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Abstract

The fractionation of almond shells, an agro-industry residue available in some Mediterranean
climate regions, was investigated using acid-catalyzed hydrolysis in y-valerolactone(GVL)/water. A
set of non-isothermal experiments at nominal temperatures of 120, 140 and 160 °C and sulfuric acid
concentrations from 25 to 75 mM were developed using a constant 80% w/w GVL in water
concentration and a reaction time of up to 120 min. GVL was an efficient media and promoted
solubilization of both lignin and hemicellulose, even at low temperature during the initial period of
reactor heating, while cellulose conversion was limited. A temperature of 160 °C gave the highest
extraction of lignin and hemicellulose, but recovery of hemicellulose carbohydrates was better
below 140 °C. Sulfuric acid concentrations above 45 mM promoted excessive dehydration of xylose
and glucose to furans and humins, which were recovered with lignin. A model was developed to
describe the kinetics of lignin and hemicellulose solubilization. It distinguished three fractions of
different reactivity in each polymer (lignin or hemicellulose): fast-reacting, slow-reacting and
unreactive. The amount of each fraction was correlated with acid concentration and reaction
temperature. Activation energies and the other parameters in the model were obtained numerically
by least-squares optimization using the data from the non-isothermal experiments. Activation
energies for the fast- and slow-reacting fractions of hemicellulose were 142. and 39.7 kJ mol?, and
for those of lignin 134. and 71.7 k) mol?, respectively. Acid concentration had a larger influence than
temperature on establishing the amounts of slow-reacting hemicellulose and lignin, whereas
temperature was the dominant variable concerning the fractions of non-reacting polymers.
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1 Introduction

Lignocellulosic biomass is a generic term that designates the organic matter produced by terrestrial
plants. It is composed of three biogenic polymers, cellulose, hemicellulose and lignin, which form the
walls of the vegetal cells. Technically, lignocellulosic biomass includes byproducts from the forest
industry, residues from agroindustry and short rotation non-edible crops like switchgrass and
miscanthus, but also unusable streams from paper recycling and some fractions derived from
municipal solid waste can be included in this wide category of bioresources.

Research on alternatives to fossil resources for fuels and feedstocks for the chemical
industry has demonstrated the feasibility of converting lignocellulosic biomass into chemicals and
liquid fuels through biorefining [1-4]. Biorefineries based on lignocellulosic feedstocks involve the
combination of multiple chemical and biological processes to produce higher value-added products
due to the low susceptibility of this type of biomass towards enzymatic and fermentative
conversion. Most arrangements start with a pretreatment step aimed at breaking down the cell wall
structure to facilitate the separation of lignin and hemicellulose from cellulose [5, 6]. This reduces
the crystallinity of cellulose and increases its accessibility to enzymes and microorganisms thus
facilitating bioconversion, but also produces lignin and hemicellulose streams that can be processed
further into marketable products [7]. Among several existing methods, organosolv pretreatments
are suitable for biomass fractionation because they produce highly delignified cellulose, allow the
recovery of hemicellulose sugars, and yield technical-grade lignin that retains most of its native
structure and reactivity [4, 7-9]. Due to their delignification effectiveness, organosolv pretreatments
are probably the best option to deal with highly lignified biomasses, such as softwood species [5].
Organosolv processes involve the use of water-miscible organic solvents with or without catalysts.
The latter are usually mineral acids, but some base catalysts can also be used. Recently, the bio-
derived solvent y-valerolactone (GVL) has received significant attention as organosolv media
because it accelerates the rates of acid-catalyzed hydrolysis over the reactions of carbohydrate
dehydration when compared with water, thus favoring the recovery of hemicellulose and cellulose
while promoting lignin extraction at mild conditions of temperature and concentration of acidic
catalysts [10-12]. Moreover, lignin can be precipitated and recovered from GVL/water mixtures
through addition of water.

Temperature is a key parameter in organosolv processing with GVL/water. Hardwood lignin
was found to be recalcitrant to delignification in 80% w/w GVL below 110 °C using heteropoly acids
as catalysts, but 130 °C provided the optimal conditions in terms of delignification and prevention of
cellulose degradation [13]. Likewise, a temperature of 120 °C was enough to achieve 80%
delignification of hardwood using 75 mM sulfuric acid as catalyst [14]. According to Trevorah and co-
workers [15] during the sulfuric acid-catalyzed hydrolysis of Eucalyptus wood some bonds in the
lignin structure could only be broken at ca. 150 °C or above, but at 180 °C more than 60% of
cellulose was hydrolyzed and dissolved in 50% w/w GVL, even with only 0.5 h of reaction time. Most
studies on biomass fractionation in GVL/water use temperatures comprised between 120 and 160 °C
[13-18]. In this range, efficient biomass delignification can be achieved while minimizing
carbohydrate degradation, provided that the concentration of acid catalyst is adjusted to adequate
values.



