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Abstract

Pretreatments have been identified as the core of lignocellulosic biorefinery design due to biomass fractionation and the
influence on subsequent reaction and downstream processes. However, most pretreatments are described as single-step,
maximizing the valorization of a side stream. Therefore, sequential pretreatments could better describe the integral valori-
zation of lignocellulosic biomass to obtain platform products that can be further used for value-added products. This work
experimentally analyzed the sequential pretreatments for the fractionation of rice husks to obtain individual lignocellulosic
fractions. It was demonstrated that the dilute acid-wet air oxidation (DA-WAO) sequence is suitable for biorefinery designs
since it is possible to solubilize up to 80% of hemicellulose during the first stage and subsequently fractionate almost 90%
of lignin after the second stage, obtaining a pretreated solid with high cellulose content. The isolated lignocellulosic frac-
tions were used as platform products to obtain furfural, levulinic acid, and phenolic compounds. As a main result, yields and
conversions were improved when valorizing the cellulose platform based on sequential pretreatment. In contrast, valorizing
the black liquor after a combination scheme decreased aldehyde yields such as vanillin and syringaldehyde by 4.8-11.9%.
The findings indicate that from the biorefinery approach, sequential pretreatments improve the yield of platform products.

Despite the decrease of phenolic compounds, levulinic acid and furfural production is significantly enhanced.
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1 Introduction

Nowadays, different strategies have been proposed to limit
the dependence on fossil fuels due to the different environ-
mental and cultural issues related to the use of oil. Biotech-
nology has received a worldwide boost given the movement
towards more sustainable economies to transform biomass
(mainly waste biomass) into high value-added compounds
[1]. Agricultural by-products are usually disposed of on-field
as a source of nutrients or mostly incinerated. Therefore,
not only is there no valorization of the different biomass
constituents, but it also promotes environmental pollution
by releasing pollutant gases [2]. Using biomass as feedstock
in biotechnological schemes such as biorefineries could
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provide alternative, adequate, and sustainable routes for pro-
ducing a spectrum of chemical products typically derived
from petrochemical sources. Lignocellulosic biomass is a
potential source for designing biorefineries due to its low
cost and being abundant worldwide [3]. Among the different
lignocellulosic materials, rice husk is a potential raw mate-
rial due to its high production volumes (20.1 kg 100 kg™!
after rice threshing processing) and poor disposal manage-
ment [4]. The problems associated with rice husk derive
from its poor disposal, either by burning or burial. However,
soil contamination may exist when it is directly buried due
to low degradation, attributed to the hardness of the mate-
rial as a result of the silica and lignin content [5]. Likewise,
atmospheric pollution arises in the burning of rice husks due
to the emissions of greenhouse gases, particulate matter, and
soot [6, 7]. Consequently, using rice husks as a feedstock in
large-scale biorefineries could be a promising alternative due
to its high production rate and rich lignocellulosic content.

Prior to lignocellulosic valorization in biorefinery
schemes, some challenges must be addressed concerning
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the complex structural arrangement of the biomass. There-
fore, pretreatments are crucial to increase the accessibility
to chemical or biochemical attacks. Pretreatment selection
must be effective to (i) alter the heterogeneous structure to
increase surface area and porosity as well as decrease crys-
tallinity for bioconversion processes, (ii) hydrolyze hemicel-
lulose and lignin bonds for further reactions, and (iii) isolate
platform products that will be used as intermediates in bio-
mass valorization. Other operational aspects should be con-
sidered for evaluating pretreatment efficacy, such as inhibitor
formation rate and process severity, as well as cost-benefit
and environmental impact [8]. Different pretreatments have
been previously studied for lignocellulosic materials through
single-step schemes reporting the operational improvement
of conventional pretreatments and discussing new trends
with emerging technologies that also enhance the accessibil-
ity to biomass constituents [9]. Most of these pretreatments
focus on single-step schemes as they decrease technologi-
cal complexity and operating costs and avoid accumulat-
ing unwanted products. However, implementing single-step
schemes for biomass treatment with structural complexity
can be challenging for isolating a lignocellulosic fraction.
Therefore, these technologies cannot fully solubilize the
biomass, leaving aside non-recoverable waste side streams.
Pretreatments in sequential combination could overcome
the problems of integral valorization and increase the eco-
nomic margin in lignocellulosic biorefineries. For example,
improved biofuel production has been demonstrated follow-
ing a two-step pretreatment strategy where hemicellulose
is first solubilized after acid treatment and then delignified
with alkali [10]. The liquid hot water (LHW)-organosolv
sequence has demonstrated a pretreatment opportunity for
producing lignin, hemicellulose-based sugars, and pulp
for papermaking [11]. Other processes have proposed the
recycled aqueous ammonia expansion as a second stage
for lignin solubilization [12]. The sequential fractionation
through acid hydrotropes even promotes the non-destructive
extraction of lignin and the solid residue maintains the fiber
shape and crystalline structure of the cellulose [13]. Some
authors have shown increased production and purification of
hexoses as a platform product following dilute acid (DA)-
LHW [14] or organosolv-alkali [15] sequences. Therefore,
sequential pretreatments could be an emerging approach that
improves pretreatment efficacy performance.

Although different studies demonstrate the importance
of pretreatments in biorefinery design [16], there is no clear
systematization of sequential combinations that maximize
the recovery of lignocellulosic fractions for future valori-
zation. Sequential pretreatments could then improve biore-
finery designs as they would increase net revenues due to
increased production of platform products and possibly
conversions. Moreover, selectively isolating lignocellulosic
fractions decreases the presence of undesirable compounds
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that could affect future conversions by physicochemical
interactions. However, these pretreatment schemes depend
on the biorefinery context since a sequential combination
increases the number of processing units and the technologi-
cal complexity of the process, thus increasing future capi-
tal or operating costs. Therefore, sequential pretreatments
should be implemented in producing fine chemicals where
the selling price offsets the overall costs. Review articles on
efficient pretreatment of biorefineries [17] or recent trends
in biomass pretreatments [18] do not analyze the possibil-
ity of implementing sequential technologies despite their
improved selective isolation compared to conventional or
single-step pretreatment. Other studies have focused on
evaluating the performance of sequential pretreatments
[14], but there are no reports validating pretreatments for
obtaining platforms as they focus on the valorization of the
hexose-rich water-insoluble solid [19]. Therefore, the pos-
sibility of maximizing the integral valorization of biomass
in biorefinery schemes is not analyzed. Based on previous
results of the best sequential pretreatments in biorefinery
schemes [20], this work aims to experimentally evaluate the
proposed combinations of DA-alkali and DA-wet air oxi-
dation (WAO) for isolating cellulose, LHW-DA and steam
explosion (SE)-DA for hemicellulose solubilization, and
DA-Kraft and SE-Kraft for lignin removal using rice husk
as lignocellulosic material. The performance of the pretreat-
ments was analyzed through different operational indicators
as well as for the valorization towards chemical products.
The isolated or removed cellulose, hemicellulose, and lignin
platforms were used to produce levulinic acid, furfural, and
phenolic compounds, respectively.

