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e Galacturonic acid degraded in subcrit-
ical water yielding formic acid and
furfural.

o Heating rate affected the degradation of
GalA.

e The degradation of GalA followed a first
order kinetics.

e GalA hydrolysis was promoted by
temperature.

o The activation energy of the GalA hy-
drolysis was determined to be 96.7 +
3.4 kJ/mol.
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The degradation kinetics of Galacturonic Acid (GalA) in subcritical water (SubW) was studied in a batch reactor.
GalA degradation was faster than other monosaccharides and could be described by the first order kinetic model.
The initial concentration of GalA did not affect the degradation kinetics, but the heating rate and the reaction
temperature played an important role in the degradation of GalA. The energy of activation was calculated ac-
cording to the Arrhenius equation and resulted to be 97 + 3 kJ/mol. Degradation products formation, mainly

formic acid and furfural, was faster with temperature until a maximum concentration was reached (0.2 g C in
formic acid/g C in initial GalA at 155°C and 45 min, severity factor 3.2), followed by a fast degradation whereas
a plateau concentration was reached in the case of furfural (around 0.16 g C /g C in initial GalA at 185 °C after

45 min).

1. Introduction

Pectins are a set of complex heteropolysaccharides present in the
middle lamella of the plant cell walls [1], which are widely used in the
industry to improve some technological aspects in their formulations
[2]. Pectins are composed mainly of galacturonic acid (GalA), an acid
sugar which is the oxidized form of D-galactose [2], which forms

different structures: a linear and homogenous one named homo-
galacturonan (HG) pectin formed only by GalA, and a branched one
named rhamnogalacturonan (RG) pectin. RG structure has rhamnose
inserted into the linear GalA chain, with some other neutral sugars
(mainly galactose or arabinose) attached to it [3].

Pectin has a growing worldwide demand: it is estimated to be as high
as 40,000 t per year, with an annual growth of about 5% [4]. In order to

Abbreviations: SubW, Subcritical water; GalA, Galacturonic acid; GluA, Glucuronic acid; FA, Formic acid; Fur, Furfural.
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meet the increasing demand of pectin, new sources and extraction
strategies are necessary. In this sense, subcritical water (SubW) offers
attractive properties to separate and fractionate different components of
lignocellulosic biomass [5]. SubW refers to water at temperatures
ranging from 100 °C (boiling point) to 374 °C (critical point), which
remains in a liquid state due to the application of pressure. SubW pos-
sesses two different features from room temperature water: one is the
lower dielectric constant and the other is a higher ionic product (K,
higher the higher the temperature), which implies that the pH changes
from 7.0 at room temperature to about 5.7 at 180 °C, resulting in higher
ionic strength of hydronium and hydroxide ions than at ambient tem-
perature [6]. Properties of SubW can be tuned by changing the working
conditions, enhancing mass transfer and the extractability of barely
water-soluble bioactive compounds, since subcritical water favors the
hydrolysis reactions [7]. For instance, the hydrolysis of the hemi-
celluloses releases xylose and arabinose that are transformed into
furfural; hexoses from cellulose yield levulinic acid [8], pectin can be
hydrolyzed into smaller molecules using SubW (120 °C, 40 min) [9], or
polygalacturonic acid that can be degraded to GalA oligomers (degree of
polymerization <14) in a batch reactor at temperatures of 125 and 135
°C (pressure 10 MPa) and reaction times from 10 to 120 min following
very complex reaction mechanisms, involving parallel and consecutive
reactions [10]. Therefore, it is necessary to study the hydrolysis kinetics
of polysaccharides promoted by SubW [11], in order to identify and
quantify the byproducts formed.

Given the potential of SubW for the extraction of pectin from
biomass, basic research on the degradation (kinetics and byproducts
formed) of pectin and its monomer (GalA) is necessary, since tempera-
ture promotes pectin degradation [3] and a careful selection of the
extraction conditions is needed. According to the literature, the con-
version of sugars and uronic acids into organic acids and other products
in subcritical/supercritical water results to be very complex [12-14],
and fast [15]. More specifically, it has been demonstrated that hexuronic
acids are more susceptible to degradation than hexoses although they
are structurally related [16]. GalA has an aldehyde group at C1 and a
carboxylic acid group at C6 [17], and it is precisely the presence of the
carboxylic groups at carbon C6 which seems to be responsible for the
higher reactivity of the uronic acids [18]. Among the uronic acids,
glucuronic acid (GluA) suffers a faster degradation than GalA in SubW at
temperatures in the range from 140 to 160 °C [19]. Wang et al. [11]
studied the degradation of GalA in SubW in the temperature range from
160 to 200 °C, in a continuous reactor, with residence times up to 300 s,
reporting that GalA degradation follows a first order kinetics and pH of
the media increases as the GalA is degraded and the degradation of GalA
is much faster than the degradation of galactose, which barely degrades
at temperatures close to 180 °C. Pinkowska et al. [20] studied the hy-
drolysis of high methyl ester citrus-apple pectin as a model substance for
plant biomass waste in a batch reactor using SubW (120-200 °C, resi-
dence times up to 60 min), reporting that formic acid was one of the
main degradation products from GalA obtained.

