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ARTICLE INFO ABSTRACT

Keywords: This study evaluated the use of a semi-continuous subcritical water hydrolysis (SWH) process followed by liquid-
Lignocellulosic biomass liquid extraction to produce a concentrated hydrolysate with a low content of 5-hydroxymethylfurfural (5-HMF).
DEtOXIﬁCitlm“ The SWH was operated at 15 MPa, 180 °C, 5 mL min !, and a solvent-to-feed ratio of 22.5 g g~ *. The hydrolysate
?;?3;};5 € sugars was subjected to liquid-liquid extraction at different pH (2.5-6.5), temperatures (25-45 °C), and volumetric

Waste valorization ratios between hydrolysate and ethyl acetate (1:2-2:1 v/v) using the Box-Behnken design followed by response

Brewery residue surface methodology. The optimal conditions for removing 5-HMF (73.85 %) were pH 6.5, 35 °C, and a volu-
metric ratio between hydrolysate and ethyl acetate of 1:2 (v/v). The hydrolysate presented a final composition of
14.82 g L™ cellobiose, 10.83 g L™ ! glucose, 6.36 g L™! xylose, 3.61 g L ™! arabinose, 2.47 g L™! formic acid, 3.75
g L1 acetic acid, and 1.04 g L~! 5-HMF.
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1. Introduction

Lignocellulosic biomass consists of cellulose, hemicellulose, and
lignin as major compounds. The diversity in the composition of biomass
is responsible for the complexity of the processes used for pretreatment.
Currently, biomass has been widely studied as a suitable feedstock to
produce biofuels and biobased products, replacing fossil resources with
a reduction in greenhouse gas (GHG) emissions [1,2]. Lignocellulosic
biomass has been applied as feedstock to produce fuel, chemical prod-
ucts, proteins, amino acids, oligosaccharides, and phenolic compounds
[3]. Nonetheless, ethanol and butanol are the typical products of interest
in the biochemical route of biomass valorization [4]. An increase of up
to nearly 400 % of the total biomass demand was projected for 2050
compared to 2011, resulting in a demand of up to 13.4 billion tons per
year [5]. The abundance of lignocellulosic by-products from the agri-
culture and forest sectors appears to be a promising low-cost feedstock,
such as corn fiber, wheat straw, brewer’s spent grains (BSG), rice straw,
and many others that can be used to obtain fermentable sugars at a
relatively low cost [3].

BSG is produced in large amounts in the beer industry, accounting for
20 kg BSG for every 100 L beer processed [6]. The incorrect destination
of BSG represents an issue in terms of environmental impact, however,
BSG is a feedstock with a low financial aggregated value [7]. Cellulose
(18 %), hemicellulose (35 %), and proteins (20 %) represent the major
composition of BSG [6]. The management of BSG is a challenge for the
beer industry, and novel alternatives based on sustainable processes
should be investigated [8].

In a biorefinery concept, biomass conversion must first have a pre-
treatment to the hydrolysis of cellulose, hemicellulose, and lignin to
produce a hydrolysate rich in sugar for its intended applications.
Although the purpose is to maximize the recovery of fermentable sugars,
pretreatment can produce several bioproducts, such as furfural, phenolic
compounds, hydrolyzed fibers, and 5-HMF [9].

The use of sustainable biomass pretreatment should be explored to
promote the sustainability and circular bioeconomy of the agri-food
sector. SWH has been considered a sustainable pretreatment for the
valorization of lignocellulosic biomass [9]. In the case of SWH, the
temperature and pressure conditions of the water should be higher than
its boiling point (100 °C, 1 MPa) and lower than its critical point (374 °C,
22 MPa) [10]. The dielectric constant of water in the subcritical state is
close enough to several organic solvents, allowing hydrolysis reactions
[11]. Although this pretreatment technique has high implementation
and operational costs due to the requirement of high temperature and
pressure, it is considered feasible and sustainable for the management of
biomass by-products [9]. Previous studies described the optimal SWH
pretreatment conditions to produce sugars and amino acids from BSG
[12-14].

However, during the SWH of lignocellulosic materials, inhibitory
compounds, such as furfural and 5-HMF, are formed, which are not
suitable for biotechnological processes [15]. The inhibitors compounds
have direct interference in the microbial growth and synergistic effects
with other inhibitors in the interference of the fermentative process
[16], causing damage to the cell wall, inhibiting microbial growth,
reducing enzymatic activity, and consequently decreasing the fermen-
tation yield [17,18]. At a high concentration, the inhibitors compounds
can lead to deterioration or even cease activity in anaerobic reactors
[19]. Therefore, the removal of inhibitors compounds generated during
SWH should be investigated before the application of the hydrolysate in
the fermentative process. Furfural can be easily removed by evapora-
tion, however, the removal of 5-HMF should be better investigated. In
addition, the isolation and purification of 5-HMF can be used as essential
platform chemistry. The “Top 10 + 4” list by the U.S. Department of
Energy contains 5-HMF as one of the most value-added chemicals [20].

