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ABSTRACT: The one-pot synthesis of butyl levulinate from fructose and 1- : : fad biofuel
butanol has been optimized using the ion-exchange resin Dowex SOWx2 as a {4 additives lubricants
catalyst in a batch reactor. The effects of temperature (120—150 °C), initial
quantity of water (1-butanol/water molar ratio 1.2—48.5), and fructose (1-
butanol/fructose molar ratio 33—77) have been evaluated in order to address
the gaps found in the literature. The yield of butyl levulinate is adversely 4

affected by the formation of humins, which is promoted by the presence of §d_fructose
water, high temperature, and initial mass of fructose. However, an increase in ;

both the temperature and the mass of fructose has an initial positive effect on ~ ~

the yield. The optimization study concludes that the optimal yield of butyl

levulinate is around 140 °C and a 1-butanol/fructose molar ratio of 60. A = ) plasticizers
maximum butyl levulinate yield value of 81.7% is obtained under these
conditions after 2 h of run.

levulinate

green cosmetics

solvent

1. INTRODUCTION Methyl, ethyl, and n-butyl levulinates are the three LEs most
widely studied.® Among them, fermentation alcohol-based
levulinates are considered 100% biomass-derived compounds,
and their use as diesel blend components is of growing interest.
Compared to ethyl levulinate, butyl levulinate (BL) enhances
conductivity, lubricity, and cold-flow properties.” It has a
blending cetane number of around 46, close to that of
commercial diesel, remains soluble in it at low temper-
atures,'' ~'® and reduces particulate emissions without
changing engine power eﬂiciency.14

The near-future depletion of fossil fuels, along with the
pollution and carbon emissions associated with their intensive
use by society, has dramatically driven efforts in academia and
industry toward the production of bulk platform chemicals and
fuels from nonedible renewable biomass.

The transformation of billions of metric tons of biomass
produced annually by nature into commodity chemicals or
materials, as an alternative to a wide range of oil-based

feedstocks, is crucial for sustainability.” Smart renewable Monosaccharides-derived levulinates esters have significantly
biomass utilization can also be used as a strategy to decrease higher yields when starting from fructose,'>~'” one of the most
CO, emissions and reduce the use of finite fossil resources. direct biomass-derived materials for their production. Open

Cs—Cg carbohydrates and their derivatives can be produced literature about fructose-based butyl levulinate synthesis using
from cellulose, the main component of lignocellulosic biomass. acid heterogeneous catalysts is scarce and, in some cases,
Levulinate esters (LEs), derived from the dehydration of Cj relevant reaction data about the humins formation, the formic
sugars into levulinic acid (LA) with S-hydroxymethylfurfural acid/levulinic acid ratio, and the yield of products different
(5-HMF) as an intermediate, followed by LA alcoholysis using from BL are often ignored.ls’m Fructose butanolysis over
acid catalysts, have attracted much attention as green, high- Fe,(SO,); reported a 75% BL yield at 190 °C after 3 h,20 while
value-added molecules. They are considered suitable sub- it was 16% over Amberlyst 15 at 110 °C after 30 h*! Kuo et
stitutes for traditional fossil fuels due to their energy density al.”” obtained a BL yield of 62.8% using TiO, nanoparticles at

(around 30 MJ/L), which is close to that of gasoline (32.4 M]J/
L) and higher than that of ethanol (23.5 MJ/L).>* Received: April 25, 2024
Furthermore, their oxygen content promotes the complete Revised: ~ September 3, 2024
combustion of fuel and reduces particle pollutant emissions.”® Accepted: September 9, 2024
Other applications of LEs in daily life include their use as green Published: September 18, 2024