Acid catalysis is preferred in GVL/water processing, sulfuric acid being the mineral acid of
choice due to its high catalytic activity even at relatively low temperature. Acid concentration has to
be selected carefully to balance the efficiency in delignification with a limited degradation of
carbohydrates. Hardwood hydrolysis in 80% w/w GVL at 120 °C for up to 2 h achieved higher
delignification and xylan solubilization with 75 mM H,SO4 than with 25 mM, while glucan was barely
affected in either case [14]. However, bamboo hydrolysis in 60% w/w GVL at 140 °C with 50 mM
H.,SO4 promoted the solubilization of ca. 20% of cellulose after only 20 min of operation [18]. Sulfuric
acid concentrations above 100 mM are seldom used for biomass fractionation in GVL/Water to
minimize the solubilization of glucose [14-18]. Reaction time ranges between 20 min and 5 h, but
durations from 1 to 2 h are common [13-18]. Depending on the other operating parameters,
however, extended reaction periods may be undesirable since they promote the degradation of
carbohydrates over lignin solubilization. At short reaction time delignification and hemicellulose
removal are generally fast regardless of the biomass being treated, but after ca. 1 h lignin removal
becomes slower, the hemicellulose-derived carbohydrates start to dehydrate and degrade, and
cellulose also starts to decompose significantly [14-16].

The GVL/water ratio has a strong impact on the efficiency of the fractionation process. L&
and co-workers [11], after testing GVL:water mass ratios from 0:100 to 100:0 at 180 °C for 2h
without acid addition, reported that a GVL content from 50 to 60% w/w gave optimal lignin and
xylan solubilization, but 80% w/w gave lower cellulose hydrolysis with similar results concerning
delignification and hemicellulose extraction. An 80% w/w GVL also gave the highest extraction of
lignin and hemicellulose in the fractionation of Cotton stalk with 10 mM sulfuric acid at 170 °C and
yielded cellulose with the highest accessibility towards enzymatic saccharification [19]. A lignin
removal of up to 80% was also reported with an 80% w/w GVL while cellulose could be preserved in
the hydrolyzed solid and easily converted by subsequent enzymatic treatments [14, 16]. In general, a
GVL concentration close to 80% w/w seems to provide an adequate balance between the need of a
high amount of GVL to solubilize lignin, and the requirement of enough water to be present to
facilitate the dissociation of the acid catalysts to promote hydrolysis.

Almond shells (AS) are an agroindustry byproduct available in the Mediterranean region of
Spain, which accounts for ca. 4% of the worldwide production of almonds. The shells constitute over
50% of the dry mass of the almond fruits and correspond to the endocarp that is formed mostly by
isodiametric stone cells with thick and highly lignified walls [20]. Conventional fractionation of AS in
aqueous phase by successive acid prehydrolysis and soda delignification proved challenging due to
the high lignin content and density of this biomass. Maximum lignin extraction efficiencies of ca.
50% were obtained at the prehydrolysis conditions that maximized hemicellulose recovery [21, 22].
Given the versatility of acidic GVL/water for biomass fractionation and the particular
physicochemical characteristics of AS, it was deemed of interest to investigate the suitability of this
organosolv system for AS processing. To our best knowledge, no previous study on the fractionation
of almond shells with acidic GVL/water has been previously conducted. In this paper, experiments
have been carried using a mixture of GVL and water with a constant mass ratio of 80:20 and sulfuric
acid concentrations from 25 to 75 mM. Nominal temperatures of 120, 140 and 160 °C have been
tested, although the experiments were non-isothermal since biomass was partially hydrolyzed
during the reactor heating stage. The effect of each parameter on the conversion of the constitutive



polymers of AS into soluble products has been assessed, and a kinetic model has been proposed to
describe the rates of conversion of hemicellulose and lignin.

2 Experimental

2.1 Materials

Ground Almond shells were provided by MIMSA (Lleida, Spain) as a powder with an average particle
size of 300 um (product reference HC-TC3). The material had an average humidity of 7.6% and was
used as received. Mixtures of deionized water with GVL (> 99%, Sigma Aldrich) were used as reaction
media with sulfuric acid (2.5 M, PanReac) added as catalyst. Ethanol (> 99.8%, Sigma Aldrich) was
employed to determine the organic extractives of the native almond shells. Standards for the HPLC
analysis of the hydrolysis products were prepared for D(+)-glucose (= 99.5%, Sigma Aldrich), D(+)-
xylose (> 99%, Merck), L(+)-arabinose (> 99%, Merck), furfural (> 99%, Sigma Aldrich), acetic acid (2
99%, Sigma Aldrich) and levulinic acid (= 99%, Sigma Aldrich). All chemicals were used as received.

2.2 Reaction procedure

A total of 45 experiments were performed at a constant GVL:water mass ratio of 80:20, sulfuric acid
concentrations of 25, 35, 45, 50 and 75 mM, nominal temperatures of 120, 140 and 160 °Cand a
reaction time from 15 to 120 min. The experiments were non isothermal and reaction time included
the heating period from room temperature to the nominal temperature, as detailed below. All
experiments were performed under autogenous pressure, which was below 7 bar(a) at 160 °C.
Reactions were carried out in stirred batch reactors having a nominal volume of 30 mL. The
reactors were constructed using commercial 316-grade stainless steel tubing fittings (Ham-Let). They
mounted an internal thermocouple (1/16-inch K-type) connected to a data acquisition system based
on LabView (National Instruments) to record the temperature profile of each experiment, a pressure
indicator, a safety pressure relief valve set at 70 bar, manually operated valves for purge and
depressurization, and a magnetic stirrer to homogenize the slurry of powdered almond shells during
the reaction. In each experiment, the required amounts of GVL, deionized water and 2.5M sulfuric
acid (15 mL total volume) and ca. 1.5 g of powdered almond shells were loaded into the reactor. The
vessel was then mounted on a vertically sliding support and sealed, purged with nitrogen to remove
oxygen, and pressurized to 10 bar(g) at room temperature to check for the absence of leaks.
Pressure was then released slowly through a manual purge valve and the vessel was lowered into a
bath of silicone oil (LBSil 100 AUX, Labkem) mounted on top of a heating plate (IKA RCT), which was
preheated at the desired reaction temperature. Once the reactor rested on the heating plate,
stirring was started and adjusted to 900 rpm. When the required reaction time had been elapsed,
the reactor was raised from the oil bath and rapidly immersed in a water bath at room temperature
to quench the reaction. Residual pressure was then carefully released through the purge valve and
the reactor vessel was detached from the support. The heating rates in this system were moderate.
Figure 1 shows the temperature profile of a 120 min long experiment at a nominal temperature of
120 °C, which was characterized by a relatively rapid heating period until ca. 115 °C followed by a