Most of the works that can be found in the literature are focused on
describing the degradation kinetics of the uronic acids, but more
emphasis should be paid on the degradation products formed from the
uronic acids as a function of the working conditions. The purpose of this
work is to study the degradation of GalA under SubW conditions, in
order to find out the degradation kinetics followed by this compound
and the main degradation products that can be expected under different
SubW conditions. This work will help to obtain useful insights regarding
the degradation products from pectin that can be expected during the
SubW extraction, considering as experimental factors affecting the
degradation of GalA the following: temperature, GalA concentration and
reactor heating rate. In addition to GalA, the degradation of other sac-
charides, including galactose, arabinose, and glucuronic acid, will be
investigated under specific conditions (145 °C for 120 min—the optimal
temperature for pectin extraction in SubW, as determined by Benito-
Roman et al. [36]). This exploration is essential as these compounds may
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also be present in the pectin structure obtained during SubW extraction.
2. Materials and methods
2.1. Chemicals

D-galacturonic acid monohydrate (GA, purity >97%) was obtained
from Alfa Aesar (ThermoFischer GmbH, Kandel, Germany). Glucose
(glu, 99.5%), galactose (gal, 99%), arabinose (ara, 99%), glucuronic
acid (GluA, >98%) and norfuraneol (97%) were supplied by Sigma-
Aldrich Inc. (St. Louis, MO, USA). Furfural (F, 99%), 2-furancarboxylic
acid (>98%) and 5-formyl-2-furanoid acid (>98%) were purchased
from TCI - Tokyo Chemical Industry CO Ltd (Tokyo, Japan). Formic acid
(FA, 98%) and acetic acid glacial (AcA, 99.7%) were purchased from
Panreac Quimica S.L.U. (Barcelona, Spain) and lactic acid was supplied
by Fluka Chemic GmbH (Buchs, Switzerland). Potassium hydrogen
phthalate and sodium hydrogen carbonate were supplied by Nacalai
Tesque, Inc. (Kyoto, Japan). Sulfuric acid used for the sample hydrolysis
was 96% purity and was provided by Labbox Labware (Barcelona,
Spain), whereas the one used for the HPLC mobile phase preparation
was 96% Suprapur provided by Merck KGaA (Darmstadt, Germany). All
chemicals were used without further purification.

2.2. Acid hydrolysis experiments

The degradation of GalA (0.5 g/L; 2.28 mM) in acid medium (1 h,
121 °C, 4% H,S04) was carried out in an autoclave reactor (AUTESTER-
G, P-Selecta), according to the NREL laboratory analytical procedure
510-42623, issued for the determination of sugars, byproducts and
degradation products in liquid fraction process samples.

2.3. Subcritical water hydrolysis experiments

Experiments were carried out in the 500 mL batch reactor (maximum
pressure 7 MPa and maximum temperature, 250 °C, designed in our
laboratory) shown in Fig. 1. In each experiment, 350 mL of the GalA
solution were placed in the reactor. Then, the system was pressurized by
means of Ny to achieve the desired working pressure (5 MPa). The so-
lution in the reactor was stirred using a magnetic stirrer placed under the
reactor. A ceramic electric band heater (2000 W) around the extractor
was used to heat the reactor to the desired working temperature. Then,
the effect of the GalA initial concentration, the reactor heating rate and
the working temperature on the GalA concentration was studied.

The effect of the GalA initial concentration (from 0.1 to 0.5%, v/v, a
range that can be commonly found in the literature) and the reactor
heating rate (from 4.4 to 8.5 °C/min) were initially studied at a tem-
perature of 145 °C. Samples were collected periodically, with the initial
sample (t =0) obtained upon reaching the reaction temperature to

V-3 V-1

=
\

VE-1

Fig. 1. Subcritical water batch reactor used in this work. Key: VE-1, Subw
batch reactor; VE-2, samples collecting tube; V-1, N, line valve; V-2, purge
valve; V-3, sampling valve.
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assess potential degradation of GalA during the heating-up period, up to
a maximum reaction time of 120 min

