 1176 1134
the distillation
column (kg/h)

Solvent in distillate 1605 808 644 619
stream (kg/h)

Water in distillate 390.6 197.2 16.0 15.3
stream (kg/h)

Furfural in distillate ~ 0.42 0.37 0.00 0.00
stream (kg/h)

5-HMF in distillate 0.0 0.0 0.0 0.0
stream (kg/h)

Total mass flow in 1996 1006 660 635
distillate stream
(kg/h)

Solvent mass 0.80 0.80 0.98 0.98
fraction in
distillate stream
[organic solvent
and water only]

Solvent mass 0.80 0.80 0.98 0.98
fraction in
distillate stream
[Overall]

“Recirculated 68 25 36 25
distillate stream
temperature (°C)

Reboiler’s heat 4308 2183 1201 1155
duty (MJ/h)

"Overhead 3776 1904 945 908
condenser’s
heat duty (MJ/
h)

Top product 87.9 87.9 56.4 56.4
temperature
Q)

SOLVENT &
CATALYST
MAKEUP

Fixed solvent loss 2.0 2.0 2.0 2.0
(%) (based on
solvent to the D.
C)

Solvent entering the 1638 825 658 632
distillation
column (kg/h)

Solvent loss (kg/hr) 32.8 16.6 13.2 12.7
[@ bottom
product]

Fresh solvent 32.8 825 13.2 632
makeup (kg/hr)

Dehydration 4.8 2.4 2.5 2.4
catalyst makeup
(AICL3) (kg/h)

@ In “closed” systems, the values represent an estimated temperature of the
recirculated solvent, accounting for a reduction of 20 °C due to heat transfer to
the surroundings. In contrast, this temperature is fixed in open systems at 25 °C
(fresh solvent).

b The thermal energy that must be “removed” at the overhead condenser to
condense the vapor reaching this equilibrium stage.

3.2.5. Dehydration catalyst makeup

In the “realistic” 1,4-dioxane scenario, nearly twice the amount of
catalyst makeup is required compared to its acetone counterpart
(4.8 kg/hr versus 2.5 kg/hr, AlCl3). This divergence arises from three
main factors: the fixed catalyst loading defined on a concentration basis
(15 mM of AlCl3), the significantly higher volume flow rate entering the
dehydration reactor for the 1,4-dioxane system (2534 kg/hr; 2.4 m3/hr)
compared to the acetone system (1176 kg/hr; 1.4 m3/hr), and the
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absence of a strategy for recovering the soluble aluminum chloride.

3.2.6. Heat duty and equipment size

Fig. 5 illustrates the thermal energy demand, or heat duty, required
at the dehydration reactor and the reboiler of the distillation system, as
well as the thermal energy that must be removed at the overhead
condenser to condense the distilled product for the “realistic” scenarios
of the two organic solvent systems under study. As registered in Table 1,
the experimental operating pressure during the dehydration of sugars
when using acetone was approximately 27 % higher than that of the 1,4-
dioxane system. This result is attributed to the higher volatility of
acetone, which also leads to a slightly greater thermal energy input at
the dehydration reactor to compensate for the heat of vaporization
(Fig. 5). The difference in operating pressure should be factored into
capital expenditure estimates, as it can significantly impact equipment
costs related to equipment materials, design complexity, safety features,
and maintenance [45,46]. The heat duties estimated for the reboiler and
overhead condenser in the “realistic” 1,4-dioxane scenario are 3.6 and
4.0 times greater, respectively, than those calculated for the corre-
sponding acetone system. These results are attributed to the greater
mass flow of materials entering the distillation column when 1,
4-dioxane is used (2534 kg/h versus 1176 kg/hr). The increased flow
requires more thermal energy for the components to reach the appro-
priate operating temperature at the overhead condenser. As shown in
Fig. 4, this temperature is also higher for the azeotropic distilled product
compared to the same operating condition when acetone is used. In
industrial settings, the heat demand at equipment such as the dehy-
dration reactor and the reboiler, as studied here, is typically met by heat
generated from fuels combusted in power boilers [47]. Similarly, the
heat duty at the overhead condenser is usually managed through cooling
water circuits, cooling towers, and other refrigeration systems [48].
Based on the results, a biorefinery using 1,4-dioxane is expected to be
larger than one using acetone for three main reasons: the size of the
equipment in the inside battery limits (e.g., transfer pumps, reactor, and

4,000

3,000 r

2,000

Heat Duty (MJ/hr)

1,000

(a) 1,4-dioxane (b) Acetone

Fig. 5. Reboiler, ll Overhead condenser, and B Dehydration reactor heat
duties for a hypothetical biorefinery processing 100 kg/h of combined glucose
and xylose in a 20 wt% aqueous solution with an organic solvent-to-aqueous
sugar solution volume ratio of 2-1, using (a) 1,4-dioxane and (b) acetone as
organic solvents supporting the dehydration reaction of sugars. Note that the
overhead condenser’s heat duty corresponds to the thermal energy that needs to
be removed to condense the lighter distilled product.
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distillation system), which is proportional to the materials flow across
the equipment (Table 1); the size of the “Heat and Power” plant; and the
size of the “Utility” plant required to meet the increased heating and
cooling demand, respectively. Considering the impact of equipment size
and the use of fuels and chemicals on capital and operational costs,
minimizing plant size and overall heat duty is essential for ensuring an
economically feasible biorefinery.