nearly isothermal period afterwards. This figure also illustrates the good reproducibility of the
temperature evolution during the heating period with two shorter experiments performed at the
same nominal temperature. In general, the time required to reach 95% of the nominal temperature
of the experiment was ca. 30 min, during which a significant degree of biomass hydrolysis was
already achieved. Thus, reaction time was taken as the time elapsed from the instant the reactor
was introduced into the oil bath to the moment in which it was extracted. Furthermore, recording of
the time-temperature history of each experiment was deemed necessary to validate that all data
points obtained at the same nominal temperature had repetitive temperature histories.

The products were quantitatively recovered from the reactor and filtered under vacuum on
a microfiber filter (Prat-Dumas, diameter 47 mm, thickness 0.27 mm, pore size 1.2 um), attached to
a tared 50 mL polypropylene centrifuge tube to collect the filtrate. To ensure quantitative recovery
of the entire sample during filtration, the reactor and the retained solid were carefully washed with
30.0 mL of deionized water, which were collected with the liquid product. The solid fraction was
dried at 105 £ 5 °C, weighed to calculate conversion, and analyzed for carbohydrates and lignin as
described in section 2.3. An aliquot of 9.0 mL of the liquid was taken to be analyzed by HPLC for
carbohydrate-derived products, also as described in section 2.3. About 4 g of solid sodium chloride
was added to the liquid remaining in the centrifuge tube. It was then thoroughly mixed and let to
rest to separate an organic phase and an aqueous phase, the first containing the solubilized lignin
and the second most of the carbohydrates [15, 16, 18]. When the two phases were completely
decanted the aqueous phase was removed with the aid of a syringe. Lignin was then precipitated
from the organic phase by adding 50 mL of a sulfuric acid solution at pH 1, mixing, and subsequently
centrifuging at 7500 rpm for 10 min; the liquid was then decanted and discharged. The precipitated
lignin contained in the centrifuge tube was dried under full vacuum at room temperature until
constant weight, and the yield of lignin calculated on the basis of the initial mass of almond shells
applying the required sample dilution and splitting factors.

2.3 Analytical methods

Summative chemical analysis of the powdered almond shells was conducted according to the
National Renewable Energy Laboratory (NREL) biomass compositional analysis laboratory methods.
Moisture in biomass and solid samples was determined gravimetrically by drying at 105 + 5 °C
according to the NREL/TP-510-42621 procedure [23]. The content of inorganic materials in the
native almond shells was determined by ashing at 575 + 25 °C following the NREL/TP-510-42622
laboratory method [24]. Determination of water- and ethanol-soluble extractives were performed by
successive extraction in a Soxhlet apparatus as specified in NREL/TP-510-42619 [25]. The content of
Klason lignin, acid soluble lignin, the main constitutive monosaccharides forming cellulose and
hemicellulose, as well as acetyl groups in the latter, were measured on extractive-free samples of
almond shells following procedures adapted from the methods given in NREL/TP-510-42618 [26].
The same methods were used to analyze the hydrolyzed solid recovered from the reactor as well.
Sample amounts equivalent to ca. 0.3 g of dry biomass were thoroughly mixed with 3.0 mL of 24 N
sulfuric acid and kept in a water bath at 30 + 2 °C for 1h. Then the samples were diluted with
deionized water to an acid concentration of 0.84 N and further hydrolyzed at 120 + 3 °C for 1hin an
autoclave. Once cold, the samples were filtered under vacuum on tared microfiber filters. The



recovered solid was washed with hot water and dried at 105 £ 5 °C to quantify Klason lignin. Another
aliquot of the liquid was taken to measure carbohydrates and acetyl groups by HPLC using an Agilent
1100 series instrument equipped with a refractive index (RI) detector. An Agilent HI-Plex H column
was employed with a flowrate of 0.6 mL/min of 0.005 M H,SO, acid as eluent, a column temperature
of 65 °C, a sample injection volume of 50 pL, and a Rl detector temperature of 40 °C. This column
allowed a good separation of glucose, xylose, arabinose, acetic acid and furfural, but other
constitutive monosaccharides such rhamnose, galactose and mannose were not resolved. However,
these are minor in almond shells [20-22, 27] and their contribution to the total amount of
hemicellulose is quite small. The HPLC peaks were identified by comparison of their retention time
with standards prepared with pure (analytical grade) compounds, which were also used for
calibration. Also, standard solutions were employed to quantify sugar degradation during the high
temperature acid hydrolysis step in the autoclave [26]. Control samples with known concentrations
of monosaccharides in 0.84 N sulfuric acid were placed in the autoclave together with the samples
to be analyzed, and a recovery factor was calculated for each monosaccharide based on the
decrease of concentration caused by the autoclave treatment.