Once the effect of the GalA initial concentration and the heating rate
were studied, the effect of the reaction temperature was studied in the
range from 125 to 185 °C for a maximum reaction time of 180 min.
Samples were taken periodically from the reactor to complete the total
reaction time. The simultaneous effect of both temperature and time is
estimated using the so-called severity factor in which the temperature
profile in heating and the isothermal period were considered, according
to (Eq. [1]) [21], where ty is the time needed to achieve the desired
working temperature, t is the isothermal treatment time (min), T is the
working temperature (°C), Ty is equal to 100 °C and o is an empirical
value related with activation energy and temperature, and typically
takes a value of 14.75 for glycosidic bond cleavage of carbohydrates
[21].

logR, = log [ROHem[ng + RO[:arhermal]

" T(1) = Ty (—’ ")
= log / exp (%) -dt + log <t~e ) (€))]
0

The degradation studies for additional compounds (GluA, Ara, Gal)
were conducted at 145 °C for a duration of up to 120 min, with an initial
concentration of each compound set at 0.1%. The heating rate employed
for these experiments was 4.4 °C/min.

2.4. Samples characterization

2.4.1. GalA and degradation products identification

Liquid samples were centrifuged (5 min at 4500 rpm) and then
filtered through a 0.22 um filter. Then, they were analyzed by HPLC: the
chromatographic system used was the model 1260 Infinity II (Agilent),
with the following specific modules: injector (G7129A), isocratic pump
(G7110B), refractive index detector (G7162A) and variable wavelength
detector (G7114A). The column used for the analysis was Aminex HPX-
87 H (BioRad) coupled with the guard column Micro-Guards Cation H*
(BioRad). Both the column and RI detector were kept at 40 °C and, as
mobile phase, 5 mM H3SO4 solution was used at 0.6 mL/min, with a
total running time of 67 min per injection. The identification of the
compounds was done by comparing the retention time with pure stan-
dards, which are detailed in Section 2.1. A representative chromatogram
is presented as supplementary material (Fig. S1).

Regarding the concentration of GalA, the ratio C/Cy was subse-
quently calculated with Cy representing the concentration of GalA
measured at t = 0 and C the concentration at a given time. The yield of
the degradation products (formic acid and furfural) was expressed using
as a reference the carbon content of those species compared to the initial
carbon content present in the galacturonic acid solution (g of C/g of C in
the initial GalA), as reported by [22].

2.4.2. Total organic carbon (TOC) determination

TOC was determined using the Shimadzu TOC-V CSN Analyzer
(Shimadzu Co., Japan). TOC was calculated as the difference between
total carbon (TC) and inorganic carbon (IC). The standard for the TC
determination was potassium hydrogen phthalate (CgHsKO4), in a
concentration range from 0 ppm to 1000 ppm. For inorganic carbon (IC)
determination, a solution of sodium hydrogen carbonate (NaHCO3) up
to 200 ppm was used as standard. This determination allowed to
calculate the TOC balance, as the ratio between the mass of organic
carbon in the solution after the SubW treatment and in the feed solution,
expressed in %.

2.5. Kinetic modeling

The first order kinetic model was used to describe the degradation of
GalA under the different experimental conditions studied, since it is
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commonly used to describe the degradation of compounds under SubW
conditions. This model assumes that the natural logarithm of the re-
sidual concentration of the substrate decreases linearly with the time.
The Eq. (2) describes mathematically this model:

In(C/Cy) = —kt 2

C is the remaining concentration of GalA in the reactor effluent, Cp
the initial concentration of GalA in the feed, k is the degradation rate
constant at given pressure and temperature conditions and t is residence
time in the reactor.

2.6. Statistical analysis

All the statistical calculations were done using Statgraphics 18-X64.
The significance of the differences was determined based on an analysis
of the variance with the Fisher’s least significant difference (LSD) pro-
cedure at p-value < 0.05.

To estimate the kinetic parameters, non-linear regression was per-
formed by using the Marquardt algorithm (Statgraphics 18-X64).
Experimental results were then compared to those of the model pre-
diction through the values of the Root Mean Square Deviation (RMSD),
calculated according to Eq. (3):