Several methods have been reported in the literature for the removal
of 5-HMF. Examples include adsorption, which is based on the adsorp-
tion of the 5-HMF into a solid material [21]. Biodegradation involves the
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use of microorganisms capable of degrading 5-HMF into less harmful
species [22], but it typically requires a lengthy process and is susceptible
to complex and expensive operational parameters. Similarly, chemical
degradation is possible but requires careful consideration of the for-
mation of toxic by-products [23]. Membrane separation can be used
based on size or molecular charge [24]; however, due to the heteroge-
neous nature of lignocellulosic biomass hydrolysates, it can be a chal-
lenge. Finally, liquid-liquid extraction is based on the greater affinity of
the 5-HMF molecule to the solvent used, allowing for its separation from
the hydrolysate. The choice of method depends on various factors, such
as the source and concentration of 5-HMF, the desired product quality,
and the economic and environmental feasibility of the method. In the
case of liquid-liquid extraction, the parameters that affect the process
are pH, temperature of separation, and the amount of solvent used in the
process. These operational parameters should be better investigated to
verify the effectiveness of liquid-liquid extraction to the detoxification
and removal of 5-HMF.

Therefore, this study investigated the removal of 5-HMF from hy-
drolysate obtained by SWH of BSG. For this, liquid-liquid extraction was
optimized at different temperatures, pH, and hydrolysate/ethyl acetate
ratios. This study contributes to determining the appropriate conditions
for the removal of 5-HMF from BSG hydrolysates, and the technique
described can be applied to produce a purified hydrolysate for fermen-
tative processes.

2. Materials and methods
2.1. Raw material

BSG was supplied by Ambev Brewery (Jaguaritina, SP, Brazil). The
raw material was dried in an air convection oven (45 °C, 24 h) until
reaching a moisture of 9 % (w/w). The size reduction was carried out in
a multiprocessor until it reached an average particle size of 0.41 mm.
The BSG used in this study presents 35.79 % hemicellulose, 17.90 %
cellulose, and 17.87 % lignin [25].

2.2. Subcritical water hydrolysis

The SWH of BSG was conducted based on the process described in
Fig. 1 (patent pending BR1020150314019). The system was composed
of a high-pressure liquid pump (double piston pump, Model 36 prepa-
ration pump, Apple Valley, MN, USA) to pressurize and feed water to the
subcritical reactor. The hydrolysis reactor consisted of 316-stainless
steel tubes with an internal volume of 110 mL. A thermal jacket rated
to deliver 1500 W was used to heat the reactor, insulated by a ceramic
fiber jacket (RSA Equipment and Instrumentation, Campinas, SP,
Brazil). The temperature was controlled using two thermocouples (type
K) located at the entrance and outlet of the reactor. The product exiting
the hydrolysis reactor was cooled in a serpentine coupled to a thermo-
static bath (Marconi Equipment, model MA184, Piracicaba, SP, Brazil).
The system’s pressure is controlled by a micrometer valve (Parker
Autoclave Engineers, model 10VRMM2812, Erie, PA, USA) located after
the liquid exchanger. The pressure in the system was measured by
pressure gauges (0-50 MPa) with an accuracy of up to 0.1 % (WIKA
company, Klingenberg am Main, Bavaria, Germany).

The operational conditions used in the flow-through subcritical
process were selected based on previous studies [12-14]. In each
experiment, 10 g of BSG (dry basis) was loaded in the reactor, which was
operated semicontinuous. The reactor was filled with water from the
pump to reach pressures of 15 MPa and 180 °C in all experiments. The
hydrolysis was performed with a water flow of 5mLmin~! and a
solvent-to-feed ratio of 22.5 g water g ! feed. The hydrolysate was
collected every 5 min for 45 min to determine the hydrolysis kinetics. In
each hydrolysis, 225 mL of hydrolysate was obtained. In total, five hy-
drolysis were conducted to obtain a suitable volume of hydrolysate
(approximately 1 L) for the experiment.
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Fig. 1. Schematic diagram of the experimental apparatus for the semi-continuous SWH process. Label: W, water tank; P, high-pressure pump; V, block valves; P,
manometer; T, thermocouples; R, hydrothermal reactor; HE, heat exchanger; MV, micrometric valve; CV, collecting vessel.