solvents, polymers, food flavoring agents, cosmetics, foam
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150 °C after 3 h. The use of mesoporous bimetallic catalysts,
such as Zr/Al (2)-SB, yielded 72.8% BL at 170 °C after 5 h.*
The potential of (poly(p-styrene sulfonic acid)-grafted carbon
nanotubes (CNT-PSSA) and Amberlyst 15 as catalysts was
demonstrated by Liu et al.”* at 120 °C after 24 h. The BL
yields achieved were 87% and 89%, respectively, indicating that
acidic ion-exchange resins are promising selective catalysts for
this chemical transformation at mild temperatures. In all these
works, water-free 1-butanol was used in large excess compared
to fructose to shift the system toward BL production and
minimize the formation of humins.”*** Di Menno Di
Bucchianico et al.”” explored the role of water and GVL as
cosolvent on fructose butanolysis kinetics at 110 °C over
Amberlite IR120 after 7 h. Water addition (17 wt %) did not
improve BL yield (30%), although it promotes the rapid
dissolution of fructose even at low temperatures. BL yield
increased to 57.5% in the absence of water and 60.4% by
adding 30 wt % of GVL in butanol. In a previous work,”® we
studied the feasibility of ion-exchange resins on this reaction
using water/1-butanol mixtures in the temperature range 80—
120 °C over eight sulfonic polystyrene-DVB ion exchange
resins. The process was highly temperature-sensitive, and BL
synthesis was highly influenced by the morphology of the
acidic ion-exchange resins in the liquid reaction medium.
Dowex SOWx2 gel-type resin showed a 43.4% BL yield at 120
°C after 8h. This low value was attributed to the initial
presence of water since water highly inhibits the resin catalytic
activity in alcohol media. Interestingly, the BL yield increased
to 73.4% when the same experiment was performed with
anhydrous butanol under identical conditions.

Given the aforementioned results, it seems clear that there is
room for optimization in the production of butyl levulinate
from 1-butanol and fructose over Dowex SOWx2. First, the
effect of water should be clarified. Further, the temperature can
be increased to check whether a positive effect is observed.
Finally, the mass of fructose should be increased for industrial
applications, making it ncessary to assess its effect on the
production of butyl levulinate. Therefore, in this work, we have
focused on the effects of water, temperature, and initial
fructose mass on the yield of butyl levulinate, using surface
response methodology and subsequent validation to optimize
the process.

2. MATERIALS AND METHODS

2.1. Chemicals and Catalyst. 1-Butanol and D-fructose
(>99.5%, Across Organics) were used without further
purification. Butyl levulinate (>98%, Sigma-Aldrich), formic
acid (>98%, Labkem), S-hydroxymethylfurfural, levulinic acid,
butyl formate, and di-n-butyl ether (>98%, Across Organics),
as well as deionized water, were used for analysis.

The gel-type ion-exchange resin Dowex SOWx2 (Aldrich)
was used as the catalyst. Its acid capacity is 4.98 mmol H"/g
and its average bead size is 0.105 mm. More detailed
information about its textural properties can be found
elsewhere.”

2.2. Apparatus and Analysis. The setup consisted of a
100 mL stainless steel reactor (Magnedrive II, Autoclave
Engineers) heated by an electric oven TC 22 Pro 9, with the
temperature controlled to +0.1 °C using a TOHO TIM-125
TIC controller. The reaction medium was stirred by a
magnetic drive turbine equipped with a 4-blade axial-up
mixer. The dried catalyst was injected into the reactor from an
external cylinder by shifting with N,.

Liquid samples were taken hourly out of the reactor and
analyzed. Butyl levulinate (BL), butyl formate (BF), 5-
butoxymethylfurfural (BMF), di-n-butyl ether (DBE), and
water were determined by gas chromatography (GC). An
Agilent HP6890 GC apparatus equipped with a TCD detector
and an HP Pona methyl silicone capillary column HP190195—
001 (S0 m X 0.2 mm X 0.5 pm) analyzed 0.2 uL liquid
aliquots. A temperature ramp of 10 °C/min from 50 °C up to
250 °C was initially programmed and then held for 6 min. He
(>99.998%, Linde) was the carrier gas at a column flow rate of
1 mL/min. On the contrary, fructose (F), formic acid (FA),
levulinic acid (LA), and S-hydroxymethylfurfural (HMF) were
determined by high-performance liquid chromatography
(HPLC). An Agilent 1200 Infinity II HPLC equipped with a
refractive index (RI) detector and Agilent Hi-Plex H column
(300 X 7.7 mm) analyzed SO uL of liquid aliquots. The mobile
phase was a 0.005 N aqueous solution of H,SO, at a flow rate
of 0.6 mL/min and the column temperature 50 °C. Reaction
products were identified by an Agilent GC/MS (6890A series
GC with an Agilent GC/MS 5973 detector, and chemical
database software).