n 2
i1 (Response,, — Response,,,.
S Pl( ponse ~ Response) @

3. Results and discussion
3.1. Degradation of GalA in acid medium

The degradation of GalA in acid medium revealed that nearly 40% of
the initial GalA (final concentration 1.38 mM) was degraded, yielding
mainly furfural (0.06 g C/g C in initial GalA) and formic acid (0.10 g C/
g C in initial GalA). These results were used as a reference in order to
study the degradation of GalA in SubW, and also to determine the main
degradation products formed. The TOC analysis revealed that almost
62% of the initial carbon present in GalA is identified in formic acid,
furfural and unreacted GalA, whereas the remaining 38% is present in
other unidentified species. This results are in agreement with these re-
ported by Danfeng et al. [23], who studied the determination of GalA in
pectin and pectin products by acid hydrolysis, using either H,SO4 or HCL
in different concentrations. These authors reported a degradation of the
monomers released from the pectin chain by the action of the acid and
heat, yielding furfural and other compounds. They also reported that
acid-hydrolysis methods can induce a partial or incomplete hydrolysis of
pectin, result also reported by Liu et al. [24]. The latter authors reported
that the hydrolysis procedure is a relatively easy operation, while the
reaction mechanism of acid hydrolysis is complicated. Although uronic
acids can be easily hydrolyzed, they yield unstable compounds that
suffer further degradation, in contrast to pentoses or hexoses that
degrade to 2-furfural and to 5-hydroxymethyl-2-furfural that further
degrades to levulinic acid and formic acid, respectively [23].

3.2. Degradation of GalA in SubW

3.2.1. Effect of the GalA concentration

Three different concentrations of GalA were tried: 0.1%, 0.25% and
0.5% at 145 °C, at a heating rate of 4.4°C/min. It was possible to observe
that the initial concentration of GalA did not affect the degradation rate
of the uronic acid, according to the results presented in Table 1. There
was no statistically significant difference (95% confidence level) be-
tween the kinetic constants calculated for the three different experi-
mental conditions studied, although a trend can be observed, as the
lower the concentration the higher the kinetic constant. GalA degrada-
tion was linear and was modeled using the first order kinetics.
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Table 1
First order model kinetic constants determined for the GalA degradation experiments in SubW and TOC balance calculated.
k (min~1) R? RMSD TOC balance (%)
0.1% 0.0172 + 0.0008 # 0.991 0.12 83.0+0.74
Effect of the concentration 0.25% 0.0166 + 0.0006 * 0.983 0.09 822+1.4%
0.5% 0.0155 + 0.0007 0.975 0.11 83.4+124
4.4 °C/min 0.0172 + 0.0008 © 0.991 0.12 83.0+1.7%
Effect of the heating rate 5.5°C/min 0.0196 + 0.0009® 0.972 0.14 78.1 +1.1%
8.5°C/min 0.031 + 0.001 * 0.986 0.15 69.7 £0.3°€
125°C 0.0045 + 0.0002 & 0.992 0.03 90.7 £ 0.8
145°C 0.0172 + 0.0008" 0.991 0.12 83.0 + 0.7%
Effect of the temperature 155°C 0.0376 + 0.0008 © 0.993 0.13 69.2+1.1°€
165 °C 0.0703 + 0.0062° 0.989 0.32 62.5 + 0.5°
185°C 0.1974 + 0.0096" 0.985 0.31 56.1 + 0.5°

Different letters indicate statistically significant differences at confidence level of 95%, among the results obtained at each experimental factor studied, according to the

LSD test.

The results obtained in our work agree with those reported by Wang
et al. [11], who studied the GalA degradation in SubW in a continuous
tubular reactor. They studied the effect of the GalA concentration (range
0.5-2.5%), and concluded that the degradation followed a first order
kinetics and there was no effect of the concentration on the degradation
kinetics.

The TOC balance (Table 1), indicated that around 83% of the initial
carbon remained in the solution, the remaining 17% moved to the gas
phase, and no differences were observed among the three different
concentrations tried. Regarding the degradation products, formic acid
and furfural accounted for the 95% of the identified degradation prod-
ucts formed in all cases. In Fig. 2 it is presented the evolution of the
concentration of these two degradation products versus time. After
60 min, the concentration of formic acid reached a plateau around
0.23 g of carbon per g of carbon in the initial GalA (g C/g C in GalA),
whereas the concentration of furfural kept steadily increasing with time,
up to 0.06 g C/g GalA at 120 min, but a plateau was not reached. The
results presented in this work are in agreement with the results pre-
sented by Pinkowska et al. [20], who showed that high methyl ester
citrus-apple pectin, at 150°C after 40 min, yielded 63.7 mg/g raw ma-
terial of formic acid and 18.6 mg/g raw material of furfurals, whereas
almost 40% of the formed products were unidentified, and by Miyazawa
and Funazukuri [22], who found that furfural was a secondary product
from the degradation of monomers and oligomers formed from the
degradation of polygalacturonic acid in pressurized hot water
(180-280 °C) in a semicontinuous reactor, where a maximum yield of
0.47% (calculated as g of C/g of C of the initial sample) was measured
(220 °C). Furfural was produced in lower extent than formic acid, which
agrees with the results presented by Usuki et al. [19], who reported that
furfural is scarcely produced from hexuronic acids.