2 Material and methods
2.1 Feedstock and chemicals

The rice husks were received from a rice thresher located
in El Espinal, Tolima, Colombia (4°09'34.7" N 74°54'44.3"
W). The rice husk was milled and screened with a 40 mesh
(425 pm) sieve. The screened feedstock was stored in air-
tight plastic bags for further use. Analytical reagents for raw
material characterization and pretreatments were purchased
from PanReac AppliChem (Darmstadt, Germany), chroma-
tographic solvents from Scharlau (Barcelona, Spain), and
chromatographic standards from Sigma-Aldrich (MO, USA),
and used as received.

The characterization of the raw material was carried out
in triplicate following different procedures. The analysis
included three types of characterization: (i) chemical analy-
sis to calculate the mass balances involved in the pretreat-
ment and reaction stages as well as the yields and conver-
sions, (ii) proximate analysis to evaluate the performance
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in thermal processes, and (iii) solid content. Initially, the
moisture content was reduced to 10% through a forced air
oven at 45 °C. For the chemical analysis, the extractive con-
tent was determined after sequential Soxhlet reflux of water
and ethanol for 8 h (NREL/TP-510-42619) [21], while the
fat was by hexane reflux during the same period time [22].
Holocellulose content was estimated through the chlorina-
tion method (ASTM D1104) [23]. Meanwhile, cellulose
after several sodium hydroxide dosages using the remain-
ing holocellulose solid (ASTM D1103) [23]. The difference
between holocellulose and cellulose gives hemicellulose.
Insoluble lignin was determined as Klason type (NREL/
TP-510-42618) [24]. Total pectin was estimated after
extraction with concentrated sulfuric acid by photometric
measurement of galacturonic acid with carbazole at 240 nm
[25]. Protein was quantified by the Kjeldahl method with a
conversion factor of 6.25 (NREL/TP-510-42625) [26]. On
the other hand, for the proximate analysis, the content of
volatile material was determined after sample calcination
at 950 °C (ASTM ES872-82) [27], ash by slow heating up
to 575 °C (NREL/TP-510-42622) [28], and fixed carbon by
difference. The heat capacity of the sample was determined
using a calorimetric pump (SDACM 3100, Sundy, China)
and following the procedure of the ASTM E711-87 [29].
Finally, the analysis of the solid content involved the deter-
mination of total and volatile solids after heating to 105 °C
and 550 °C, respectively [30].

2.2 Pretreatments of rice husk

Rice husk pretreatments were performed based on the
heuristic analysis of pretreatment sequences for isolating
lignocellulosic fractions [20]. The following schemes were
considered: DA-alkali and DA-WAO for cellulose isola-
tion, LHW-DA and SE-DA for hemicellulose fractiona-
tion, and DA-Kraft and SE-Kraft for lignin removal. The
sequential pretreatment analysis also involved single-step

pretreatments to calculate the experimental enhancement
of the proposed combinations.

All pretreatments, except for SE, were performed in
a 300-mL high-pressure reactor with a working capacity
of 50% (HP AutoLAB reactor E1823, HEL Group, UK).
The reactor has a temperature controller for an electrical
resistance jacket, a thermocouple in the 316 stainless steel
vessel, an axial turbine stirrer, and a tap water cooling
system. Additionally, the reactor has three butterfly inlet
valves for gases as well as a relief and a purge valves. On
the other hand, the SE was performed in a reaction system
of two stainless steel vessels of 250 mL fed with feedstock
and 750 mL of water storage (500 mL of working volume).
Both vessels are connected through a completely sealed
ball valve. The water vessel heats the fluid through an elec-
trical resistance until saturated steam is obtained at the
desired pressure conditions measured through a manom-
eter. After heating, the ball valve is opened (time zero)
and the steam comes into contact with the sample. After
the reaction time, the system is cooled by convection in a
cold room at 5 °C.

In general, the rice husk was fed on a dry basis and an
inert atmosphere was ensured by purging with nitrogen
for 5 min prior to pretreatment. Those pretreatments per-
formed in the high-pressure reactor were carried out at 150
rpm. Table 1 summarizes the operating conditions for each
pretreatment scheme. All pretreatments were performed in
duplicate and the average of both runs was reported. After
the residence time, the pretreated rice husk was separated
by vacuum filtration. The hydrolysate was stored at 5 °C to
quantify soluble sugars and degradation products by high-
performance liquid chromatography (HPLC). The water-
insoluble solid (WIS) was washed with distilled water at
70 mL g~! of the pretreated sample, ensuring a washing
water pH close to neutral. The WIS was then dried at 60
°C and recharacterized in terms of lignocellulosic compo-
sition based on the previously mentioned standards.