2.3. Procedure. Dowex SOWx2, in the form of 100—200
mesh beads (0.074—0.149 mm), was used as shipped. The
catalyst was dried at 110 °C for 2 h at atmospheric pressure,
followed by drying at 10 mbar overnight. The residual water
content in the catalyst was less than 3 wt % (Volumetric Karl
Fischer Titrator Orion AF8, Thermo Electron Corporation).

Before the catalytic activity runs at different conditions, the
fructose solubility in 1-butanol was determined at 25, 80, and
100 °C by a gravimetric method. In each equilibration
experiment, solutions of fructose (as shipped) in 1-butanol
containing excess visible solids were prepared in 30 mL vials.
These were submerged in a thermostatic bath at the desired
temperature and stirred using 6 mm wide magnetic stirrers for
48 h to reach solid—liquid equilibrium. Afterward, aliquots of
approximately 5 mL were taken from the supernatant liquid
and transferred to evaporation vials after filtration using PTFE
syringe filters (200 nm mesh). After solvent evaporation, the
remaining solid was weighed, and the solubility was computed
by mass differences. Three replicates were performed at each
temperature, and the final solubility values were expressed as
averages. Additionally, the equilibrated solid material at all
temperatures was collected by vacuum filtration, dried at room
temperature, and characterized by PXRD to confirm that the
same solid form was maintained, and that no solution-
mediated polymorphic transformations occurred during the
equilibration period. The remaining solids formed after solvent
evaporation in the weighing vials were also analyzed by PXRD
to check the absence of possible soluble impurities originated
by the degradation of fructose at higher temperatures. Further
information on the gravimetric method used and the procedure
for calculating solubility can be found elsewhere.”

For the chemical reaction experiments, the reactor was
charged with the desired mixture (70 mL), stirred at 500 rpm,
set at 2 MPa to ensure a liquid phase throughout the reaction,
and heated to the planned temperature. Once the temperature
was stabilized, a dried catalyst was injected into the reactor,
marking the start of the experiment (time zero). The
experiments were conducted for 8 h. The thermal decom-
position of fructose during heating was negligible.

The operational conditions were 500 rpm and 2.0 MPa to
ensure proper agitation and liquid phase; the temperature
range explored was 120—150 °C; the molar 1-butanol to

https://doi.org/10.1021/acs.iecr.4c01580
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Figure 1. Left: Optical microscope image of fructose as shipped. Scale bar refers to 1 mm. Right: Experimental PXRD pattern of commercial
fructose, recrystallized fructose from 1-butanol saturated solution at 80 °C and from CCDC file FRUCTOI1.

fructose ratio (Rg/z) was 37—77; the molar 1-butanol to water
ratio (Rg,,,) was 1.2—48.5; the catalyst loading was 1.67—3.3%
(1-2 g). Under such operating conditions, the influence of
mass transfer was negligible as proved elsewhere.*®

In each experiment, fructose conversion (Xg), and yield of
fructose toward the product j (Y}) are estimated by egs 1 and
2, respectively

mole of F reacted

X, = ————— X 100 [%, mol/mol]
mole of F initially (1)

mole of F reacted to form j

Yl =

= X 100 [%, mol/mol]

mole of F initially
2)
In order to provide an empirical relationship between
operational conditions and yield of BL, a response surface
methodology analysis was performed by means of the stepwise
procedure considering a second-degree polynomial expression
with interaction terms, as follows:

k k k-1 k
y=p8+ Zﬂtxl + Zﬂﬁxf + Z Zﬂijxixj
i=1 i=1

i=1 j>i 3)

where y is the response variable, x the independent variables,
and f the equation coeflicients.

Replicated runs were conducted for some experiments, and
the reproducibility of results was found to be reliable. Fructose
conversions were accurate within +1%. On the contrary, BL
yields were accurate within +5% and those of HMF, BMF, and
LA within +5—-8%.