3.2.7. Distillation column parameters for continuous distillation
experiments

The total theoretical equilibrium stages required to recover 98 % of
the solvent entering the distillation column, along with the optimal
“Feed stage” location to minimize the reboiler heat duty, are determined
for each system. Simulation results suggest that ten equilibrium stages,
with the feed positioned above “Equilibrium stage No. 5,” are suitable
for distilling 1,4-dioxane at its azeotrope concentration and nearly pure
acetone in each case (Table 1). These findings informed the setup of
experimental conditions for continuous distillation at the bench scale.
However, due to limitations in commercially available glassware,
fourteen stages were used in the experiments. Additionally, as precise
instrumentation to measure the return flow to “Equilibrium stage No. 2”
was unavailable, no reflux was employed during the distillation
experiments.

3.3. Continuous distillation experiments

3.3.1. Continuous distillation of 1,4-dioxane from furans solution

Given the large volume of materials required for the continuous
distillation study and based on the findings from the dehydration reac-
tion experiments (Fig. 3), 300 ml of an aqueous solution containing
purchased 5-HMF (6.67 wt%) and furfural (2.17 wt%) was prepared.
Glucose (6.12 wt%) and xylose (0.95 wt%) were also added to the so-
lution to simulate the presence of side products from the dehydration
reaction (e.g., humin). 1,4-Dioxane was then added in a solvent-to-
aqueous volume ratio of 2-1. The resulting solution was continuously
transferred to the in-house-built multi-stage distillation apparatus above
“Equilibrium stage No. 8” at a flow rate of 2.0 ml/min. The temperature
of the liquid phase at the reboiler and the temperature of the vapor
phase at “Equilibrium stage No. 2” were monitored throughout the
experiment. The results revealed that thermal equilibrium was achieved
after 44 minutes (Supplementary material). Upon reaching a stable
state, the average reboiler temperature was 97.0 = 0.1 °C, slightly
below the setpoint temperature of 101 °C, suggesting the persistent
presence of organic solvent at the reboiler. At “Equilibrium stage No. 27,
an average temperature of 86.4 &+ 0.1 °C was observed, close to the
azeotrope temperature for the 1,4-dioxane/water system (87.8 °C at
101.325 kPa) [21]. The volume flow of distillate was measured at 1.5
+ 0.1 ml/min. Six sample pairs (D-R1 to D-R6), comprising top and
bottom products, were collected at various process times after thermal
equilibrium (Supplementary material). The average 1,4-dioxane content
in the distillate and bottom products is presented in Fig. 6. A mass
percentage of 82.2 + 0.1 wt% 1,4-dioxane was detected in the distilled
stream, closely matching the literature-reported azeotrope concentra-
tion of 82.5 wt% [21]. However, the reboiler product still contained
13.9 + 0.8 wt% 1,4-dioxane, indicating that additional equilibrium
stages are required for the complete solvent recovery, contrary to the
simulation model’s prediction.

3.3.2. Continuous distillation of acetone from furans solution
Considering the results of the sugar dehydration experiments using
acetone (Fig. 3) and following the procedure outlined in the preceding
section, 300 ml of a second aqueous solution containing 5-HMF (6.52 wt
%), furfural (2.20 wt%), glucose (6.34 wt%) and xylose (0.92 wt%) was
prepared. Acetone was added in an organic-to-aqueous volume ratio of
2-1. A flow rate of 2.0 ml/min of the acetone-containing solution was
processed in the continuous distillation system. Thermal equilibrium
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Fig. 6. Organic solvent content in the distilled and bottom products as a mass
percentage for 1,4-dioxane and acetone systems.

was achieved after 16 minutes, with the reboiler at 101 + 0.1 °C, equal
to the setpoint temperature (Supplementary material), suggesting the
absence of organic solvent in this stage. The temperature at “Equilibrium
stage No. 2” (55.2 £ 0.1 °C) closely matched acetone’s boiling point (56
°C) [40]. The top product flow rate was measured at 1.4 + 0.1 ml/min.
The analysis of six sample pairs (A-R1 to A-R6) collected after thermal
equilibrium revealed an acetone mass content of 99.3 + 0.1 wt% in the
distilled stream, with no acetone detected in the reboiler product
(Fig. 6). The acetone content found in the distilled product was slightly
higher than the simulation result (98 %). The presence of additional
components may explain the discrepancies with simulation outcomes, as
complex simultaneous interactions can occur. In contrast to the exper-
iments involving 1,4-dioxane, fourteen equilibrium stages were suffi-
cient for the complete recovery of high-purity acetone.