Table 1 Operating conditions

. Pretreatment Reaction conditions

for the pretreatment of rice husk

[20] Reagent T (°C) P (bar) Feed ratio (g:mL) t (min)
DA 2% H,SO, 180 - 1:6.25 30
Alkali 8% NaOH 130 - 1:5 60
WAO Water + Na,CO, + air 195 5 30:500:17 10
LHW Water 170 - 1:6 60
SE Water + H,SO, (2.5 [HT])™ 198 13.8 1:20 75
Kraft Na,$ + NaOH™™"* 165 - 15 60

DA, dilute acid; WAO, wet air oxidation; LHW, liquid hot water; SE, steam explosion; 7, temperature; P,
pressure; ¢, holding time at the assigned temperature

*Feed ratio of 30 g of feedstock per 500 g of water and 1 g of Na,CO,

***Concentration of the exogenous acid (mg acid g~! dry feedstock)

stk

"Addition of Na,S and NaOH based on 15% active alkali and 25% sulfidity

@ Springer



Biomass Conversion and Biorefinery

2.3 Valorization of lignocellulosic fractions

The sequential pretreatment that best had effective selec-
tivity was selected for further valorization to value-added
compounds. For the cellulose-based schemes, the WIS was
valorized to produce levulinic acid using sulfuric acid as a
catalyst. On the other hand, the hydrolysates obtained from
the hemicellulose fractionation pretreatments were used to
produce furfural by dehydration reaction with hydrochloric
acid. Lignin-rich liquors were also valorized for producing
low-molecular-weight phenolic compounds through oxida-
tion reactions. Figure 1 illustrates a schematic flow chart of
the process. All valorizations were performed in duplicate in
the high-pressure reactor with a working volume of 150 mL,
reporting the average of the results. Nitrogen was bubbled
for 5 min before each reaction to ensure an inert atmosphere.

For the production of levulinic acid, a sufficient amount
of pretreated rice husk (7.5 g oven-dried) was fed in the
reactor vessel with a 2.5 M [H*] solution of sulfuric acid
in a solid-to-liquid ratio of 1:20 (mass:volume). The reac-
tion conditions were 200 °C for 2 h at 200 rpm [31]. The
remaining solid and the levulinic acid—rich hydrolysate
were separated by vacuum filtration. For furfural produc-
tion, the hydrolysates were previously neutralized with
slow addition of calcium hydroxide powder and continu-
ous stirring at 40 °C until pH 5-6, leaving a final settling
time of 30 min without stirring. After neutralization, the
reaction volume was prepared by adding hydrochloric acid
to the neutralized supernatant up to a concentration of 0.44
M and sodium chloride at a ratio of 2 g 10 g~! reaction
volume. The acid hydrolysate was fed into the reactor ves-
sel and nitrogen was supplied up to a pressure of 10 bar.
The dehydration reaction was carried out at 164 °C for 2 h

Rice husk

v

and 600 rpm [32]. Concerning the production of phenolic
compounds, the black liquors were characterized as total
non-volatile solids [33]. The black liquor was prepared to
60 g L! (based on total non-volatile solids), and sufficient
NaOH was added until a reaction liquor concentration of
80 g L~!. Subsequently, the liquor was fed to the reactor
vessel and nitrogen was supplied up to a pressure of 6.5
bar. The oxidation reaction occurred at 120 °C for 20 min
and 1100 rpm [34]. Upon reaching the temperature, oxy-
gen was supplied until a total system pressure of 10 bar
was obtained, this being the initial time of the reaction.
Finally, all hydrolysates after valorizations were stored at
5 °C for subsequent chromatographic analysis.

2.4 Analytical methods

Aliquots (5 mL) of the soluble fractions of the pretreat-
ment schemes were hydrolyzed through dilution with 4%
H,SO, at 121 °C for 1 h to quantify oligosaccharides as
monosaccharides of each corresponding sugar (i.e., glu-
cooligosaccharide as glucose or xylooligosaccharide as
xylose) [35]. Soluble sugars (glucose, xylose, arabinose,
mannose, and galactose) and degradation products (xylitol,
formic acid, acetic acid, levulinic acid, furfural, and
5-hydroxymethylfurfural (HMF)) were determined on an
HPLC (Agilent 1260 Series, Agilent Technologies, USA)
equipped with an ICSep ICE-COREGEL 87H3 column
(7.8 x 300) based on refractive index detector at 35 °C. A
solution of 5 mM H,SO, was used as the mobile phase at
0.6 mL min~! for 50 min. The oven temperature was set at
65 °C. Meanwhile, low-molecular-weight phenolic com-
pounds such as vanillin, vanillic acid, syringaldehyde, and

Pretreatment 1 —

Sequential pretreatment
- Cellulose: DA-Alkali and DA-WAO
- Hemicellulose: LHW-DA and SE-DA

Pretreatment 2

v —

- Lignin: DA-Kraft and SE-Kraft

\ 4

Pentose sugars ‘ Soluble lignin

‘ Hexose sugars

Platform product
- Hydrolysate: Pentose sugars and soluble lignin
- Water-insoluble solid: Hexose sugars

Dehydration Oxidation
Furfural Phenolic
compounds

Levulinic acid

Reaction scheme

Dehydration - Dehydration reaction: HCI or H2SO4
- Oxidation reaction: NaOII + O2
l Value-added products

- Furfural
- Phenolic compounds: vanillin, vanillic acid,
syringaldehyde and syringic acid

- Levulinic acid and formic acid

Fig. 1 Flow chart for the rice husk valorization towards value-added compounds
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syringic acid were quantified on an HPLC (Shimadzu LC-
2010A HT Series, Shimadzu Corporation, Japan) equipped
with a Kromasil C18 column (150 mm X 4.6 mm X 5 pm).
Chromatographic separation was carried out by the gra-
dient method using eluents of (A) methanol and (B) 3%
aqueous acetic acid at a rate of 1 mL min~! according to
the following method: initially 100% B, 10% A and 90% B
(10 min), 30% A and 70% B (40 min), and 100% A (44-47
min). The oven temperature was 25 °C, and the quantifica-
tion was performed in a UV detector at 280 nm with 20
pL of sample injection. Soluble sugars, degradation prod-
ucts, and phenolic compounds were quantified based on
the linear calibration curves of the standard compounds.
Xylooligosaccharides were determined by the difference
with total monosaccharides. The stock solution of sugars
and degradation products was prepared in ultrapure water,
while phenolic compounds were prepared in methanol.
Samples were filtered on a 0.20-um pore size filter.

2.5 X-ray diffraction

X-ray diffraction (XRD) analysis was performed for the
WIS in a diffractometer (Rigaku MiniFlex II Series, Rigaku,
Japan) using Cu Ko radiation at 30 kV and 15 mA. The
samples were analyzed in an angular range (260) between 3°
and 60° (step size of 0.02°) at 2° min~! at room temperature.
The crystallinity of the samples was estimated through the
crystallinity index (Crl) as shown in Eq. (1), where [, is the
intensity of the crystalline fraction of the biomass (cellulose
at 20 of 22.5) and [, is the intensity of the amorphous frac-
tion (26 of 17.8).