For the concentration of the hydrolysate previously obtained by
SWH, 750 mL of the raw hydrolysate was concentrated under rotary
evaporation (120 mbar, 50 °C, 10 rpm). The final volume of concen-
trated hydrolysate was 150 mL, while the volume of evaporated water
was 600 mL. This step was necessary to increase the concentration of
sugars in the hydrolysate. Based on the mass balance calculation, the
raw hydrolysate was concentrated approximately 10-fold. The concen-
trated hydrolysate was used in the liquid-liquid extraction to remove 5-
HMF.

2.3. Liquid-liquid extraction of 5-HMF from the concentrated hydrolysate

A selective method was applied to remove 5-HMF from the hydro-
lysate. The concentrated hydrolysate was subjected to liquid-liquid
extraction using ethyl acetate to remove 5-HMF, already reported as an
affinity solvent with the inhibitor [26-28]. The concentrated hydroly-
sate was mixed with ethyl acetate under different operating conditions
and placed under stirring in an orbital shaker (Tecnal, Piracicaba, SP,
Brazil) at 60 rpm for 40 min. Liquid-liquid extraction was performed
using the concentrated hydrolysate at different pH (2.5, 4.5, and 6.5),
temperatures (T) (25, 35, and 45 °C), and volumetric ratios of hydro-
lysate/ethyl acetate (H) (1:2, 1:1, and 2:1 v/v), according to the
Box-Behnken design (Tables 1 and 2). After the liquid-liquid extraction
the mixture was centrifuged (5000 rpm, 15 min, 20 °C) for phase sep-
aration. The aqueous phase (hydrolysate) was collected for analysis.

2.4. Analytical methods

2.4.1. Sugars, organic acids, and inhibitors

Sugars, organic acids, furfural, and 5-HMF were analyzed by high-
performance liquid chromatography (HPLC) with a refractive index
detector (RID). Separation was performed using a Rezex™ column
(Phenomenex, model ROA-Organic Acid H+ (8 %), 8um,
300 x 7.8 mm, Torrance, CA, USA), adopting an isocratic flow of

Table 1
Box—Behnken design optimization for the removal of 5-HMF from BSG hydro-
lysate obtained by SWH.

Variables Code Level

-1 0 1
pH X3 2.5 4.5 6.5
T (°C) Xa 25 35 45
H (v/v) X3 1:2 1:1 2:1

Label: T, temperature; H, the volumetric ratio between hydrolysate and ethyl
acetate.

Table 2
Coded and uncoded independent variables for the Box-Behnken design to
remove 5-HMF from BSG hydrolysate obtained by SWH.

Run Coded variables Uncoded variables 5-HMF removal (g L)

X3 Xy X3 pH T (°C) H (v/v) Experimental  Predicted
1 -1 -1 0 25 25 1:1 1.71 £ 0.03 1.70
2 -1 1 0 25 45 1:1 1.59 + 0.06 1.63
3 1 -1 0 6.5 25 1:1 1.67 £+ 0.08 1.63
4 1 1 0 6.5 45 1:1 1.66 + 0.07 1.66
5 -1 0 -1 25 35 1:2 1.16 + 0.05 1.13
6 -1 0 1 25 35 2:1 2.29 +0.14 2.28
7 1 0 -1 6.5 35 1:2 1.04 £+ 0.09 1.05
8 1 0 1 6.5 35 2:1 2.35+0.12 2.37
9 0 -1 -1 45 25 1:2 1.35 £ 0.05 1.38
10 0 -1 1 4.5 25 2:1 2.42+£0.16 2.42
11 0 1 -1 45 45 1:2 1.25+0.12 1.23
12 0 1 1 45 45 2:1 2.68 +0.14 2.66
13 0 0 0 45 35 1:1 1.75 £ 0.18 1.82
14 0 0 0 45 35 1:1 1.80 +0.15 1.82
15 0 0 0 45 35 1:1 1.92 £0.16 1.82

0.6 mL min~"! of H3S04 (0.005 mol L™1) at 60 °C. The RID was main-
tained at 40 °C. For the analysis, the hydrolysates (raw, concentrated,
and after liquid—liquid extraction) were centrifuged (10.000 rpm) for
15 min and filtered (cellulose acetate 0.22 pm). The hydrolysates were
diluted 1:50 (v/v). Then, 20 pL of diluted hydrolysate was injected, and
the run was established for 60 min. The concentrations of cellobiose,
glucose, xylose, fructose, arabinose, formic acid, acetic acid, furfural,
and 5-HMF were calculated from the calibration curves of each stan-
dard. The analysis was conducted in triplicate, and the results were
expressed as g L1 hydrolysate.