All in all, the reaction pathway of GalA under SubW is complex and
yet not clear. Zhao et al. [25] proposed that furfural can be degraded to
form formic acid. Therefore, according to these results, GalA can
degrade to furfural and this compound can suffer a further degradation
to formic acid. Other authors have attributed a key role to formic acid in
the degradation of pentoses to yield furfural [26]. According to those
authors, in order to obtain furfural yields above 50%, the increase in the
formic acid concentration allows to reduce the reaction temperature: at
170 °C low formic acid concentrations are needed whereas the tem-
perature can be reduced down to 150 °C if more concentrated formic
acid solutions (above 64.4%, w/w) are used. In any case, as the GalA
degradation reaction goes on, the pH of the solution tends to increase
from 2.9-3 to 3.4-3.5 after the complete degradation of the GalA solu-
tion (0.1%, w/w) at 145°C. Wang et al. [11] also reported the same
behavior, pointing out that the pH increase might be related to the
decarboxylation of GalA or to the ketone formation under the specific
reaction conditions. Fatouros et al. [18] reported that an important
degradation step of uronic acids is the heat-induced loss of carbon di-
oxide; according to these authors the ring opening velocity of GalA was
enhanced due to the presence of the carboxylic function, but this cannot
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Fig. 2. Evolution of the concentration of the main degradation products (A,
GalA; B, formic acid; C, furfural), formed from GalA at 145 °C and a heating
rate of 4.4 °C along time, when the effect of the initial GalA concentration is
studied. KEY: e, 0.5%; [, 0.25%; A, 0.1%. Dashed lines are included to guide
the eye.



O. Benito-Roman et al.

be the only explanation of the increased reactivity. These authors
pointed out that the high reactivity of the uronic acids is related to their
ability to release CO, that leads to the formation of very reactive in-
termediate products. Mohamad et al. [27] proposed that the fact that
may help to explain the high reactivity of uronic acids is related to the
fact that the oxygen atoms in the carboxylic group tend to attract elec-
trons, which weakens the bond next to the carboxyl group. However, not
all the uronic acids behave in the same way: GluA has a significantly
lower reactivity tan GalA, and according to Fatouros et al. [18] the
reason must be found in the position of the OH group in carbon 4, which
is different in both compounds. Also Usuki et al. [19], reported different
degradation patterns for GalA and GluA: GalA shows a different degra-
dation pattern compared to other uronic acids. These authors observed
that initially GalA degraded rapidly to a certain extent, after which, the
degradation process advanced much more slowly than GluA
degradation.

The work developed by Bornik and Kroh [28] tried to shed light on
the degradation pathway of GalA under different pH, at 100 °C for 2 h.
These authors revealed that, under weak acidic conditions, GalA un-
dergoes a reaction pathway that leads to the formation of browning
compounds such as reductic acid (2,3-dihydroxy-2-cyclopenten-1-one)
which has more browning power than furfural, DHCP (4,5-dihydrox-
y-2-cyclopenten-1-one), and furfural. In sum, the browning power of the
GalA solutions is ten times higher than that of pentoses and hexoses. All
these three compounds have a common intermediate: 2-ketoglutaralde-
hyde, formed by eliminative decarboxylation at high temperatures in
slightly acid to neutral conditions. Other compounds such as norfur-
aneol is typically formed under alkaline conditions. The decarboxylation
process of GalA to arabinose only happened in the presence of concen-
trated mineral acids. According to this fact, under weak acidic condi-
tions, the decarboxylation of GalA to yield arabinose is not the preferred
degradation pathway. Other authors have been able to identify other
degradation products formed as a consequence of the GalA exposure to
acidic conditions at high temperatures, such as Madson and Feather
[29]. These authors reported the hexuronic acids suffer decarboxylation
reaction, leading to the formation of furfural, reductic acid (2,3-
dihydroxycyclopenten-I-one), and traces of 5-formyl-2-furoic acid.
Urbisch et al. [16] used GalA solutions to study its degradation process
at temperatures of 130 °C and heating times of 240 min. In the first
place, these authors probed that GalA solutions had a 10 times higher
browning power than Gal or Ara solutions, which supports the idea of
uronic acids having higher reactivity than the equivalent hexose. In the
second place, these authors were able to identify the following degra-
dation products: furfural and norfuraneol (the authors demonstrated
that were also formed during the degradation of D-galactose and
D-arabinose) 2-furoic acid, 5-formyl-2- furoic acid, which together with
reductic acid are specific degradation products for the uronic acids.