Carbohydrates, acetic acid and furfural in the liquid product recovered from the reactor
were also analyzed by HPLC based on the NREL/TP-510-42623 methods [28]. A sample of the liquid
was filtered through a syringe filter (pore size 0.22 um, Filter-Bio) and injected into the HPLC system
to quantify the yields of monomeric products (glucose, xylose, arabinose, acetic acid and furfural)
using the column and conditions already mentioned. Additional samples of 5.0 mL were adjusted to
a 0.82 N sulfuric acid concentration and further hydrolyzed in an autoclave at 120 £ 3 °C for 1h to
convert any possible oligosaccharides present in the solution — together with control solutions to
determine the extent of monosaccharide degradation as explained above — and the products were
analyzed by HPLC. The yield of oligosaccharides solubilized during a reaction was thus calculated
from the difference in concentration between the hydrolyzed and non-hydrolyzed samples, after
adjusting for the required dilution and sugar recovery factors.

All results of biomass composition and product yields were always reported based on 100 g
of dry almond shells (%DSB), unless otherwise is stated explicitly.

3 Results and discussion

3.1 Composition of the almond shells

Summative analysis of almond shells gave the results shown in Table 1, where average values of
triplicate analysis and their confidence intervals (o = 0.05) are reported. The results agreed with
those published in previous works for this type of biomass [20-22, 27]. The shells are the endocarp
of the almond fruit and constitute a protective tissue. They consist of rounded stone cells with thick
and highly lignified walls and small lumens, which explains the high content of lignin in this material
(30.8 %DSB). The hemicellulose fraction (31.8 %DSB) consists essentially of arabinoxylan with
arabinose/xylose and acetyl/xylose molar ratios of 0.016 and 0.175, respectively. Glucan content
was 26.6 %DSB, and it could be assigned entirely to cellulose.



3.2 Almond shells conversion: effect of temperature

The effect of temperature was investigated in a series of experiments performed at a constant
sulfuric acid concentration of 35 mM and a reaction time of 90 min, which included an initial heating
period of ca. 30 min plus a nearly isothermal period of 60 min. Figure 2 shows the influence of
reaction nominal temperature on the composition of the hydrolyzed solid and the products
recovered in solution. The error bars depicted for the data at 140 °C correspond to the confidence
intervals at a 95% probability level determined from a duplicate experiment and illustrate the
uncertainties that may be expected from the experimental techniques used in this study (see also
the scattering of duplicate and triplicate experiments in Figure 5). As seen in figure 2A, at 120 °C ca.
47 %DSB of the original biomass was converted into soluble products, while solubilization grew to 58
%DSB at 160 °C. Concerning the chemical composition of the hydrolyzed solid and the soluble
products, cellulose — measured as anhydrous glucose by HPLC — was the polymer less susceptible to
hydrolysis (figure 2B). Cellulose in solid decreased from 26.6 %DSB in the raw almond shells to 22.9
%DSB at 120 °C, and to 22.4 %DSB at 160 °C. The main product from cellulose hydrolysis was glucose
and gluco-oligomers were only present in trace amounts regardless of temperature. The combined
amounts of glucan recovered in the solid and the liquid tended to decrease with temperature which
indicated that glucose was partially degraded to hydroxymethyl furfural (HMF) in the acidic
GVL/water solution. Even if the presence of HMF in the solution could not be verified due to the
interference of GVL in the HPLC analysis, trace amounts of formic and levulinic acids formed by the
decomposition of HMF were detected.

Hemicellulose (figure 2C) and lignin (figure 2D) were more susceptible to hydrolysis than
cellulose. The amounts of hemicellulose in the solid, which were calculated as the sum of anhydrous
xylose, anhydrous arabinose and acetyl groups, fell from 31.8 %DSB in almond shells to 10.2 and 7.8
%DSB at 120 °C and 160 °C, respectively. Xylose was always the main product whit a maximum of
14.8 %DSB at 140 °C, but a significant fraction of soluble oligomers was also produced (5.4 at 120 °C
and 5.1 %DSB at 160 °C). The amount of monosaccharides converted to furfural was only 0.12 %DSB
at 120 °C but grew with temperature to 2.0 %DSB at 160 °C. Figure 3A compares the mass ratios
between acetyl groups and anhydrous xylose and arabinose in the untreated almond shells with
those remaining in the hydrolyzed solid, the soluble xylo-oligosaccharides, and the ratio between
monomers (acetic acid to xylose plus arabinose). The ratio in the solid fell from 0.17 in almond shells
to an average value of ca. 0.09 in the hydrolyzed solids, regardless of temperature. The ratio in the
soluble oligomers, however, grew with temperature from 0.14 at 120 °C to 0.33 at 160 °C. This
showed that xylo-oligosaccharides retained unhydrolyzed acetyl groups in their structure and also
pointed to the presence of xylan fractions with different degree of acetylation in almond shells, the
higher the acetyl content of the xylan fraction was, the easily it was solubilized in acidic GVL/water.
Finally, the ratio between acetic acid and monosaccharides was close to that of the untreated
almond shells.