2.4.2. Phenolic compounds

Total phenolic compounds (TPC) were quantified using the Folin-
Ciocalteu method [29]. The reaction was composed of 104 uL hydroly-
sate and diluted in 1667 pL of deionized water. The solution was reacted
with 104 pL of Folin-Ciocalteu (0.25 N) reagent was added to the reac-
tion, followed by incubation for 3 min in a dark environment. Next,
208 pL of sodium carbonate (1 mol L_l) was added to the reaction. After
2 h, the absorbance was measured in a spectrophotometer (Hach, model
DR 4000 U, Sao Paulo, SP, Brazil) at 725 nm. The analysis was con-
ducted in triplicate, and the results were expressed as g of gallic acid
equivalent (GAE) L1 hydrolysate (g GAE L’l).

2.4.3. Removal of 5-HMF
The removal of 5-HMF was calculated according to Eq. 1.
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Initials_yyg —  Finals_pvr

Removal of 5—HMF (%) =

100 (1
lnitial5,HMp x ( )

where Initials. gy is the concentration of 5-HMF in the concentrated
hydrolysate and Finals.yyr is the concentration of 5-HMF in the
concentrated hydrolysate after liquid—liquid extraction.

2.5. Statistical modeling and optimization

The results obtained were submitted to analysis of variance
(ANOVA) to assess the statistically significant factors and interaction
effects between variables. The significant differences were determined
by Tukey’s test (p < 0.05). The experimental results of 5-HMF removal
were analyzed by response surface methodology (RSM) described by
second-order equations (Eq. 2). The regression coefficients were deter-
mined for the response variables studied by the RSM. The significance
test of regression coefficients was also confirmed by ANOVA (p < 0.05).
In addition, the response variables were optimized using the Simplex
method.

Yi= Pt Z;ﬁixi + Zi}:lﬁﬁxiz + Z?:lZ;iB‘JX‘Xj @

where Y; is the studied response variable; fy is a constant; f; are co-
efficients related to linear effects; f; are coefficients associated with
quadratic effects; f; are coefficients for second-order cross terms; X; is
the variable i in the design; and X; is the variable j in the design.

All statistical analyses were conducted in Statistica® software
(version 10.0, StatSoft Inc., Tulsa, OK, USA).

3. Results and discussion
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observed. Similar behavior was observed by Georgalis et al. [32], who
indicated the maximum content of sugars at 15 min of SWH.

Acetic acid was formed by the degradation reactions of mono-
saccharides [33], which explains its continuous formation until the final
hydrolysis process. In contrast, formic acid is possible formed by the
degradation of furfural and 5-HMF [34], with a more accentuated for-
mation from 10 min. At the end of the process, the formation of acetic
acid (0.57 £+ 0.05 gL’l) was higher than that of formic acid (0.37
+0.01 gL,

The presence of inhibitors increased with the hydrolysis time. These
compounds are formed through more aggressive treatments, either by
temperature or by longer hydrolysis time, promoting the breaking of the
sugars in furfural, 5-HMF, and organic acids [35]. Furfural is produced
by the breakdown of pentoses (five-carbon sugars), which results from
the hydrolysis of hemicellulose from biomass. In contrast, 5-HMF is
produced by the breakdown of hexoses (six-carbon sugars), which re-
sults from the hydrolysis of cellulose [36,37]. A hydrolysate with a high
content of inhibitors is not desirable for biotechnological processes.
5-HMF had maximum formation at 15 min, followed by a decrease until
the end of the process. This profile reflects that during SWH, the sugars
are released followed by a subsequent conversion into inhibitors [38].

3.2. Composition of raw and concentrated hydrolysate

The raw and concentrated hydrolysate was quantified in mono-
saccharides, organic acids, inhibitors, and phenolic compounds
(Table 3). BSG presents 35.79 % hemicellulose, 17.90 % cellulose, and
17.87 % lignin [25]. The high composition of hemicellulose represents
both a difficulty for biotechnological processes due to the complexity of