In this work, only 5-formyl-2- furoic acid was detected in the ex-
periments that had an initial concentration of 0.5% of GalA. It was
observed that the concentration of this compound increased with time,
reaching the highest concentration (0.026 mg C/g C in GalA) after
120 min. On the other hand, 2-furoic acid was not detected in any of the
experiments carried out, according to our analytical method. Norfur-
aneol (4-Hydroxy-5-methyl-3-furanone), a highly reactive compound,
did not appear as a degradation product when GalA was used as raw
material, probably due to slightly acid reaction conditions, which ac-
cording to Bornik and Kroh [28], demands pH in the range to 5-8, to be
formed, compared to the lower pH obtained in the reaction conditions
(see Fig. S2 in supplementary material), which was below 4 in most of
the cases.

3.2.2. Effect of temperature

All the experiments were carried out using a 0.1% GalA solution in a
temperature range from 125 to 185 °C at a heating rate of approximately
4.4 °C/min. It was observed a clear effect of the temperature, with a
GalA degradation that resulted to be faster the higher the temperature,
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as demonstrate the kinetic constants presented in Table 1. Moreover, the
TOC balance (Table 1) also revealed a higher gasification rate of the
organic matter the higher the temperature, reaching a gasification rate
of almost 50% at 185 °C.

The temperature dependence of the kinetic constant was expressed
by the Arrhenius equation:

k = kol Ee/KD) @)

where E, is the activation energy (J/mol), k¢ is the frequency factor
(min’l), R is the gas constant (8.3145 J/mol-K), and T is the absolute
temperature (K). The E, and k( values for GalA were evaluated from the
plots shown in Fig. 3, after linearization of the Eq. (4). From this figure,
the activation energy resulted to be 97 + 3 kJ/mol and the frequency
factor 3.82:10'° min~?.

Considering that the ® parameter in Eq. (1) is a function of the
activation energy according to Eq. (5) [21],

T2.R
_s
w E,,

(5)

with Ty denoting a temperature selected to be midway among the
biomass fractions under subcritical conditions (which is 155 °C in this
study), R representing the universal gas constant (8.314 J-mol/K) and E,
indicating the apparent activation energy (97 kJ/mol in the present
study), it is possible to calculate it for the specific reaction of GalA
degradation in SubW. The @ parameter resulted to be 15.7, rather than
the conventionally used 14.75. The o calculated value was used to
calculate the severity factor for the GalA degradation reaction in Section
2.2.2 according to Eq. (1).

The effect of temperature on the degradation kinetics of GalA using
SubW has also been studied by other authors in the literature. Usuki
et al. [19] reported a value of 427 kJ/mol for the activation energy
(temperature range 140-160 °C), calculated after adjusting the experi-
mental data to the Weibull model. Wang et al. [30] reported the acti-
vation energy for GluA and glucuronate in SubW (160-200 °C), which
resulted to be 88.5 and 63.2 kJ/mol, respectively. These authors used
the first order model. In a previous work, the same authors [11] studied
the degradation of GalA in SubW (160-220 °C). They demonstrated that
the degradation process obeyed a first-order kinetics, demonstrated also
that the dependence of the degradation kinetics constant could be
expressed by the Arrhenius equation, being the activation energy and
the frequency factor 131 kJ/mol and 4.81-10'2 s}, respectively. After
having studied the degradation of GalA and GluA in SubW, these authors
were able to confirm the higher degradability of the uronic acids
compared to the corresponding hexose. In this sense, Khajavi et al. [31]
reported activation energies in the range 90-170 kJ/mol for some
hexoses (galactose, glucose, sorbose, fructose, and mannose: 170, 155,
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Fig. 5. Evolution of the concentration of GalA with time when different heating
rates were tried at 145 °C versus the severity factor. Initial concentration of
GalA was 0.25%. Key: e, 8.5 °C/min; [J, 5.5 °C/min; A, 4.4 °C/min.
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132, 120, and 90 kJ/mol, respectively) whose degradation in SubW was
studied in the temperature range 180-260 °C and fitted to the Weibull
model.

Mohamad et al. [27] studied the degradation of other uncommon
uronic acids mannuronic acid (MA) and guluronic acid (GA), obtained
from alginic acid primarily obtained from kelp. They used a continuous
flow reactor in a temperature range from 170 to 250 °C, residence time
up to 100 s and pressure equal to 25 MPa. The activation energies for the
decomposition of MA and GA were 28.3 and 20.6 kJ/mol, using the
first-order model, and it was found that these two uronic acids had a
decomposition rate significantly higher than those of GalA and GluA.

The formation of the degradation products was clearly affected by
temperature, following different patterns (see Fig. 4). Formic acid and
furfural were formed in low extent at 125 °C, which agrees with the low
degradation rate detected for GalA (C/Cy after 120 min was 57%).