Lignin conversion also grew with temperature (figure 2D). Lignin in the solid went from 30.3
%DSB in raw AS to 13.6 %DSB at 120 °C and 8.2 %DSB at 160 °C. The lignin precipitated from the
liquid solution by salt addition, acidification and filtration (see section 2.2) was 11.8 %DSB at 120 °C
but grew to 18.8 %DSB at 160 °C. Total recovery of lignin (i.e., combined amount of lignin remaining
in the hydrolyzed shells and that recovered from the liquid) at 120 °C was significantly lower than



the lignin present in the raw biomass, and lower than the total recovery at higher temperature. This
could be attributed to two phenomena. On the one hand, the oligomers produced by
depolymerization of the native lignin at 120 °C might had a structure closer to that of native lignin
and experience less recondensation reactions than those produced at higher temperature, thus
being more soluble in the agueous phases formed after adding NaCl to the GVL/water liquor and
after acidification of the GVL phase. Meng et al. [29] reported that the use of GVL/water preserved a
large fraction of the native 3-O-4 linkages and most of the syringyl and guaiacyl groups in the lignin
extracted from poplar wood at 120 °C, which also possessed a significant content of aliphatic OH
groups and had a number of p-hydroxybenzoate end groups higher than that of the original lignin.
On the other hand, the abundance of furfural together with the probable existence of HMF in acidic
solution at high temperature would promote addition and condensation reactions, which would
form humins that would precipitate upon addition of NaCl thus incrementing the yield of lignin
compared to that at 120 °C. Formation of humins, commonly referred-to as pseudo-lignin, is a well-
known phenomenon that has been reported in the autohydrolysis/steam-explosion pretreatment of
biomass [22, 30, 31] and acetone organsolv fractionation [32], and has been investigated in detail in
various solvents recently [33].

3.3 Almond shells conversion: effect of acid concentration

Figure 4 shows the influence of acid concentration on the composition of the hydrolyzed AS and the
products recovered in solution for a group of reactions at 140 °C. Increasing the catalyst load
promoted solubilization of almond shells, but the effect was less pronounced at concentrations
above 35 mM. Solubilization grew from 30 %DSB at 25 mM sulfuric acid to 50 %DSB at 35 mM, but
then went only to 54 %DSB at 75 mM (figure 4A). Cellulose in the solid decreased from 26.6 %DSB in
the raw almond shells to 22.9 %DSB at 25 mM and to 19.5 %DSB at 75 mM, as observed in Figure 4B.
Glucose was the main product an few gluco-oligomers were obtained. However, at 75 mM only trace
amounts of gluco-oligomers and free glucose could be quantified, which suggested that glucose was
readily degraded to hydroxymethyl furfural (HMF) at that acid concentration.

The yields of products derived from hemicellulose (figure 4C) were strongly dependent on
acid concentration. At 25 mM hemicellulose in the solid decreased from 31.8 to 19.6 %DSB to yield
8.4 %DSB of xylo-oligomers, 3.1 %DSB of xylose and trace amounts of furfural. An acid concentration
of 35 mM decreased hemicellulose in the solid to 9.5 %DSB but xylose (12.3 %DSB) was the main
product followed by xylo-oligosaccharides (4.9 %DSB) and furfural (1.6 %DSB). Further increasing of
the acid concentration had lower impact, but still promoted the removal of hemicellulose from the
solid and the formation of xylose as the main product. However, at 75 mM a significant fraction of
hemicellulose was lost to degradation products through furfural formation and polymerization,
which increased the recovery of lignin as discussed below. The mass ratios between acetyl groups
and anhydrous xylose and arabinose in the solid and the soluble products, shown in figure 3B, were
dependent on acid concentration. The ratio in the hydrolyzed solid decreased gradually from 0.17 in
the raw material to 0.09 at 45 mM and 0.75 mM. The ratio in the xylo-oligosaccharides tended to
decrease with acid concentration and it was close to zero at 75 mM, pointing to a complete
deacetylation. However, the ratio between acetic acid and monosaccharides was almost constant
and close to that in the raw material. Concerning lignin, see figure 4D, acid concentrations above 35



mM did not improve solubilization significantly and the only observable effect was a higher recovery
of precipitated lignin at 75 mM, which was probably caused by the inclusion of humins formed by
the degradation of carbohydrates.

3.4 Almond shells conversion: effect of reaction time.

The influence of reaction time was explored at each combination of nominal temperature (120, 140
and 160 °C) and sulfuric acid concentration (25, 35, 45 and 50 mM), using four different reaction
times, typically 15, 35, 45 and 90 min. Figure 5 shows the results obtained at 140 °C and 35 mM,
which suffice to discuss the evolution of the composition of almond shells and the hydrolysis
products. The profile of reactor temperature of one extended experiment is also shown in Figure 5B.
Recall that the reaction time comprised both the period of reactor heating from the room
temperature to the nominal temperature, plus the quasi-isothermal period once that was reached.
Therefore, in the experiments shorter than ca. 30 min temperature was still well below the nominal
value. As already discussed, cellulose was resilient to hydrolysis in acidic GVL/water and its rate of
conversion was quite low. Only trace amounts of soluble gluco-oligomers were detected, showing
that they were readily hydrolyzed to glucose. The concentration of the latter, however, reached a
plateau value of ca. 2 %DSB, which meant that it was converted to HMF.