Table 3
3.1. Kinetics of SWH Composition of raw and concentrated hydrolysate obtained by SWH.
Parameters Raw hydrolysate Concentrated hydrolysate Unit
The kinetics of SWH (non-accumulated and accumulated) are pre- - )
din Fie. 2. Th lated i f the hvdrol h Cellobiose 1.434+0.11 14.96 + 0.14 gL
sented in Fig. 2. The accumu. ated composition o tle ydro ysgte at the Glucose 1.06 £ 0.12 10.91 £ 0.13 gL
end of the process was cellobiose (1.43 + 0.11 g L™ ") as the major sugar, Xylose 0.53 + 0.08 6.15+ 0.15 gL?
followed by glucose (1.06 + 0.12 g L™1), xylose (0.53 = 0.08 g L™!) and Arabinose 0.28 + 0.04 3.58 +0.18 gLt
. _ . . L ic aci -1
arabinose (0.28 & 0.04 g L 1. The high cellobiose concentration in- FA"“mC ac;d 8-37 + 3-81 3-0613 + 8-1‘6‘ gL .
. . . : : . cetic aci .57 + 0.05 5.56 £ 0. gL
dicates the efﬁc1ency in the hydroly.sm of cellulose and hemlcel.lulose of o HMF 0.48 £ 0.02 3084013 gLl
BSG [30], the major polysaccharides of BSG [31]. Cellobiose had Furfural 0.47 + 0.02 nd gL !
maximum recovery in 5 min of hydrolysis. The other sugars were pro- Phenolics 1.26 + 0.13 10.57 + 0.44 gL
duced between 5 and 10 min, followed by a marked reduction at 30 min. K
. X T Label: n.d., not detected.
In the accumulated profile of the sugars, a plateau in the kinetics was
(@) 1.0 —e—Cellobiose  (c)0-15 —o—Acetic acid (€)0-20 ~o-5-HMF
08 —o—Glucose = —e—Formic acid —e—Furfural
v 4 =0.15 -
= —o-Xylose ©0.10 5
~ 06 - e =
20 —e—Arabinose 3 e
@ g £0.10 -
804 o =
3 € 0.05 2
S £ 0.05 -
0.2 o
0.0 000 &——————— ————————> 000 ——%
0 5 10 15 20 25 30 35 40 45 0 5 10 15 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Time (min) Time (min) Time (min)
(b) 2.0 (d) 06 (f) 08 4
~15 1 5 =06 -
7 204 4
e 8 °
g 1.0 4 i’g g 0.4 -
4 €02 1 ]
? 05 A ) 02
o)
0.0 —_— 0.0 — 0.0 —
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Time (min) Time (min) Time (min)

Fig. 2. Profile of sugars, organic acids, and inhibitors during the SWH of BSG. (a) sugars non-accumulated; (b) accumulated sugars; (c) organic acids non-
accumulated; (d) accumulated organic acids; (e) inhibitors non-accumulated; and (f) accumulated inhibitors.
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the sugar to be used by the enzymatic system of microorganisms [30], as
well as advantages when using SWH, as it is easily converted into free
sugars, such as xylose and arabinose [39]. The low concentrations of
xylose (0.53 +£ 0.08 g L’l) and arabinose (0.28 + 0.04 g L’l) obtained
in the raw hydrolysate may be associated with its rapid conversion of
inhibitory compounds and organic acids. The hydrolysis of cellulose
results in the production of glucose and cellobiose [40]. In the raw hy-
drolysate, cellobiose (1.43+0.11g L) and glucose (1.06
+0.12g L) were obtained. According to Zeng et al. [30], a high
concentration of cellobiose was obtained from the hydrolysis of BSG.
The differences in the profile of sugars obtained are justified due to the
influence of the barley species, harvest season, weather conditions, and
processing conditions in the brewery, among other factors [41]. How-
ever, the composition of the raw hydrolysate corroborates previous
studies of the SWH of BSG [12,14].

The concentrated hydrolysate presented 35.6 g sugars L™}, a rich
composition suitable for several biotechnological processes, such as the
production of cellobionic acid by Pseudomonas taetrolens [42] and
p-lactic acid from Escherichia coli [43], due to the higher concentration
of cellobiose in the hydrolysate. Additionally, a medium with a high
concentration of cellobiose was recently discovered to inhibit the con-
version of deoxynivalenol-3-glucoside into its toxic precursor, deoxy-
nivalenol, thus preventing damage to the human body [44]. However,
3.98¢g L~! 5-HMF represents a barrier to the fermentative process [45].
While SWH pretreatment is an effective process to the hydrolysis of
lignocellulosic biomass, one of its significant drawbacks is that it pro-
duces 5-HMF and, if not removed, could hinder microbial growth and
inhibition during fermentation [45]. Thus, the removal of 5-HMF from
the hydrolysate is ideal for promoting a more efficient fermentation
process.