Iy — 1
Crl (%) = 22__2m 5 100 (1)
1002

3 Results
3.1 Rice husk characterization

Table 2 shows the results of the physicochemical charac-
terization of the rice husk. In general, the characterization
of rice husks was comparable with other reports in the lit-
erature [36, 37]. Some disagreements may be related to the
species of rice cultivated, harvesting or crop season, and
climatic conditions. For example, some authors report a
protein content of 3.1% and a fat content of 2.7% for rice
husks grown in Sukawati, Gianyar [38]. Regarding cellu-
lose and hemicellulose, the total carbohydrate content was
44.3%, which could be optimal for bioconversion processes.
Lignocellulosic biomass with total carbohydrate contents
higher than 40% has been shown to be feasible for enzymatic

and fermentative processes [39, 40]. Concerning the lignin
content, it was higher than non-wood lignocellulosic feed-
stocks such as corn stover (19.5%) [41], wheat straw (19.2%)
[42], and corn stalks (19.6%) [12]. High lignin contents sub-
stantially decrease the efficiency of enzymatic hydrolysis
of cellulose as the enzyme adsorbs on lignin through dif-
ferent interactions such as hydrogen bonds or electrostatic/
hydrophobic bonds, subsequently blocking the active sites
[43]. Therefore, the selective isolation of lignin is funda-
mental during the design of integral biorefineries, whose
valorization is essential to increase total revenues. Regarding
the proximate analysis, volatile material and fixed carbon
parameters have been used to estimate the performance of
thermal processes such as gasification, providing an idea
of maximum temperatures in the reactor. Values between
3 and 4 of these two parameters are suggested for gasifica-
tions. This ratio was 3.49 for rice husk, indicating higher
temperatures would be achieved than wood materials [34].
On the other hand, despite the high calorific value of rice
husks compared to herbaceous materials, the high ash con-
tent significantly decreases the energy density [44]. After
the thermal process, large ash volumes are generated, rep-
resenting a disposal problem since it does not degrade easily
and is an air pollutant [45]. Due to the high silica content
(SiO, between 85 and 95%), rice husk is normally used as

Table 2 Physicochemical characterization of rice husk”

Parameter Mass composition
(2100 g7 on a dry
basis

Initial moisture 12.01

Chemical analysis

Cellulose 29.34 (0.76)
Hemicellulose 15.02 (0.46)
Lignin 29.14 (0.72)
Total extract 7.86 (0.25)
Fats 3.80 (0.26)
Protein 1.29 (0.10)
Pectin 13.55 (0.98)
Proximate analysis
Volatile matter 64.66 (0.52)
Fixed carbon 18.52 (0.55)
Ash 18.52 (0.18)
Moisture 6.05 (0.05)
Calorific value™ 15.86 (0.04)
Solid analysis
Total solids 93.31 (0.61)
Volatile solids 74.52 (0.15)

“Values in bracket refer to standard deviation
““Higher heating value in MJ kg™!
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a pozzolanic material or mineral additive in cementitious
products [46].

3.2 Effect of pretreatment on the chemical
compositional of rice husk

As described in Section 2, rice husk was pretreated based
on sequential combinations for the individual isolation of
each lignocellulosic fraction. The DA-alkali and DA-WAO
sequence was proposed for cellulose isolation, the LHW-DA
and SE-DA sequence for hemicellulose removal, and the
DA-Kraft and SE-Kraft sequence for lignin fractionation.
Additionally, all pretreatments were performed as a single
step to compare the experimental performance of the pro-
posed sequences. Comparing the effect of the single-step
pretreatments on solid recovery (defined as the mass ratio
between the WIS of each pretreatment and the raw feedstock
on a dry basis), the alkaline pretreatments (i.e., alkali and
Kraft) and WAO showed higher biomass solubilization (see
Table 3.). In contrast, DA demonstrated less ability to release
soluble compounds. Subjecting rice husk to sequential pre-
treatment further increases the removal of lignocellulosic
material, gradually decreasing the total solid content of the
biomass, especially in the combinations where alkaline pre-
treatment was performed as the second stage. This loss of
solids may be because the DA pretreatments increased the
surface area of the biomass through swelling of the cellu-
losic fibers [14]; therefore, the alkaline agent easily pen-
etrated the matrix to solubilize more lignocellulosic content.

The compositional analysis of the raw material and
WIS after each pretreatment is summarized in Fig. 2. It is
observed that for all samples, cellulose is the biopolymer
less affected by the thermochemical action of the pretreat-
ment, achieving maximum removals of 14.15% for LHW in
single-step and 15.08% for the SE-DA sequence, as shown in
Table 3.. This isolation hindrance is explained by the abun-
dance of hydrogen bonds of both intramolecular and inter-
molecular hydroxyl groups, which are difficult to hydrolyze
[47]. The removed cellulose has been mainly attributed to
amorphous fractions within the molecular matrix, obtaining
smaller polymers and oligomers [48]. Glucose was detected
in the hydrolysates (see Table 4), which was not only due to
amorphous cellulose but could also be explained by hemicel-
lulose glucans such as xyloglucans, glucomannans, or even
branched glucans [49]. Pretreatment sequences for cellulose
isolation showed maximum removals of 11.2% and recov-
eries of ~78-85% (defined as cellulose ratio between the
WIS to feedstock). These results agree with some reports
for hazelnut husk pretreatment under the same sequential
technology [14]. Comparing both sequences for cellulose,
the DA-WAO combination was able to recover 9% more
insoluble hexoses, explained by the fact that alkali-catalyzed
pretreatments easily hydrolyze amorphous regions of hemi-
cellulose [50]. Although the DA-alkali combination totally
removed hemicellulose, the WIS has an accessibility of
84.5% (see Poveda-Giraldo et al. for accessibility definition
[11]), being slightly lower than the DA-WAO sequence of
93.9%, as shown in Table 5. Therefore, the WIS would be
affected to a small extent by the remaining undepolymerized