3. RESULTS AND DISCUSSION

3.1. Solubility of Fructose. The as-shipped fructose was a
white solid chunky crystalline material composed of particles in
the range of 100—500 um (Figure 1 left). The solubility of this
material in 1-butanol was experimentally determined at 25, 80,
and 100 °C by the gravimetric method described above. The
results (Table 1) show that the solubility of fructose in 1-

Table 1. Solubility of Fructose in 1-Butanol

T [°C] Solubility [g fructose/g butanol]
25 0.00322 + 0.00001
80 0.04756 + 0.00002
100 0.40 + 0.02

butanol highly increases with temperature. The reproducibility
obtained at lower temperatures is very good (0.04—0.045%),
indicating the consistency of the followed methodology.
Notwithstanding, the value of solubility at 100 °C might be
overestimated since it is very close to the melting point of D-
fructose (onset at ~113 °C).>" At this temeprature, the liquid
phase becomes more viscous and paler yellow, typically
indicative of the thermal degradation or polymerization of
fructose, which significantly hindered the filtration of the
supernatant aliquots. Indeed, the kinetics-based interference of
fructose’s thermal decomposition with its melting temperature
has been previously studied.”

Although PXRD is not highly accurate for purity
determinations, it can provide a rough approximation to
check for the presence of soluble products resulting from
fructose degradation in the saturated solutions. Figure 1 (right)
shows that the commercial fructose and the recrystallized
solids obtained from the filtered butanol-saturated solutions at
80 °C by solvent evaporation both present very similar X-ray
diffractograms. Both are consistent with the diffractogram
reported for fructose in the FRUCTOll.cif file from the
Cambridge Crystallographic Data Centre (CCDC). This result
indicates that the degradation of fructose into butanol-soluble
products, which could be present in the saturated solutions,
was not significant after 48 h at 80 °C. This validates the
solubility value obtained at this temperature.

At 80 °C, up to 37.7 g/L of fructose on 1-butanol (2.262 g
in 60 mL, Rg/r = 52 mol/mol) can be reached. Most of the
experiments were carried out at Ry > 50 and temperature was
always higher than 120 °C; therefore, we can ensure that
fructose was either completely dissolved or melted as liquid in
all tests performed. Furthermore, in all cases some water was
present, which is reported to enhance the solubility in the
similar system fructose/ethanol.*?

3.2, Effect of the Initial Amount of Water in the
Reaction. The effect of the initial amount of water was
examined at 120 °C with an Rg/; = 77. Mixtures of 1-butanol
and water were prepared in ratios ranging from 60/10 to 70/0
(mL 1-butanol/mL water), corresponding to initial molar
ratios, Ry, ranging from 1.2 to 49. The Ry, value of 49
includes the residual water content in both 1-butanol and the
catalyst, with no additional water added. The catalyst loading
was 1.6%.

Figure 2 shows the evolution of the mole profile for all
detected species except water, 1-butanol, and d-n-butyl ether,
at 120 °C, with Ry, = 77 and two different butanol-to-water

https://doi.org/10.1021/acs.iecr.4c01580
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Figure 2. Product distribution mole profile over contact time for the
main species: (up) Rgy = 2.4 and T = 120 °C; (middle) Ry, = 49
and T = 120 °C; (down) Ry, = 49 and T = 150 °C. Catalyst load =
1.6 wt %. Dowex S0Wx2, Ry /r = 77. Lines are guides to the eye.

ratios, Ry (Figure 2 up and middle). The trends observed in
these plots agree with the reaction scheme shown in Figure 3,
which illustrates the complex series-parallel reaction system for
producing butyl levulinate from fructose’®** wherein the
following route key steps can be distinguished:

1) Fructose dehydration reaction to form HMF.

2) Reaction of HMF with 1-butanol to form BMF and its
subsequent alcoholysis to BL and BF.

3) HMF rehydration reaction to LA and FA, and
subsequent esterification of both acids to BL and BF,
respectively.

4) Humins can be formed from fructose and HMF.>

As seen in Figure 2, fructose was readily consumed in both
runs (contact time 200 h-g-mol ™", time = 2 h), regardless of the
initial amount of water. However, water affects the extent of
the subsequent reactions: the amount of intermediates HMF
and BMF is much lower with a decreased initial quantity of
water, while the production of butyl levulinate and butyl
formate is favored. As shown in Figure 3, BL can be formed
from HMF via the hydrolysis and alcoholysis pathways. The
first one includes the formation of LA, while the second
includes the production of BMF. As observed, the yield of
BMEF is higher than that of LA throughout all runs, regardless
of the initial amount of water, which is in line with previous
observations in the open literature.””*® Therefore, it seems
that the etherification reaction of HMF with butanol, or
alcoholysis, is a faster reaction pathway than its hydration at
the temperatures explored with acidic ion-exchange resins
catalysts. This effect becomes more pronounced with
decreasing initial water content (Table 2).