3.3. Hydrolysate composition after liquid—liquid extraction

The composition of the hydrolysates after liquid—liquid extraction is
presented in Table 4. Overall, all treatments reduced 5-HMF, with a
maximum of 2.68 gL™! and a minimum of 1.04 gL™!. From the
Box-Behnken design, the Treatment 7 stood out with the removal of
73.87 % of 5-HMF from the concentrated hydrolysate. However, the
other constituents changed in composition, probably caused by partial
transfer losses to the phase containing ethyl acetate. This solvent is a
short-chain ester of ethanol with acetic acid that is non-toxic, biode-
gradable, and low-cost. Due to its moderate polarity, it is an ecologically
correct solvent [46,47]. Ethyl acetate is generally recognized as safe
(GRAS) and is currently used as a solvent in the decaffeination of coffee
and tea [48]. Its structure has two oxygen molecules, allowing greater
removal capacity due to an interaction by hydrogen bonding with the
structure of 5-HMF [49]. However, due to this polarity characteristic,
some of the other compounds in the hydrolysate have reduced affinity
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with the organic reagent, which would justify the migration, even if
minimal, to the organic phase of the system (hydrolysate (water): ethyl
acetate). The treatment with the greatest reduction of 5-HMF, for
example, had a loss of 5 % of sugars, which we can consider minimal
compared to the gains in biotechnological efficiency of hydrolysate with
a lower concentration of 5-HMF. In contrast, some treatments and
compounds that concentrated after the treatment can be seen, which can
be caused by partial loss of water from the aqueous phase (hydrolysate),
promoting the concentration of the compounds, or even interference
from the pH of the medium and at low temperature of some treatments
promoting hydrolysis reactions in the medium.

3.4. Removal efficiency of 5-HMF

Treatment 7 had the highest removal of 5-HMF (73.87 %), followed
by treatments 5 (70.96 %) and 11 (68.56 %) (Fig. 3). The highest
removal efficiency was achieved with a hydrolysate/ethyl acetate ratio
of 1:2 (v/v), indicating that the higher extraction solvent ratio promotes
the highest removal. This behavior was justified in Section 3.5 of the
statistical evaluation of the process. In general, the more significant
presence of ethyl acetate promotes a greater driving force for the
diffusion of 5-HMF to its phase [50], and performing the extraction of
the hydrogenated molecule of 5-HMF, 2,5-bishydroxymethylfuran, with
ethyl acetate managed to remove 80 %. Similarly, Lang et al. [51]
recovered 83 % of 5-HMF in a 1:1 (v/v) extract-to-solvent ratio. The
results corroborate those of this study, which ensures the applicability of
ethyl acetate for the liquid—liquid extraction of 5-HMF. The treatment
with the lowest removal was 12 (32.72 %), followed by treatments 10
(39.32 %), 8 (41.06 %), and 6 (42.68 %). Both have the lowest ethyl
acetate concentration, where the opposite behavior can be observed.
The lower driving force in the organic phase decelerated and reduced
the diffusion of 5-HMF to its phase.

The results of the 5-HMF removal found in this study were superior
to those found by Bhatia et al. [52]. The study employed algae biochar to
perform the adsorption removal of furfural and 5-HMF, resulting in a
maximum removal value of only 47.96 %. This is similar to the behavior
observed in the study by Bhatia et al. [53], which used biomass-derived
pine biochar to remove 40 % of the phenolic compounds (furfural and
5-HMF) present in the hydrolysate. These results demonstrate the po-
tential use of liquid-liquid extraction with ethyl acetate for removing
5-HMF from biomass hydrolysates.

The 5-HMF removed from the hydrolysate has other interests and
applications. 5-HMF can be a biobased building block for biofuels, lu-
bricants, and polymers [49]. 5-HMF can be subjected to oxidation, hy-
drogenation, and condensation reactions to obtain different products
[54], such as ethyl levulinate [55], 2,5-furanedicarboxylic acid [56],
and 2,5-dimethylfuran [57]. 2,5-Dimethylfuran, for example, provides a
higher energy density than ethanol, making it a competitive fuel in the