3.3.3. Distilled product from 1,4-dioxane and acetone systems

No 5-HMF was detected in the distilled products from the 1,4-
dioxane or acetone experiments. Interestingly, contrary to the simula-
tion results, furfural was found not only in the distilled 1,4-dioxane
(which contained 18 wt% water), as predicted by the simulation but
also in the high-purity distilled acetone, at rates of 0.25 + 0.1 % and
0.23 £ 0.1 % of the incoming furfural entering the distillation system,
respectively. The presence of furfural in the recovered solvent from the
1,4-dioxane system may be linked to the azeotrope observed for the
furfural/water binary mixture, as reported in the literature at 35.5 wt%
furfural and 97.6 °C [49], a phenomenon also predicted by the simula-
tion software (34.9 wt% furfural and 98.0 °C). However, considering the
high purity of the distilled acetone and the absence of an azeotrope in
the acetone/furfural system [39,40], additional research is required to
elucidate the underlying reasons for this observation. It is conceivable
that an insufficient number of equilibrium stages may have led to the
persistence of furfural in the distilled acetone. Furthermore, it is possible
that other components, including acidic species and side products,
influenced the relative volatility of furfural in the studied system.
Finally, it is essential to recognize that the absence of humin in the
model solutions used for the distillation experiments differs from
real-world conditions, where the precipitation of this material may
contribute to clogging in the distillation system over time, potentially
posing operational challenges [11].
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3.4. Industrial implications of solvent selection

In this study, the implications of using two alternative organic sol-
vents for glucose and xylose dehydration, as well as their recyclability,
are contrasted, and their significance in biorefinery design is high-
lighted. However, additional factors beyond the findings of this work,
such as economic feasibility (solvent market price and availability),
operational safety, and regulatory compliance, must be considered to
fully assess the industrial applicability of acetone or 1,4-dioxane for
sugar dehydration [50].

Safety is paramount in industrial operations, particularly when
handling highly volatile substances. Acetone, for example, has a low
flash point (-17 °C) and high volatility (vapor pressure of 24.5 kPa at 20
°C), meaning it can form ignitable vapors at low temperatures. This
characteristic presents a fire hazard if not managed according to OSHA
and NFPA regulations [51]. While the EPA has not established a quan-
titative assessment of acetone’s carcinogenicity in humans, studies on
inhalation exposure suggest potential mild transient neurological effects
[52]. OSHA has set a permissible exposure limit (PEL) for acetone at
1000 ppm (2400 mg/m>) based on an 8-hour time-weighted average
(TWA) [53]. Conversely, 1,4-dioxane poses significant health risks. In
November 2024, the EPA confirmed that 1,4-dioxane presents an un-
reasonable risk to human health under the Toxic Substances Control Act
(TSCA). Identified hazards included liver toxicity, damage to the olfac-
tory epithelium, and an increased risk of cancer through inhalation,
dermal contact, and ingestion of contaminated water [54]. OSHA has set
a PEL for 1,4-dioxane at 100 ppm (360 mg/rn3) on an 8-hour TWA [55].

From an environmental regulatory perspective, the EPA has not
established specific nationwide effluent limitation guidelines for
acetone or 1,4-dioxane. However, companies must comply with
chemical-specific discharge limits outlined in National Pollutant
Discharge Elimination System General Permits (NPDES). For instance,
NPDES Permits MAG910000 and NHG910000, which apply to dew-
atering and remediation discharges in Massachusetts and New Hamp-
shire, set effluent limitations for acetone (8.0 mg/l) and 1,4-dioxane
(0.2 mg/1) [56]. These regulatory constraints are critical considerations
in the design of the wastewater treatment system within the biorefinery
design.

4. Conclusions

This study compares reaction performance and solvent recyclability
parameters experimentally and across biorefinery simulation models for
two alternative organic solvents supporting the dehydration reaction of
glucose and xylose over aluminum chloride. Despite minor differences in
the yield of 5-HMF and furfural, acetone outstands 1,4-dioxane when
processing aqueous solutions of sugars at intermediate concentrations.
The choice of acetone as the preferred solvent for this application is
based on four pivotal factors: lower overall process heat demand,
reduced solvent loss, decreased catalyst loss, and smaller biorefinery
size. Factors that directly impact capital and operational expenditure in
biorefinery operations.
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