(A) 1.0 m
"
0.8 + u
° ° g
g 06 +
< e !
8§ 04 1 0 A
L ° o
02 + o A
A
° i
00 Ay
0 20 40 60 80 100 120
t (min)
(8) 0.3
<
©
e A
£ 02 4 A i
o
{o A
= A B 0
2 s 8
S 01+ 8 °
E 8 ®
|
00 ey
0 20 40 60 80 100 120
t (min)

(C) 0.06 ]
— a
<
= [ ]
(U]
£ 004 4
o ®
2
o
s * o
2 002 + R A
z &
z
* &
&
0.00 ® :. — " ey "
0 20 40 60 80 100 120
t (min)

Fig. 6. Effect of the heating rate on the concentration of the main degradation
products (A, GalA; B, formic acid; C, furfural) formed from GalA (0.25%, v/v) at
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The Journal of Supercritical Fluids 206 (2024) 106155

However, when reaction temperature was increased, the formation of
formic acid and furfural was increased as well. Regarding formic acid,
the highest amount was formed at 145 °C after 90 min, when a plateau
was reached (approximately 0.2 g C/g C in GalA). When temperature
was increased, the highest concentration of formic acid was detected
after shorter experimental times: 45 min at 155 °C, 30 min at 165 °C
and only 10 min at 185 °C. After this maximum, the concentration of
formic acid began to decrease, the faster the higher the temperature. In
general, formic acid has been considered as an effective catalyst for
biomass processing [32], which is usually formed when processing
biomass at high temperatures forms other compounds such as furfural,
together with glycolic acid, 2-furoic acid, lactic acid, pyruvic acid, and
various C5 and C4 hydroxylic acids among others [33] at temperatures
in the range from 125 to 200 °C. These authors have demonstrated that
formic acid is quite unstable under acidic conditions at high tempera-
tures, as has been demonstrated in our work when working tempera-
tures are above 155 °C (Fig. 4). In parallel, the concentration of furfural
increased with temperature, but in all the temperatures above 155 °C, a
plateau was reached after 60 min of experiment. Besides the formation
of formic acid and furfural, changes in the concentration of arabinose
were detected (Fig. 4 (D)). This is indicating that the GalA degradation
via decarboxylation is also taking place, as indicated Piikowska et al.
[20]. This reaction is strongly affected by the temperature and the re-
action time. At 125 °C a steady increase in arabinose concentration is
observed, reaching the highest values at 135 and 145 °C after 45 min,
decreasing from that moment. Then, at the highest temperatures, the
maximum concentration of arabinose is found at very short times, un-
dergoing a fast degradation.

Furfural is a highly reactive compound due to its furan ring and
aldehyde group, which can be easily oxidized at high temperatures [34].
Furfural tends to be unstable at high temperatures under acidic condi-
tions [33], being involved in different side reactions, which comprise
oxidation, degradation, condensation, and polymerization [34]. More
specifically, furfural degradation includes self-polymerization (furfural
resinification, which produces a black, insoluble resin so called humin),
ring opening and decomposition reactions, whereas furfural condensa-
tion denotes reactions with sugar intermediates [32] such as d-xylose or
d-xylose intermediates (when furfural is produced from biomass hy-
drolysis) [35]. As has been presented in our samples, the GalA degra-
dation reaction media resulted to have a concentration of formic acid
several times higher than that of furfural at low temperature. Some
authors have demonstrated that the presence of formic acid in the media
reduces the furfural degradation extent, so the undesired humin
by-products are prevented [33], due to a shift of the reaction equilib-
rium. The conversion of furfural to formic acid is affected by tempera-
ture, furfural concentration and the presence of a catalyst (usually an
acid). High acidities promote the degradation of furfural to formic acid
and other aliphatic compounds, which can continue reacting to form
highly branched compounds; on the other hand, high concentrations of
furfural promote condensation reactions. Almhofer et al. [33] observed
that formic acid formation follows an acid-catalyzed mechanism and
that this reaction is reversible. Formic acid may thus slow down the
degradation of furfural to some extent. To prevent these side-reactions,
some additives were added into reactions for their feature of inhibiting
polymerizations [34], such as thiourea. This fact can explain why in our
samples, despite of the high temperature, the concentration of furfural
remains constant and the concentration of formic acid decreases. For
instance, Lamminpaa et al. [32], in their experiments had furfural
concentrations in the range (4.7-15 g/L) and formic acid in the range
20-300 g/L, up to 64 times more formic acid than furfural in the reac-
tion media at temperatures from 160 to 200 °C.These authors demon-
strated that the formic acid concentration affects the degradation
mechanism of furfural.