Hemicellulose followed a different trend. It was hydrolyzed and readily extracted during an
initial period of 35 min and formed xylose together with significant amounts of xylo-
oligosaccharides. This high reactivity period took place while the reactor was being heated, and
therefore most conversion occurred under non-isothermal conditions. This was consistent with the
findings of Mellmer et al. [10], who reported that operation with GVL/water mixtures leaded to
higher rates of acid-catalyzed reactions at low temperature compared to reactions in water. After 50
min of reaction the rate of hemicellulose hydrolysis was substantially reduced, the yield of xylose
tended to stabilize, that of xylo-oligosaccharides to decrease, and furfural production to increase
showing that the rate of xylose dehydration outpaced its rate of formation from the xylo-
oligosaccharides. Analysis of the acetyl-to-monosaccharides (xylose plus arabinose) ratio revealed
that during the initial period the ratio in the unconverted hemicellulose and in the soluble
monomers were constant and equal to that of the untreated AS. Noticeably however, the ratio in
the xylo-oligosaccharides tended to increase, which would suggest that the rate of deacetylation of
the xylo-oligosaccharides was lower than the rate of scission of the [3-1,4 glycosidic bonds in the
backbone of the oligosaccharides. At 90 min the ratio in the soluble monomers increased due to the
consumption of pentoses to form furfural. Also, the ratio in the solid decreased below the value in
the raw AS, which suggests that the more resilient hemicellulose that still remained in the solid had
a lower degree of acetylation than the hemicellulose that was extracted during the initial stages of
the reaction.

Lignin conversion followed the same pattern than hemicellulose. During the heating period
lignin was easily hydrolyzed but after 50 min the amount of lignin in the hydrolyzed solid reached a
nearly constant value of ca. 12 %DSB. The yield of high molar mass lignin recovered by precipitation
from the GVL/water solution grew also rapidly during the heating period and remained nearly
constant afterwards at ca. 15%. However, the latter probably included products formed by
condensation of furfural and HMF. Experiments performed at other acid concentrations and

10



temperatures followed the same qualitative trends. Cellulose conversion and yield of glucose were
always low. The amount of lignin and hemicellulose in the hydrolyzed biomass evolved with time
starting with a period of fast conversion, which roughly corresponded to the interval of reactor
heating, followed by the approach towards an asymptotic value as reaction time was extended.
Hemicellulose formed monomers and xylo-oligomers, with furfural production growing faster in the
longest experiments.

4 Kinetics of hemicellulose and lignin solubilization

Separation and recovery of hemicellulose, lignin and cellulose are critical to profitability in any
biorefinery concept, where the valorization of the entire biomass feedstock into a few marketable
products must be achieved. The technoeconomic analysis and optimization of biorefineries require
of detailed models to simulate the process units. Among those, kinetic models capable of describing
biomass conversion under changing process conditions are needed to optimize the fractionation
reactors. Rigorous mechanistic modeling of biomass processing in aqueous and organoslov media is
a formidable task because of the inherent heterogeneity of biomass and the complex relationship
between its constitutive polymers in the vegetable cell wall. This is why simplified kinetic models
based on pseudo-homogeneous reactions have been usually adopted to describe biomass
fractionation with reasonable accuracy, and this is the approach we have followed for AS
fractionation in GVL/water as well.

4.1 Model development

The kinetics of hydrolytic treatments of biomass for the extraction of hemicellulose or delignification
in a variety of solvents and catalysts has been modeled following several approaches since Seaman
introduced its model for the dilute acid hydrolysis of cellulose at high temperature [34]. A common
feature in most models is to consider that the polymer under study is not homogeneous but is
assumed to be formed for at least two fractions that react in parallel at different rate. Among
others, models based on this core idea have applied to several studies on biomass fractionation in
aqueous media [35- 37] and organosolv processes [38-44]. The same approach was adopted in the
kinetic model proposed here to describe the hydrolysis and solubilization of hemicellulose and lignin
in acidic GVL/water. The model assumed that each polymer consisted of three fractions with
different reactivity: fast-reacting, slow-reacting and unreactive. The existence of such fractions was
attributed to a high association of hemicellulose and lignin with cellulose in some locations of the
cell wall structure, which had lower porosity and were less accessible to hydrolytic attack. However,
the susceptibility of lignin and hemicellulose to dilute acid hydrolysis should also depend on the
capacity of the solvent to swell the cell wall structure and solvate and extract the high molar mass
oligomers produced in the first stages of hydrolysis. Besides the chemical properties of the solvent
this capacity should also be influenced by parameters such as temperature and acidity. Two versions
of the model were therefore tested. Model-I assumed constant amounts of the three fractions of
each polymer, while in model-1l those amounts were correlated with acid concentration and
temperature. The use of fractions with different reactivity whose amounts depended on process
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conditions was introduced recently to describe the kinetics of bamboo delignification in an
autocatalyzed ethanol organosolv process, where the amounts of reactive and unreactive lignin
were correlated with temperature and the concentration of ethanol in the pulping liquor [35].

Given the total content of a polymer in native biomass (c{,’), expressed as mass percentage
of the original AS on a dry basis (%DSB), the amount of each fraction (cg’l) is calculated with
equation 1, where subscript p denotes the polymer, either lignin (L) or hemicellulose (H), subscript [
identifies the type of fraction — fast-reacting (f), slow-reacting (s) and unreactive (u) —and w,,; is
the unit mass fraction of each type, which fulfill the restriction given in equation 2.

Cp1 = CoWp [1]
Wp,l =1 [2]
I=f,su

Assuming first order dependencies of the rates of hydrolysis of each fraction with their
respective content in biomass and the concentration of sulfuric acid in the solvent, ¢4, the rates of
solubilization of each fraction and the total amount of polymer remaining in the solid are given by
equations 3 and 4, respectively. The rate constants, k,, ;, were assumed to follow an Arrhenius
dependency with temperature, expressed in the reparametrized form given by equation 5 to reduce
the correlation between activation energy and preexponential factor. A reference temperature T° of
413.15 K was used in the calculations.

dcp,l
- —kpiCpiCa [3]
cp = 2 Cpl [4]
l=f,su
E, /1 1
T ) s

Concerning model-Il, the amounts of unreactive and slow reacting fractions of hemicellulose
and lignin were correlated with the final reactor temperature of each non-isothermal experiment,
T, and its acid concentration according to equations 6 and 7, while the amount of the fast-reacting
fraction was calculated by difference.