Table 3 Lignocellulosic

> Pretreatment ~ Solid recovery (%)” Removal (%)
removal after fequentlal
pretreatments Extractives  Cellulose ~ Hemicellulose Lignin Ash
Single-step schemes
DA 70.6 (3.9) 48.2 (1.3) 11.8(1.4) 793 4.9) 15.6 (0.4) 31.1(1.1)
Alkali 57.6 (3.4) 46.5 (1.7) 9.9 (0.6) 33522 71.5(1.8) 57.8(1.0)
WAO 50.1 (5.7) 59.4 (1.6) 2.9(0.2) 71.1 (3.0) 874(24) 41901.7)
LHW 65.8 (1.6) 41.8 (1.3) 1421.1) 73239 28.2(2.3) 42.7(1.5)
SE 65.9 (1.3) 43.7 (2.3) 129 (04) 85.7(3.6) 30.8(2.8) 24.1(1.1)
Kraft 479 (1.4) 62.3 (1.4) 8.6(0.3) 40.1 (3.5) 89.6 (1.5) 72.2(1.1)
Sequential schemes
DA-alkali 55.2 (2.6) 24.4 (2.0) 11.2(0.9) 100.0 (2.1) 58.1 (2.7) 39.4(25)
DA-WAO 58.9 (3.2) 14.1 (1.2) 3.2(0.2) 70.1 (2.5) 89.8(1.9) 11.7(1.4)
LHW-DA 70.5 (2.4) 42.6 (1.3) 12.1 (0.5) 89.2(2.2) 11.6 (1.0)  32.2(1.6)
SE-DA 75.7 (1.4) 24.7 (1.2) 15.1(1.2) 76.3(2.3) 11.2(0.8) 14.6(1.2)
DA-Kraft 554 (2.0) 65.2 (1.7) 13.4(0.6) 38.6(2.4) 753 (1.7) 40.8(1.2)
SE-Kraft 50.1 2.4) 574 (2.6) 12.7(0.4) 43.4(3.8) 80.2(24) 48.8(1.1)

“Values in brackets refer to standard deviation

““The solid recovery of the sequential pretreatments corresponds only to the recovery of the second step

(non-cumulative)
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lignin. Regarding lignin, although the single-step of alkali
favors delignification (71.5%), it was observed that the
DA-alkali sequence does not reach these values, except
for DA-WAO. Therefore, the WIS would be affected by
the remaining undepolymerized lignin, disturbing possi-
ble future bioconversion processes. To explain this, some
reports have shown that after hydrothermal treatments close
to the melting point of lignin, it tends to liquefy and then
coalesce into small droplets during cooling, adhering to the
surface matrix of the biomass [51]. Since alkaline processes
break the 3-O-4 bonds of lignin, the alkaline catalyst does
not have sufficient lignin surface area to enhance delignifica-
tion processes. However, studies have shown that the ther-
mal treatment of biomass through LHW improves further
delignification processes in soda-anthraquinone (soda-AQ)
pulpings [52]. On the other hand, the total hemicellulose
removal after the second stage in the DA-alkali combination
showed that the formation of xylo-oligomers was favored
(see Table 4), a trend that has also been demonstrated in
alkali-catalyzed processes [53]. Table 3. also shows that
extractives and ash content decrease considerably over the
pretreatments, as has also been described for wood materials

Fig.2 Chemical composition
of the WIS after pretreatments
based on A single-step and B
sequential combinations. Both
figures have the same legend

(A)

Raw feedstock
DA

Alkali

WAO

LHW

SE

Kraft

with increasing doses of alkali [54] or for acid pretreatments
[55]. In general, sequential combinations for cellulose isola-
tion improved some technical indicators compared to single-
step pretreatments. For example, performing DA pretreat-
ment allows accessibility in the pretreated solid of 74.2%
and a cellulose recovery of 88.2% (see Table 5). In contrast,
the DA-alkali combination increased these indicators to
84.5% and 78.3%, while DA-WAO to 93.4% and 85.4% for
WIS accessibility and total cellulose recovery, respectively.
The DA-WAO pretreatment is the best sequential scheme
for cellulose isolation as it has the best results in technical
indicators, and it is possible to fractionate more lignin in the
second stage. Indeed, the technical indicators are 95.3% and
87.8% of the theoretical values for accessibility and cellulose
recovery based on the results presented in previous studies
[20]. DA-WAO also concluded that after DA pretreatment,
a first hydrolysate rich in sugars mainly of the pentose type
(10.3 g L™! as oligo- and monosaccharides) is obtained, and
after sequencing, a second hydrolysate rich in soluble lignin
is favored.

The pretreatment sequences for hemicellulose removal con-
sisted mainly of acid-catalyzed processes. Both combinations

m Extractives

m Cellulose

m Hemicellulose
Lignin

Ash

(B)

Raw feedstock
DA + Alkali
DA + WAO
LHW + DA

SE + DA
DA + Kraft
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Table 5 Cellulose recovery
and platform accessibilities in

Pretreatment

Cellulose recovery in the
final WIS (%)

Accessibility (%)

hydrolysates and the final WIS 1st hydrolysate 2nd hydrolysate Final WIS

Single-step schemes
DA 88.2 79.9" - 74.2
Alkali 90.1 86.2" - 79.6
WAO 97.1 64.4" or 84.4™ - 89.0
LHW 85.8 73.5" - 75.1
SE 87.1 75.1° - 77.0
Kraft 81.4 87.7" - 84.5

Sequential schemes
DA-alkali 78.3 79.9 85.2 84.5
DA-WAO 85.4 94.0 93.4
LHW-DA 75.4 73.5 63.4 77.0
SE-DA 74.0 75.1 64.6 77.1
DA-Kraft 76.4 79.9 89.9 86.9
SE-Kraft 76.0 75.1 89.7 90.5