3.2.3. Effect of the heating rate
The heating rate is a key parameter in the SubW batch experiments.
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In general, all systems are designed in order to minimize the time
necessary to reach the experimental temperature. In this study all the
experiments were carried out at 145 °C using a GalA initial solution of
0.25%. Then the heating rate was varied by controlling the power used
in the heating band, so three different heating rates were obtained: 4.4,
5.5 and 8.5 °C/min.

In this case it was possible to see that the heating rate did have an
effect of the degradation kinetics of GalA, being faster the faster the
heating rate, according to the kinetic constants reported in Table 1. In
this case, the TOC balance (Table 1) revealed a significant effect of the
heating rate on the organic carbon dissolved after the treatment: the
faster the heating rate the lower TOC in the final solution, indicating a
higher share of the gaseous products formed (higher gasification of the
organic matter). Moreover, the pH determination (Fig S1, B) also
revealed and increase of the pH when the faster heating rate was tried,
which might be indicating the presence of different species formed
during the GalA degradation process, following a different degradation
route. Fig. 5 shows the evolution of the GalA concentration versus the
severity factor calculated using Eq. (1) and the ® parameter obtained
according to Eq. (5), and can be seen that faster heating rates induce a
faster degradation of GalA despite leading to smaller severity factors
(since heating times are shorter). Severity factor considers the time a
sample is exposed at temperatures above 100 °C which is supposed to be
the temperature that induces degradation.

Regarding the degradation products, the formation of formic acid
was affected by the heating rate. The formic acid forming rate was
similar for the three heating rates observed in the first 45 min of
experimental work. However, at the fastest heating rate, the highest
concentration of formic acid was observed at 45 min, decreasing from
this moment. The medium heating rate (5.5 °C/min) revealed an in-
crease of the formic concentration up to 90 min, beginning to decrease
afterwards. The slowest heating rate (4.4 °C) provided a slow concen-
tration increase after the initial 45 min and a plateau in the formic acid
concentration was observed afterwards, as observed in Fig. 6.

The concentration of the furfural formed seems also to be affected by
the heating rate: at the slowest heating rate the concentration of furfural
increased during all the experimental time, however at the fastest
heating rate the concentration of furfural reached a maximum after
90 min of experiment.

3.3. Degradation of other compounds at 145 °C

Besides the degradation of GalA in SubW, the degradation of glu-
curonic acid (GluA), galactose (Gal) and arabinose (Ara) was studied at
145 °C for 120 min. This temperature was the optimal proposed by
Benito-Roman et al. [36] for the extraction of pectin from onion using
SubW. Galactose and arabinose are two key compounds that can be
found in the branched RG-I pectin domain, therefore it might be useful
to study their degradation kinetics under the extraction conditions.
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Table 2
First order model kinetic constant determined for GalA, GluA, Gal y Ara
degradation experiments at 145 °C.

k (min~%) R? RMSD
GalA 0.0172 + 0.0008" 0.991 0.12
GluA 0.0337 + 0.0002 4 0.992 0.26
Gal 0.0010 + 0.0005 © 0.925 0.26
Ara 0.0002 + 0.0000° 0.967 0.03

The degradation kinetic constant for each of the aforementioned
compounds is presented in Table 2. It is possible to see that the highest
reactivity corresponds to GluA, followed by GalA, and finally the
degradation kinetics of the sugars resulted to be very slow compared to
the uronic acids, which agrees with the results presented in the litera-
ture. Galactose and specially arabinose were relatively stable at high
temperature: only 20% of the initial arabinose was degraded, yielding
formic acid and furfural, whereas galactose concentration was decreased
by 50%, yielding formic acid and 5-hydroxymethylfurfural.

4. Conclusions

The degradation of GalA in SubW has been studied in this work. It
has been demonstrated that the initial concentration of GalA did not
have any effect on the degradation kinetics. However, the heating rate
and the temperature used did affect the degradation kinetics, promoting
it the higher the temperature and the faster the heating rate. It was also
demonstrated that the degradation of GalA could be expressed by the
first order model; which allowed to calculate the activation energy
(97 kJ/mol) and which served to calculate the specific ® parameter used
in the severity factor calculations for the GalA degradation in SubW. As
the main degradation products, formic acid and in lower extent furfural
were identified, which in general accounted for a maximum of 50% of
the initial carbon present in GalA, not being possible to identify the
compounds in which the remaining initial carbon has been transformed
into. The TOC balance revealed an important extent of gasification re-
actions, which were promoted the higher the temperature and the faster
the heating rate. No other reaction intermediates, but 5-formyl-2- furoic
acid, reported in the literature have been identified in this work. All in
all, useful insights regarding the degradation kinetics of GalA in SubW
were obtained, which will serve for future experiments regarding the
extraction of pectin from natural matrices using SubW.
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