Qo
Wpszl___ach [6]
Wpu=1——2—a3cA [7]
Wpr=1=—wyo—w,, [8]

To describe the conversion of the pth polymer (either hemicellulose or lignin), model-I
required a total of six unknown parameters, the activation energies (E,, ¢, E} 5), the rate constants at
the base temperature (kg’f, kg,s), and the fractional amounts of fast- and slow-reacting fractions
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(Wp, £, Wp 5). The fractional amount of unreactive polymer (w;, ,,) was obtained from the restriction in
equation 2, and the rate constant for the unreactive fraction (k, ;) was set to zero. Similarly, model-
Il had a total of eight parameters; the activation energies, rate constants at the base temperature,
and the four constants involved in equations 6 and 7 (a,, a;, a, and as). The values of those
parameters were estimated separately for hemicellulose and lignin by a least squares minimization
of the objective function given in equation 9, where p and [ are the subscripts defined above, n, is
the number of levels of acid concentration tested (25, 35, 45 and 50 mM), ny(;) is the number of
nominal temperature levels tested at each value of acid concentration (120, 140 and 160 °C), n(; j
is the number of experiments at different reaction times performed at each combination of nominal
temperature and acid concentration, and c{, (i, ], k) are the experimental values of polymer
remaining in the hydrolyzed solid measured in each experiment, expressed as percentage of the
original AS on a dry basis (%DSB). The model predictions of each fraction of polymer in the solid,
cp,1(i,j, k), were obtained by numerical integration of equation 3 for the fast- and slow-reacting
fractions imposing the values from equation 1 as initial conditions. The temperature register of each
non-isothermal experiment was used to perform the integration. Minimization of the objective
function was conducted with Matlab R2019b (MathWorks) using the fminsearch function.

2

ma TGO me) .
0F=2 2 1—f2 ¢, 1(i,j, k) [9]
P — 7 pi\bJs
= = D o cp(b.J, k) 1= su

4.2 Results of the kinetic modelling

Table 2 shows the best-fit values of the parameters in models | and Il for the hydrolysis of
hemicellulose and lignin. The values of activation energies for the fast- and slow-reacting fractions of
hemicellulose in model-l were 118. and 52.0 kJ mol?, which are in the low tier of the values usually
reported in literature for the acid hydrolysis of hemicellulose in aqueous media [36, 37], but similar
to those of acid-catalyzed ethanol organosolv pulping [39, 41]. Activation energies for lignin (106.
and 58.7 kJ mol* for the fast and slow fractions) were similar to those reported for acid-catalyzed
organosolv pulping in ethanol [38, 39, 41], but higher than those in soda-ethanol delignification [43],
aqueous p-toluene sulfonic acid pulping [44], and aqueous acetic acid pulping [40]. The predicted
fractions of non-reacting polymers were 0.119 and 0.226 for hemicellulose and lignin, respectively,
while the slow-reacting fractions were 0.386 and 0.383. Figure 6 compares the experimental
evolution of hemicellulose and lignin in the hydrolyzed almond shells at 50 mM sulfuric acid and 120,
140 and 160 °C with the predictions of model-I using the best-fit values in Table 2. Overall, the
model predicted the trend of a fast rate of conversion during the initial stage of the reaction,
followed by a period of lower reactivity. Agreement with experimental data was reasonably good for
both lignin and hemicellulose at 120 °C but at higher temperature the model underpredicted the
extent of conversion. Figure 7 shows the entire set of experimental data and model-I predictions. A
large dispersion was obtained, especially at 25 mM of acid where the model underpredicted the
degree of conversion of lignin and, even more clearly, that of hemicellulose.

Model-1l provided a better description of the evolution of lignin and hemicellulose along
reaction time. Figure 6 shows a reasonable agreement with experimental data at 120, 140 and 160
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°C. Comparison of model-Il with the entire set of data in Figure 7 shows a better agreement than
with model-I. Although scattering was still significant, it was randomly distributed and could be
explained, at least partially, considering the dispersion of the experimental data. The activation
energies in model-1l were 142. and 39.7 kJ mol™ for the fast- and slow-reacting hemicellulose,
respectively, which are still lower than in agueous-phase hydrolysis, especially for the slow-reacting
fraction [36, 37]. The reduction in the activation energy in the acid-catalyzed hydrolysis of
saccharides in GVL/water mixtures when compared to reactions in water was attributed to the
influence of GVL on stabilizing the acidic proton relative to the protonated transition states [45].
Concerning lignin, activation energy was 134. for the fast-reacting and 71.7 kJ mol™ for the slow-
reacting fractions. The values of the parameters in equations 6 and 7 showed that acid
concentration had a larger influence than temperature on establishing the amounts of slow-reacting
hemicellulose and lignin, whereas temperature was the dominant process variable concerning the
fractions of non-reacting polymers, which in the case of hemicellulose was practically independent
of acid concentration.