*Hydrolysate for pentose sugar valorization

“*Hydrolysate for soluble lignin valorization

showed no significant difference as there were low removals
of cellulose (12.1-15.1%) and lignin (11.2-11.6%), as well as
total hemicellulose solubilizations at the end of the sequence
of 97.5-98.5%, substantially improving upon the single-step of
LHW and SE processes. Small differences were observed in the
production of soluble compounds after the second stage of the
sequence, obtaining 24.4 g L™! of total pentoses (mono- and
oligosaccharides) for LHW-DA and 28.9 g L~! for SE-DA, as
shown in Table 4. In addition, this last sequential combination
resulted in a higher content of degradation products, especially
furfural (0.63 g L™"). The selection of the best sequential pre-
treatment for hemicellulose removal was then evaluated depend-
ing on the objective of the process. If bioconversion processes
for biofuel production are desired, for instance, the LHW-DA
combination would be more favorable due to its lower content
of inhibitory compounds (see Table 4). In contrast, the SE-DA
sequence is more favorable if a furan production process is
desired. Unlike the cellulose schemes, the SE-DA and LHW-
DA combinations do not allow obtaining the lignocellulosic
fractions individually but are more focused on pentose valori-
zation processes. This fact can be affirmed by the accessibility
of the second hydrolysate aimed at valorizing soluble lignin,
as illustrated in Table 5. Sequential pretreatments enhanced
the total hemicellulose solubilization performance, achieving
97.1% and 96.6% values for LHW-DA and SE-DA, respectively.
Despite these promising removals, the hydrolysates have lower
accessibility (63.4-75.1% for both hydrolysates) than the cellu-
lose combinations. This idea is supported by total cellulose and
lignin removal accumulation along the sequences (see Table 3.).

The pretreatment sequences for lignin fractionation in
addition to obtaining the lowest biomass solid recovery
yields also removed the highest content of extractives. The

removal of extractives was favored by increasing the concen-
tration of the alkali catalyst, as evidenced elsewhere [54].
Total lignin removal during the whole sequence was higher
for the SE-Kraft (86.1%). Therefore, this combination would
solubilize higher hemicellulose content during the first stage
(removal comparison between SE and DA) and higher lignin
during the second pretreatment stage. In fact, Table 4 shows
a higher content of pentose sugars (11.37 g L™ as mono-
oligomers) after individual SE pretreatment. Additionally,
the production of xylose monomers (16.0 g L™! for DA-
Kraft and 24.0 g L™! for SE-Kraft) was favored following the
sequential schemes. Concerning inhibitory compounds, the
furan compound concentrations were small or not detected.
As in the sequences for hemicellulose, there is no significant
difference in choosing a better lignin pretreatment combina-
tion since both have similarities in removals. Based on total
lignin removal, the SE-Kraft scheme would be optimal for
biopolymer fractionation and further valorization. However,
the second hydrolysate presents high xylose contents that
could affect the phenolic compound production. Unlike the
sequential combinations for cellulose and hemicellulose iso-
lation, the sequential pretreatments for lignin fractionation
do not improve the total heteropolymer removal compared to
the Kraft process. Total lignin removal decreased by 13.4%
for the DA-Kraft sequence and 4.1% for the SE-Kraft.

3.3 X-ray analysis of pretreated rice husk
Figure 3 shows the effect of single-step and sequential pre-
treatments on rice husk structure. By analyzing the raw

feedstock, three main peak intensities could be identified: at
15.9° which represents cellulose allomorphs (i.e., tricyclic
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and monocyclic), 22.0° from the hydrogen-bonded sheets of
cellulose I, and 34.5° which may represent cellobiose bond
lengths [56]. As shown in Fig. 2A, single-step pretreatments
changed the biomass structure, specifically the crystallinity
of cellulose, by cleaving inter- and intramolecular hydrogen
bonds. It is observed that for alkaline pretreatments, there
is peak overlap at diffraction angles between 20° and 21°
explained by the formation of cellulose II structures [57].
In contrast, there was an extensive reduction in the peak
intensities for the DA pretreatment, implying that the sam-
ple was totally amorphous. This analysis was confirmed by
calculating the CrI (Table 6), showing a clear decrease com-
pared to the raw rice husk. In contrast, the Kraft pretreatment
showed an apparent increase in Crl, explained by the partial
removal of amorphous fractions such as hemicellulose and
lignin, leading to an accumulation of crystalline cellulose
[56]. Unlike the SE-Kraft sequence, on the other hand, the
pattern of intensity decrease in the diffractograms was also
observed for the sequential pretreatments at a higher rate,
as observed in Fig. 2B. In fact, the Crl calculated from the
sample pretreated with the sequential combinations is sig-
nificantly lower than for the raw feedstock, especially for
DA-alkali. This decrease in crystallinity indicates that the
recovered product is highly amorphous and could have a
higher accessibility to the cellulose surface, favoring bio-
conversion processes [58].

3.4 Valorization of pretreatment side streams
for producing value-added compounds

After sequential pretreatments, the side streams of the
schemes were valorized for the production of value-added
compounds. The production of levulinic acid from the WIS
cellulose platform, as well as furfural and phenolic com-
pounds from the hydrolysates, was proposed. Since an
integrated biorefinery seeks to maximize the profit mar-
gin, pretreatment schemes should be designed to minimize
losses of lignocellulosic fractions. Based on the sequential
pretreatment results, there were combinations where indi-
vidual lignocellulosic fractions were not obtained. For exam-
ple, hemicellulose schemes maximized pentose solubiliza-
tion throughout the sequences with moderate amounts of
lignin and cellulose removals of more than 20%, or lignin
schemes where after the second stage, the hydrolysates con-
tained large xylose composition that would not be valor-
ized in the first pretreatment stage. Therefore, the sequential
pretreatment in a biorefinery scheme should be such that
besides removing large amounts of the platform products,
it should obtain them individually with the least amount of
unwanted fractions and preserve cellulose recovery. There-
fore, the sequential pretreatment DA-WAO shows to be an
alternative for the valorization of the side streams obtaining
a first hydrolysate for the production of furfural, a second
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Table 6 Effect of pretreatment

o P Pretreatment Crl (%)
on the crystallinity index

Raw feedstock 40.7

Single-step scheme
DA 4.61
Alkali 35.28
WAO 40.30
LHW 36.73
SE 28.09
Kraft 43.85

Sequential schemes
DA-alkali 4.57
DA-WAO 20.21
LHW-DA 17.23
SE-DA 13.56
DA-Kraft 22.31
SE-Kraft 34.54
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hydrolysate rich in lignin and potential for the production
of phenolic compounds, and an insoluble solid that can be
used for the production of levulinic acid. Figure 4 illustrates
the mass balances of the DA-WAO sequential pretreatment
for producing lignocellulosic platforms further valorized to
value-added compounds.