Interestingly, the amount of humins formed decreased with a
lower initial amount of water (see Table 2), and the ratio (FA
+BF)/(LA+BL) (mol/mol), shown in Table 2 as the FA/LA
ratio. As discussed elsewhere,”® the excess FA is attributable to
the complex reaction network involved in the formation of
humins from carbohydrates. Our results confirm the role of
water in this network, favoring the formation of humins.>%?73¢
The decrease in humin formation with a lower initial amount
of water partly explains the increase in BL production, but not
completely. The inhibiting effect of water on ion-exchange
resins might also play an important role in the observed
activity levels, as noted in other studies.”” " Table 2 also
shows the conversion of 1-butanol and the yield of dibutyl
ether (DBE) at different Ry, ratios. The increase in both
magnitudes with decreasing initial water content can also be
explained in terms of catalyst activity. The butanol conversion
values and DBE yields obtained are consistent with those
reported in the literature under comparable conditions.*’

3.3. Effect of the Temperature. The temperature was
increased to 150 °C to assess its effect on activity. As shown in
Figure 2 down, the higher temperature accelerates the process
as expected but appears to have a minor impact on the
maximum quantity of BL that can be obtained under tested
conditions, apart from allowing these values to be reached in
shorter reaction times (see Figure 4). In 1 h (contact time =
100 h g mol™), all of the intermediates were already consumed
at 150 °C, but the amount of BL produced was similar to that
obtained at lower temperatures by the end of the runs.

Table 3 shows the effect of the temperature on the main
variables studied at the time when the maximum yield of BL is
achieved. Yield of BL increased on increasing temperature
from 120 to 130 °C, but then it stabilized around 77% at
higher temperatures. This increase can be explained by the
total consumption of intermediate species, e.g, HMF and
BMEF, and also by a slight decrease on the yield of BF. Further,
the amount of humins tends to increase with temperature, and
also the intermolecular dehydration of n-butanol to the
corresponding linear ether, as expected. It is to be noted that

https://doi.org/10.1021/acs.iecr.4c01580
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Figure 3. Reaction scheme for butyl levulinate production from fructose and 1-butanol.

Table 2. Main Results Obtained at Ry = 77 and T = 120 °C on Varying the Amount of Water at t = 8 h”

Rponw  Xe (%) YFHMF (%) YFLA (%) YFBMF (%) YFBL (%) YFFA (%) YFBF (%) FA/ LAratio  Humins (%) XpuoH (%) YBuOHDBE (%)
12 99.5 3.84 9.72 29.2 322 36.4 259 1.5 18.5 1.12
2.4 100 6.68 6.66 30.5 52.9 258.5 S1 1.4 4.2 2.34 0.58
4.7 100 1.95 4.71 16 72.9 232 63.7 1.4 11 322 1.22
48.5 100 2.26 1.54 10.4 73.4 16.3 80.6 1.3 9.8 4.02 1.93
“Catalyst load = 1.6% Dowex SOWx2. Y(FA+BF)/(LA+BL) molar ratio.
90 17 14 7
80 A
® [ ] » 0¥ 12 1
e0® ®p ' m %
701e = ! PR 2 AA
10 1 A
60 * =
— L 2 . A
X 50 7 T=120°C = 87
GE . 1<} 2 o o °* ¢ A3.7gF
> 40 7 €T=130°C o B o
2 67 a4 227gF
30 1 WT=140°C < °
4 1 ®179gF
20 ®T=150°C
10 T 2
VR T T T T T T T T 1 0 ® T T T 1
0 100 200 300 400 500 600 700 800 900 0 200 400 600 800

t-W/n% (h g molF?)

Figure 4. Evolution of the yield of BL with contact time at different
temperatures. Ry /r = 77, Rpyon/w = 48.5, catalyst load = 1.6% Dowex
SOW=x2.
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Figure S. Butyl levulinate mole production over contact time with
increasing initial mass of fructose. Ry,onw = 48.5, catalyst load =
1.6% Dowex S0Wx2, T = 130 °C.

the maximum BL yield is achieved in a shorter reaction time as
the temperature increases, which is expected due to the higher
reaction rate.