5 Conclusions

The effectiveness of the acid-catalyzed fractionation of almond shells in GVL/water at a constant
mass ratio of 80% w/w GVL was assessed at nominal temperatures from 120 to 160 °C and sulfuric
acid concentrations from 25 to 75 mM. The addition of GVL resulted on high rates of solubilization of
lignin and hemicellulose, even at low temperature. In fact, due to the moderate heating rates that
were intrinsic to the reactors that were used, most solubilization took place during the heating
period and conversion grew only marginally after the target temperature was attained. A
temperature of 140 °C gave slightly better yields of soluble hemicellulose saccharides and less
furfural formation than 160 °C. However, the latter was better than 140 °C regarding the amount of
lignin extracted from almond shells and recovered from the pulping liquor by precipitation. Sulfuric
acid concentration was also a key parameter. Hemicellulose recovery increased with acid
concentration up to 50 mM, but degradation to furfural and its condensation products accelerated
at higher concentrations, thus decreasing yield. However, cellulose degradation, albeit moderate,
started to grow above 45 mM. Lignin removal grew continuously with acid concentration, and 75
mM gave the highest delignification of the almond shells and the higher yields of lignin recovered by
precipitation, but cellulose degradation was significant. Overall, a compromise in temperature and
acid concentration has to be reached to obtain enough delignification and prevent excessive
degradation of cellulose and, specially, hemicellulose. Kinetics of lignin and hemicellulose
solubilization were described with a model that included three fractions of different reactivity for
each polymer. Better results were obtained when the amount of each fraction was assumed to be
not constant, but dependent on acid concentration and the final temperature of the reaction.
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Table 1 Summative chemical composition of almond shells on dry basis

Composition (%DSB) Mean Confidence interval
(0. =10.05)
Ash 1.7 0.1
Water extractives 5.5 0.1
Ethanol extractives 0.3 0.2
Lignin 30.3 0.4
Glucan 26.6 0.6
Xylan 26.7 0.2
Arabinan 0.43 0.05
Acetyl 4.68 0.05
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Table 2 Best fit values of the parameters of kinetic models | and Il for hemicellulose and lignin
hydrolysis in acidic GVL/water (80/20).

Model-I Model-II

Parameter Hemicellulose Lignin Hemicellulose Lignin
Ef (k] mol™%) 118. 106. 142. 134.
E; (k] mol™1) 52.0 58.7 39.7 71.7
kP (L mol~*min™?1) 9.472 3.895 11.1 5.39
ko(L mol™*min™1) 0.351 0.302 0.240 0.213
ws (=) 0.386 0.383 - -

wy () 0.119 0.226 - -

a, (K1) - - 2.26 10* 6.40 10*
a, (L mol™?1) - - 14.8 11.1
a, (K1) - - 2.06 10° 1.55 10
as (L mol™?1) - - 3.69 10° 1.55
OF residual value 0.507 0.285 0.230 0.182
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Figure captions

Figure 1 Reproducibility of the temperature profile during the heating period of three experiments
performed at a nominal temperature of 120 °C and different reaction durations

Figure 2 Effect of temperature on the conversion of almond shells at 35 mM sulfuric acid and 90 min.
A) cellulose [, lignin [, hemicellulose O, extractives [, ash M. B) cellulose [, soluble gluco-
oligomers [, glucose . C) hemicellulose [J, soluble xylo-oligomers [, xylose + arabinose [,
furfural @. D) lignin in solid [J, lignin recovered from liquid [

Figure 3 Effect of temperature at 35 mM sulfuric acid (left), and acid concentration at 140 °C (right),
on the mass ratio between acetyl groups and xylan (xylose + arabinose) at 90 min of reaction:
hydrolyzed solid O, soluble oligomers A\, monomers (acetic acid to monosaccharides) [1. The
continuous horizontal line is the ratio in the unprocessed almond shells; dashed lines only indicate
trends

Figure 4 Effect of sulfuric acid concentration on the conversion of almond shells at 140 °C and 90
min. A) cellulose O, lignin OJ, hemicellulose [, extractives M, ash Il. B) cellulose [J, soluble gluco-
oligomers [, glucose . C) hemicellulose [, soluble xylo-oligomers [, xylose + arabinose [,
furfural @. D) lignin in solid [J, lignin recovered from liquid [J

Figure 5 Effect of reaction time on the conversion of almond shells at 35 mM of sulfuric acid and a
nominal temperature of 140 °C. A) Cellulose O, gluco-oligomers A\, glucose L. B) Lignin in the
hydrolyzed solid O, lignin recovered by precipitation A. C) Hemicellulose in the hydrolyzed solid O,
xylo-oligomers A\, xylose + arabinose [, furfural . D) Mass ratio between acetyl groups and xylan
(xylose + arabinose) in the solid O, xylo-oligomers A\, monomers [1. The continuous line in panel B
shows the typical reactor temperature profile at 140 °C. The dashed lines only indicate trends

Figure 6 Evolution of lignin (top) and hemicellulose (bottom) remaining in the hydrolyzed AS (%DSB).
Comparison between the experimental values and the predictions of the kinetic models | (left) and I
(right) at 50 mM sulfuric acid at 120 °C O, 140 °C A, and 160 °Cc [

Figure 7 Lignin (top) and hemicellulose (bottom) remaining in the hydrolyzed AS (%DSB). Comparison
between the experimental values and the predictions of the kinetic models | (left) and Il (right).
Temperature: white symbols 120 °C, gray symbols 140 °C, black symbols 160 °C. Sulfuric acid
concentration: 25 mM <, 35 mM O, 45 mM A, 50 mM O
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