Table 4

Composition of BSG hydrolysate obtained by SWH after liquid—liquid extraction.
Run Cellobiose Glucose Xylose Arabinose Formic acid Acetic acid 5-HMF Phenolics Unit
1 13.74 £0.23 10.21 +£0.13 6.03 +£0.03 2.90 £+ 0.02 1.11 £ 0.08 3.36 £ 0.05 1.71 £ 0.03 10.27 £0.23 gL!
2 12.90 + 0.52 9.54 £+ 0.09 5.45 + 0.06 3.29 + 0.04 2.63 £ 0.09 3.22 £ 0.07 1.59 + 0.06 9.67 £ 0.82 g Lt
3 14.05 £ 0.61 10.09 + 0.12 6.08 + 0.02 3.47 £0.01 2.48 +£0.14 3.62 + 0.04 1.67 +0.08 10.45 + 0.50 gL!
4 14.67 £0.15 10.65 = 0.11 6.11 +£0.08 2.84 +0.06 2.93 £0.12 3.89 £0.11 1.66 + 0.07 11.08 £ 0.92 gL!
5 15.81 £0.17 11.42 4+ 0.14 6.40 + 0.05 2.95 £+ 0.08 1.32 4+ 0.15 3.21 £ 0.09 1.16 + 0.05 10.93 £ 0.24 g Lt
6 12.84 £ 0.27 9.35 £ 0.12 5.44 £+ 0.02 3.20 £ 0.03 1.92 +0.12 3.21 £0.10 2.29 £0.14 10.60 + 0.54 gL!
7 14.82 £+ 0.52 10.83 +£ 0.15 6.36 + 0.07 3.61 +£0.04 2.47 £0.17 3.75 £ 0.07 1.04 +0.09 11.20 £ 0.20 gL!
8 14.27 £ 0.32 10.20 £ 0.17 6.05 £+ 0.04 3.56 + 0.02 2.79 £0.04 3.74 £ 0.09 2.35£0.12 10.27 £0.29 gL!
9 18.05 £ 0.12 13.13 +£0.23 6.88 + 0.08 3.87 £ 0.04 2.65+0.14 3.80 £ 0.12 1.35+0.05 11.28 £ 0.56 g Lt
10 13.92 £ 0.17 10.09 +£0.18 5.52 +0.04 3.48 £ 0.05 2.65+£0.13 3.59+0.14 2.42 £0.16 10.49 + 0.65 gL!
11 17.33 £0.19 12.43 +£0.12 7.09 £ 0.09 3.96 + 0.06 2.55+£0.12 3.83 £0.10 1.25+£0.12 11.75 £ 0.64 gL?
12 15.17 £0.18 10.99 £+ 0.12 6.22 + 0.02 3.57 £ 0.04 2.53 £ 0.16 3.71 £ 0.07 2.68 +£0.14 11.86 + 0.80 g Lt
13 14.93 £0.23 10.71 +£ 014 6.29 + 0.05 3.60 + 0.07 2.53 £0.14 3.73 £0.04 1.75+0.18 11.04 £ 0.09 gL!
14 14.96 £ 0.21 10.52 £ 0.15 5.68 £ 0.06 2.87 +£0.02 3.02 £0.14 3.75 £ 0.09 1.80 £ 0.15 10.73 £ 0.52 gL!
15 15.93 £0.31 11.38 £ 0.18 6.27 +£0.03 3.77 £0.03 2.80 £0.12 3.78 £0.07 1.92 +0.16 10.52 £ 0.83 gL?
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Fig. 3. Removal efficiency of 5-HMF from BSG hydrolysate after liquid—liquid extraction.

market, in addition to promising use in compression and spark ignition
engines without the need to change the mechanical structure of the fuel
engine [58].

3.5. Statistical modeling and optimization of the removal efficiency of 5-
HMF

The effects of the different pH values, T, and H were investigated by a
Box-Behnken design. A statistical model incorporating the second-order
functions was evaluated for the response variable produced from SWH
and analyzed by ANOVA. Fig. 4a shows the Pareto chart for 5-HMF
removal. The factors H, sz, Hz, and T vs H had a significant statisti-
cal effect on the removal of 5-HMF from the samples at a significance
level of 5 %. These results can also be observed in the ANOVA table
(Table 5), and the residual error for the 5-HMF removal was
V/2.75 = 1.66. The low residual error values indicated that the model
could effectively predict the phenomenon involving the variables used
in the experiment. This behavior can also be observed in Table 2 with the
predictive values of 5-HMF that are close to the real values found.

Fig. 4b shows the plot between the predicted and observed values. It
was possible to observe that the regression model adjusted the data
efficiently, with a low dispersion of the data, where most of them are
concentrated close to the predicted model curve, which indicates that
the model adjusted the experimental data satisfactorily. Fig. 4c presents
the histogram of raw residuals. From the histogram, it was possible to
observe that the residuals are symmetrical around zero and that a
normal distribution fits the data well. These observations regarding the
residuals in the ANOVA satisfy the premise of parametric statistics and
allow data analysis.