The first hydrolysate from the sequential DA-WAOQO com-
bination was used as feedstock for furfural production. The
dehydration reaction also considered raw rice husk as sub-
strate in order to evaluate the pretreatment performance, as
shown in Table 7. After the reaction, the furfural concentra-
tion increased by more than 700% compared to the initial
content of the pretreatment hydrolysate (0.41 g L™"), achiev-
ing a higher conversion of 95% of xylose, which agrees with
some reported results in the literature. Studies have shown
that after 1 h of reaction, all the xylose can be consumed even
without adding a catalyst [59]. The yield of furfural produc-
tion was also much higher than the raw feedstock and can
be explained by the presence of organic acids in the hydro-
lysate, which acts as catalysts in the reaction, promoting the
hydrolysis of even the pentose oligosaccharides. After the
dehydration reactions, the presence of xylooligosaccharides
was not detected, and their hydrolysis was sufficiently effi-
cient [60]. The furfural yields were in agreement and even
higher than some literature reports. Yields of 33.8% have
been reported for the reaction of neutralized hydrolysates of
coffee-cut steams after DA pretreatments [32]. Other studies
have achieved maximum yields of 54% following reactions
at 170 °C for 1 h from LHW hydrolysates [61]. Under con-
trolled two-phase reactor systems, xylose conversions can be
in the range of 24.6-100% and yields above 90% [60]. Differ-
ences were found possibly to the dehydration of mono- and

Air H_l

Rice husk Flash

100 kg dry basis

Oxidaton

reactor

xylooligomers that favored the reaction. The dehydration
performance is also affected by the presence of soluble
lignin, which can react with the generated furfural and form
undesired products [61]. On the other hand, furfural is also a
degradation product of the DA process, so its composition is
added to the final yield of the process, favoring hydrolysates
with pre-existing furan compound formation. According to
these results, it is possible to conclude that the DA pretreat-
ment enhanced the furfural production compared to the raw
feedstock with yields comparable to the literature. Addition-
ally, less than 5% of xylose is destined as residue since the
conversions could be favored by the content of organic acids
in the hydrolysate (see Table 4).

The black liquor or lignin-rich hydrolysate obtained after
the second stage of sequential pretreatment was used to pro-
duce phenolic compounds through oxidation reactions. The
analysis of results also involved the pretreatment of hydro-
lysates from the WAO process and raw rice husk to evalu-
ate the oxidation reaction. The loading of the black liquor
into the reactor was performed based on the content of total

Table 7 Summary of xylose dehydration for furfural production”

Parameter Pretreatment scheme

DA Raw feedstock
Furfural after valorization (g LY 3.29(0.12)  1.11(0.09)
Yield based on xylose (% wt.) 60.8 15.8™
Yield based on raw feedstock (% wt.) 6.2 2.4
Conversion (%) 95.1 32.1

“Values in brackets refer to standard deviation

“Yield based on the hemicellulose of rice husk

Phenolic compounds

Black liquor
* Glucose: (.20 kg
* Xylos g
« Arabmose

+ Cellulose
+ Hemicellulose: 15.

* Lignin: 29.2 kg H.0

* Ash: 18

HaSO4 _l ﬁ HO

0.05 kg
.G 2

—1 £— NaxCO3

* Extractives: 7.9 kg H,O
Tank Tank
Milling Screeninig DA eacii Waste WAO reactor
DA hydrolisate
* Glucose: 0.40 kg 22kg
* Xylose: 1.08 kg 9kg
« Arabinose: 0.15 kg « Extractives: 5.0 kg
Ca(OH); ——| Air * Mannosc: 0.08 kg

Gypsum * Acctic acid: 0.

« HMF: 0.08 kg
Neutralization > Farfueal: 0.05 kg
Nl Furfural
HCl — 07 kg
Tank

Furfural

reactor

Solid waste

kg
H>SO. —_—
HO —»
Tank Levulinic acid
Levulinic acid + Levulinic acid: 12.6 kg
reactor * Formic acid: 4.9 kg

Fig.4 Summary of mass balances of the proposed biorefinery using DA-WAO sequential pretreatments for producing value-added compounds
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non-volatile solids as described elsewhere [62]. Table 8
shows the yields and composition of the liquors after the oxi-
dations. As a main result, the pretreatment schemes signifi-
cantly favored the formation of phenolic compounds, possibly
explained by the ability of the alkali catalyst to hydrolyze
short-chain soluble lignin bonds, which are more free and
accessible compared to the complex lignocellulosic matrix
of the biomass. As can be seen in Table 8, the phenolic com-
pounds most frequently identified were vanillin, syringalde-
hyde, and vanillic acid, which are produced after breaking the
Ca-C; bonds of coniferyl and sinapyl alcohols or guaiacyl and
syringyl moieties of lignin [63]. It is also possible to observe
that the production of phenolic compounds was not favored
with the sequential combination approach. This trend could be
due to the accumulation of inorganic compounds (i.e., NaOH,
Na,S, Na,SO,) from the chemical agents of the pretreatments,
which exert ionic strength to the oxidation solution and conse-
quently decrease the solubility of oxygen [64]. Therefore, the
gas consumption and the formation of phenolic compounds
are reduced. Furthermore, it is possible that soluble sugars
undergo degradation through the alkali agent and oxygen,
forming undesired compounds that will alter the pH of the
medium or the pressure of the system through the formation
of carbon dioxide, unfavorable for oxidation performances
[33]. Aldehyde selectivity, on the other hand, can easily be
determined through the ratio of vanillin/vanillic acid (V/VA)
and syringaldehyde/syringic acid (S/SA) composition. The S/
SA ratio for the DA-WAO pretreatment was 1.6 times higher
than for the single-step scheme. In contrast, the trend of the
V/VA ratio was the opposite, showing a slight increase for the
simple DA scheme (V/VA of 1.67). The formation of acids
from vanillin and syringaldehyde aldehydes should be under-
stood as oxidation by-products rather than aldehyde degra-
dation products, usually formed from lignin structures with
carbonyl groups at the Ca position [65]. The yields of phe-
nolic compounds are highly sensitive to operating conditions
such as temperature, system pressure, alkali catalyst loading,
and time, achieving vanillin variations between 6.3 and 10.8%
[66]. Pinto and co-authors reported maximum aldehyde yields
(on a total solid basis) of 3.2% for syringaldehyde and 1.5%
for vanillin following sulfite liquor oxidation, as well as 2.0%
for syringic acid and 0.8% for syringic acid from isolated
solid lignin [33]. Comparing the results of the present work
with previous studies from black liquors based on soda-type
pretreatments, the yields decreased by 34.5% [34], respec-
tively. Despite these results, sequential DA-WAOQO pretreatment
demonstrates a potential for producing phenolic compounds
from solubilized lignin-rich hydrolysate as it shows higher
yields even for isolated lignin and high selectivity for alde-
hydes rather than acids. Also, the oxidation reactions were
improved compared to using raw feedstock.