3.4. Effect of Mass of Fructose. The initial concentration
of fructose was increased, and its effect on the reactions studied
was checked at 130 °C. Three initial fructose concentrations
were evaluated, corresponding to initial masses from 1.79 g

(Rg/r = 77 mol/mol) to 3.7 g (Rgr = 33 mol/mol). As
depicted in Figure 5, the evolution of BL mole profiles over the
course of the reactions exhibited a noteworthy initial increase,
followed by a stabilization phase once all reactants and
intermediates were exhausted. Notably, in the run with the
highest fructose mass, this stabilization phase was not attained
during the entire duration of the experiment. As expected, the

Table 3. Main Results Obtained by Varying the Temperature at the Time When the Maximum BL Yield is Achieved.”

T(°C) t(h) Y™ (%) Y& (%) V(%) YRR (%) YR (%)
120 8 2.26 1.54 10.4 73.4 16.3
130 8 0 1.76 0 77.4 16.8
140 4 0 1.52 0 76.4 15.6
150 2.5 0 2.15 0 77.3 14.5

“Ry/r = 77, Rpponyw = 48.5, catalyst load = 1.6% Dowex SOWx2.
16705

Y5 (%)  FA/LA ratio  Humins (%)  Xgwon (%) Yewon oo (%)
80.6 1.29 9.8 4 1.9
85.8 1.3 18.8 6.3 42
77.4 1.26 21 6.5 1.5
77.2 1.24 242 15.6 13.6
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Table 4. Main Results Obtained at 130 °C on Varying the Initial Mass of Fructose, at a Contact Time of 300 h-g'mol-F'“

m’p(g) YT (%) YEA (%) YT (%) YR (%) Ye™ (%) Ye™ (%)  FA/LAratio  Humins (%)  Xpeon (%) Yeeon'oo (%)
1.79 0.3 1.5 14.0 67.8 14.6 75.6 1.30 16.4 6.7 21
227 0 LS 8.3 789 164 73.7 112 20.8 9.6 372
37 0.0 1.6 8.8 622 189 64.1 1.3 27.5 8.1 15.0

“Rpgonyw = 48.5, catalyst load = 1.6% Dowex S0Wx2.
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Figure 6. Yield of butyl levulinate over contact time with increasing
initial mass of fructose. Ry, op/w = 48.5, catalyst load = 1.6% Dowex
SOWx2, T = 130 °C.

quantity of BL produced at the end of each run increased with
the initial fructose mass. However, it is worth mentioning that
the formation of humins also increased along with the BL
production (Table 4).

Upon examination of the yield of butyl levulinate achieved at
the end of the runs with varying initial fructose masses (refer to
Figure 6), it becomes evident that the adverse impact of the
humin formation reaction becomes pronounced.

For comparison purposes, Table 4 shows the results
obtained at the same contact time (300 h-g'mol;™"), which
correspond to reaction times from 3 to 6 h, depending on the
initial amount of fructose. In all these runs, fructose conversion
was complete after 2 h.

As observed in Table 4, the yield of butyl levulinate exhibits
an increase as the initial fructose quantity is augmented to 2.27
g. However, this trend reverses when an excess of fructose is
introduced. The initial positive effect of the fructose quantity
can potentially be attributed to increased catalyst activity, as
evidenced by the reduction in the concentration of
intermediate compounds. Concurrently, this increase in
fructose seems to favor the parallel reaction of butanol
dehydration. However, a higher initial amount of fructose,
maintaining the mass of catalyst, produces an expected increase
of humins, limiting the production of BL.

Considering all of the aforementioned factors and acknowl-
edging that assessing the influence of the initial fructose
quantity is not straightforward, it becomes evident that there is
an opportunity to explore the optimization of the process.

Figure 7. Comparison between experimental and predicted yields of
BL.

s e
e

Yo (%)

MY
W\
i
I

A

RB/F (mol/mol) 20 120

T(°C)

Figure 8. Response surface obtained from the stepwise multivariable
regression (eq 4) along with experimental data used in the modeling

(red dots).

3.5. Optimization of the Production of BL. In order to
maximize the production of BL, some experiments were
performed varying the initial fructose concentration and
temperature, maintaining the initial amount of extra added
water at zero (Rgy = 48.5). The Ry was studied in the range
37 to 77 at the temperature range of 120 to 150 °C. Four levels
for each variable were checked: 37, 50, 60, and 77 for Ryg;
120, 130, 140, and 150 °C for the temperature, and t = 4 h was
fixed for comparison purposes.