Three-dimensional response surfaces and level curves were gener-
ated for the statistically valid variable (Fig. 5). The 5-HMF removal was
maximized at a lower H range in the dark burgundy region between

Table 5
ANOVA results for the response surface statistical model for the removal of 5-
HMF.

Parameters SS DF MS F p

pH (L) 0.06 1 0.06 0.02 0.89 n.s.
pH (Q) 86.90 1 86.90 31.66 0.00 *

T (L) 1.96 1 1.96 0.71 0.44 n.s.
T (Q) 1.35 1 1.35 0.49 0.52 n.s.
H (L) 1914.57 1 1914.57 697.45 0.00

H(Q) 37.05 1 37.05 13.50 0.01 *
pH (L) by T (L) 1.70 1 1.70 0.62 0.47 n.s.
pH (L) by H (L) 4.18 1 4.18 1.52 0.27 n.s.
T (L) by H (L) 24.98 1 24.98 9.10 0.03
Error 13.73 5 2.75 n.s.
Total SS 2068.00 14 n.s.

Label: SS, sum of squares; DF, degrees of freedom; MS, mean square; F, f value; p,
p value; T, temperature; H, volumetric ratio of hydrolysate/ethyl acetate; L,
linear effects; Q, quadratic effects; n.s., non-significant; * , significant.

1:2.5 and 1:2 (v/v) (Fig. 5a), independent of the value for pH. The same
behavior is observed in Fig. 5b with the T. According to Figs. 5¢, 5-HMF
removal was maximized at pH values of 2 and 7, independent of the
value for T, which is the same behavior observed for the other two
graphs. The equations for the interaction between T vs pH (Eq. 3), H vs
pH (Eq. 4), H vs T (Eq. 5), and the determination coefficients for the
adjusted regression model for the variables in the second-order functions
were described.

Z = 64.62-8.33x; + 1.21x? + 0.60y,-0.06y3-0.03x,y,
= 0.993; R%4; = 0.981)
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Fig. 4. (a) Pareto chart of standardized effects for the variable removal of 5-HMF; (b) Observed vs. predicted; and (c) histogram of raw residuals.
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Fig. 5. Response surface plots for the removal efficiency of 5-HMF.

Z = 105.59-10.04x, + 1.21x3-33.73y, + 6.49y3-0.66x,y, (R?
= 0.987; R%,; = 0.970) (O]

Z = 64.76 + 0.785x3-0.006x3-25.50y; + 6.49y3-0.32x;y;  (R?
= 0.973; R%,; = 0.962) (5)

where Z represents the 5-HMF removal (%), x; represents the pH, y;
represents the H (v/v), xz represents the T (°C), y, represents the H (v/
v), x3 represents the pH, and y3 represents the T (°C).

It was observed that the determination coefficient (R?) was higher
than 0.973, which indicates that the models competently fit the exper-
imental data. To optimize the factorial design and maximize the value of
the response variables, the models obtained were subjected to Simplex
method analysis to determine the optimum value of the factors that
generate the optimum removal of 5-HMF. The calculations were per-
formed using the solver tool in Microsoft Office Excel®. The restrictions
used in the software were the levels imposed by the experimental design:
i) 25 <pH <6.5; ii) 25 < T <45°C; and iii) 1:2<H < 2:1. The
objective was the response variable itself. The optimization results for 5-
HMF removal were pH = 6.5, T = 39 °C, H = 1:2, and 5-HMF removal

=72 %. These optimization conditions promoted a higher removal
value for 5-HMF.

4. Conclusion

This study evaluated the removal of 5-HMF by liquid—liquid
extraction from BSG hydrolysate obtained by SWH. The optimal
experimental conditions for liquid—liquid extraction were pH 6.5,
35 °C, and a volumetric ratio between hydrolysate and ethyl acetate of
1:2 (v/v). Under these conditions, up to 73.85 % of 5-HMF can be
removed by the methodology described. The integration of SWH and
liquid—liquid extraction can be an alternative to remove 5-HMF.
Finally, this study advances the knowledge about the removal of unde-
sirable compounds from BSG hydrolysates and contributes to the

application of this hydrolysate in fermentative processes. Future studies
may explore the optimization of the 5-HMF removal process by reducing
the amount of solvent utilized or by combining it with other removal
methods. Furthermore, a comparative study can be conducted to assess
the impact of the extracted 5-HMF on subsequent fermentation pro-
cesses, thereby determining the optimal fermentative performance.
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