The production of levulinic acid involved the pretreated
rice husk after the sequential combination of DA-WAO.

@ Springer

Table 8 Summary of phenolic compound production after black lig-
uor oxidations

Parameter Pretreatment scheme
WAO DA-WAO  Raw feedstock
Black liquor composition (g 100g7")
Total non-volatile solids 1.27 (0.04) 1.01 (0.08) 93.31 (0.61)
Ash 0.21 (0.02) 0.30(0.05) 18.52(0.18)
Composition (g L1
Vanillin 6.61 (0.32) 6.31(0.10) 1.39(0.05)
Vanillic acid 3.94 (0.09) 3.97 (0.56) 0.70(0.02)
Syringaldehyde 4.67 (0.11) 4.17 (0.08) 0.68 (0.01)
Syringic acid 2.09 (0.07) 1.04(0.05) 0.33(0.03)
Yield based on total non-volatile solids (% wt.)
Vanillin 11.02 10.52 2.32
Vanillic acid 6.57 6.62 1.16
Syringaldehyde 7.78 6.95 1.13
Syringic acid 3.48 1.73 0.55
Yield based on rice husk (% wt.)
Vanillin 2.20 2.10 0.46
Vanillic acid 1.31 1.32 0.23
Syringaldehyde 1.55 1.39 0.22
Syringic acid 0.70 0.35 0.11

Additionally, the reaction was performed considering the
first stage of the sequence (DA pretreatment) as a single-
step pretreatment and the raw feedstock. Table 9 shows the
main results of levulinic acid production using different
feedstock solids. In general, the pretreatments improved
the process yield by 30.1-50.1% compared to raw feed-
stock, explained by the increase in cellulose surface area
after removing hemicellulose and lignin, increasing the
catalytic action of the acid. Comparing both pretreatment
schemes, the slight decrease in the yield of the single-step
pretreatment could be explained by the presence of furfural
and unsolubilized lignin, which promote humin formation,
negatively affecting the reaction [67]. Additionally, some
authors report decreased yields due to the physicochemical
interaction between lignin and levulinic acid [68]. Regard-
ing the cellulose conversion, the non-pretreated raw material
showed the highest values due to cellulose loss along the
sequences. Despite these differences, the yields agree with
the literature. Raspolli et al. obtained yields of 26.4% and
21.8% for material fed after the thermal treatment of poplar
sawdust and paper sludge, respectively [69]. In contrast to
this work, other authors have reported that there is no appar-
ent improvement in the production of levulinic acid after
delignification, obtaining yields of 54.5% based on cellulose
content using pretreated rice husks, a lower value than the
present work (67.15% for DA and 59.82 for DA-WAO) [70].
There are several factors by which the performance of the
process is enhanced, including temperature, acid strength of
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Table 9 Summary of levulinic

. . ) Pretreatment scheme Levulinic acid (g LY Cellulose con-  Yield based on Yield based on
acid prqductlon based on version (%) WIS (% wt.) rice husk (%
sequential pretreatment wi)

DA 14.26 (0.02) 93.77 25.93 18.30
DA-WAO 16.67 (0.50) 83.53 30.31 17.88
Raw feedstock 10.96 (0.07) 94.84 19.93 19.93

the catalyst, and biomass type, among others. For example,
increasing the temperature to 200 °C and using 8% H,SO,
can achieve yields of 32.6% after using sorghum flour [71].
The results of this work show that levulinic acid production
performance was improved after sequential pretreatments.
However, cellulose conversion also decreases due to the
loss of solid biomass throughout the process. Therefore, it
is advisable to perform an economic analysis to determine
the cost-benefit of the capital costs of sequential pretreat-
ments to obtain higher yields of levulinic acid.

4 Conclusions

Since pretreatments have an important role in the design
of biorefineries, the effect of different sequential combina-
tions for the production of platform products was evaluated.
This work showed that the sequences for cellulose recovery
(DA-alkali and DA-WAO) and lignin removal (DA-Kraft and
SE-Kraft) do not present significant differences for obtain-
ing platform products. Likewise, hemicellulose hydroly-
sis would be prioritized in the first stage and then lignin
removal. In contrast, sequential pretreatments for hemicel-
lulose solubilization are focused on maximizing the removal
of mainly pentose sugars, generating a pretreated solid with
rich lignin content. The results of the pretreatment schemes
illustrated that the DA-WAO sequence had the best frac-
tionation results of the lignocellulosic material based on a
biorefinery scheme where the integral valorization of the
biomass is maximized. This sequential combination was able
to solubilize almost 80% of hemicellulose during the first
stage (DA pretreatment) and 90% of lignin in the second
hydrolysate after the sequence, obtaining a cellulose recov-
ery in the pretreated solid of 96.8% with accessibility of
84.5%. Both the hydrolysates and the pretreated solid were
used to obtain value-added products. The valorization of the
hemicellulose hydrolysate achieved furfural yields of 60.8%,
with xylose conversions above 95%. Regarding the lignin-
rich black liquor, no improvement of the sequential approach
(DA-WAQ) was observed when compared to the WAO pre-
treatment. The results showed a slight reduction in the pro-
duction of aldehyde (vanillin and syringaldehyde) and acid
(syringic acid) phenolic compounds. However, it is an open

proposal given the increase in production yields compared
to the literature. Finally, the valorization of the pretreated
solid after the DA-WAO sequence considerably improved
levulinic acid production compared to the DA pretreatment
and the raw feedstock. This work demonstrated that the two-
stage pretreatment strategy considerably improves both the
isolation of lignocellulosic fractions and the valorization
yields of the platform products.
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