A response surface methodology analysis was used to find
the most significant factors that explain Yy variability. A

Table 5. Results of Stepwise Regression

Bo A (T) B2 (Re/r)
Estimate 76.963 1.5434 10.418
SE 1.402 1.323 1.304
p-Value 6.59e—7 0.3083 0.0013

16706

Bs (T?)
—4.6039
2,012
0.0840

B (RZB/F) Freg R? p-Value
—14.326 24.3 0.921 0.00457
1.892
0.0016
https://doi.org/10.1021/acs.iecr.4c01580
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Figure 9. Yield of butyl levulinate obtained over contact time around

optimal initial conditions. Rg,onw = 48.5, catalyst load = 3.2%
Dowex S0Wx2, T = 140 °C.

second-degree polynomial was used for the regression,
including interaction terms (see eq 3). Independent variables
(T and Rgp) were coded each to fit the range from —1 to +1.
The best empirical model was obtained using stepwise
regression methodology: the starting model included an
intercept term, linear and squared terms for each predictor,
and the product of both predictors; terms were then removed
if the p-value of the F-statistic was greater than 0.10. Table 5
lists the parameter estimates, their standard error and p-value,
the regression F-statistic, p-value, and the adjusted R* for the
best model with coded factors. Since the quadratic terms for
both factors were statistically significant (p < 0.10), linear
terms were also considered, although p-value for j, is higher
than the threshold.

According to the regression results, a second-degree
dependence is found between the yield of BL and the two
factors, with Rgr having a higher weight. Thus, a rise in
reaction temperature (1) and a higher amount of butanol
relative to fructose in the reactant mixture ($2) both enhance
the yield of BL, but a further increase in either variable
produces a drop in the observed yield. The interaction term
was not statistically significant. The resulting empirical
equation predicts data fairly well, as shown in Figure 7.

The derived expression, in terms of uncoded factors, is

Yy = —455.898 + 5.628T + 4.604R; . — 0.020T>
- 0036k, @

From this equation, the corresponding response surface
figure can be generated (see Figure 8), which confirms the
existence of an optimal region concerning the yield of BL. By
differentiating eq 4, we can estimate that the optimal values fall
around T = 140 °C and Ry = 60.

In order to check the performance in the optimal region,
additional experiments were performed at 140 °C and Ry g of
50 and 60 but doubling the catalyst mass, with the objective of
speeding up the process. The best result was obtained after 2 h
of run (contact time ~320 h-g (mol)™"), reaching a BL yield of
81.7% (see Figure 9). This value is among the highest yields of
BL ever reported in the open literature. Table 6 compares data
of the BL synthesis from fructose found in the literature. It
should be noticed that in all these works of water-free 1-
butanol is used in large excess compared to fructose. This has
the advantage of shifting the system toward BL production
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Table 6. Comparison with Literature Data on Butyl Levulinate Synthesis from Fructose and 1-Butanol
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while simultaneously reducing the humin formation. However,
it does have limitations for industrial application. Our result is
slightly lower than entry 4, but we reach this value with less
than half the ratio of 1-butanol to fructose and in a much
shorter reaction time.

4. CONCLUSIONS

The effects of the initial water amount, temperature, and initial
fructose mass have been evaluated on the one-pot synthesis of
butyl levulinate from fructose and 1-butanol using Dowex
SOWx2. Water inhibits catalyst activity and favors humin
formation. Increasing the temperature initially improves butyl
levulinate yield within the low-temperature range studied
(120—130 °C) and then stabilizes at a consistent value in the
higher temperature range (140—150 °C). On the contrary, the
temperature increase promotes the formation of humins and
dibutyl ether. An increase in the initial mass of fructose initially
has a positive effect on the yield of butyl levulinate, but it also
promotes the formation of humins, negatively affecting the
final outcome. After an optimization study, we estimated that
the optimal values in terms of butyl levulinate yield fall around
T = 140 °C and a 1-butanol/fructose molar ratio of 60. A
maximum butyl levulinate yield value of 81.7% is obtained at
these conditions after 2 h of run.
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