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Abstract: Corn cob is an abundant agricultural residue worldwide, with high potential and interesting
composition, and its valorization still needs to be studied. Selectively fractionating its structural
components (hemicellulose, cellulose, and lignin), value-added products can be produced, eliminating
waste. In this work, integrated fractionation approaches were developed and evaluated. First, an
organosolv process was optimized (ethanol:water, 50:50, w/w). Then, as a comparative method,
alkaline delignification (using NaOH, 1–2%) was also studied. The organosolv process allowed a
significant delignification of the material (79% delignification yield) and, at the same time, a liquid
phase containing a relevant concentration (14.6 g/L) of xylooligosaccharides (XOS). The resulting
solid fraction, rich in cellulose, showed an enzymatic digestibility of 90%. The alkaline process
increased the delignification yield to 94%, producing a solid fraction with a cellulose enzymatic
digestibility of 83%. The two later techniques were also used in a combined strategy of hydrothermal
processing (autohydrolysis) followed by delignification. The first allowed the selective hydrolysis of
hemicellulose to produce XOS-rich hydrolysates (26.8 g/L, 67.3 g/100 g initial xylan). The further
delignification processes, alkaline or organosolv, led to global delignification yields of 76% and
93%, respectively. The solid residue, enriched in glucan (above 75% for both combined processes),
also presented high enzymatic saccharification yields, 89% and 90%, respectively. The fractionation
strategies proposed, and the results obtained are very promising, enabling the integrated upgrading
of this material into a biorefinery framework.

Keywords: alkali; autohydrolysis; delignification; enzymatic hydrolysis; organosolv

1. Introduction

The current environmental and climate crisis is pushing the transition to a more sus-
tainable economy based on low-carbon technologies, renewable energies, energy efficiency,
sustainable mobility, and a circular (bio)economy [1]. The sustainability of current eco-
nomic strategies and utilization patterns is changing towards a bio-circular-green-economy
model [2,3]. These strategies are being adopted by both developed and developing coun-
tries. In Europe, the European Green Deal sets out how to make Europe the first climate-
neutral continent by 2050, boosting the economy, improving people’s health and quality of
life, caring for nature, and leaving no one behind [4]. Through the 2030 Climate Target Plan,
the European Commission proposes to raise the EU’s ambition to reduce greenhouse gas
emissions (GGE) to at least 55% below 1990 levels by 2030. The objective is to set a more
ambitious and cost-effective path to achieving climate neutrality by 2050, stimulate the
creation of green jobs, continue the EU’s track record of cutting GGE while growing its econ-
omy, encourage international partners to increase their ambition to limit the rise in global
temperature to 1.5 ◦C and avoid the most severe consequences of climate change [5,6].
This is also pursued in other world regions, most noteworthy in the US, South America,
and the Asia-Pacific Economic region as promoted by the APEC. All these objectives are
fully aligned with the UN’s Sustainable Development Goals, especially those related to
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climate change. The bioeconomy, an economy where the basic building blocks for materials,
chemicals, and energy are derived from renewable biological resources, plays a strategic
role in reaching these goals.

Among the several possible lignocellulosic feedstocks, non-edible, agricultural-derived
byproducts have the advantage of being abundant, renewable, low-cost, and available
worldwide [7]. However, although very relevant, upgrading some of these materials is not
straightforward, and several significant (technical, environmental, political, and economic)
bottlenecks still exist that limit their industrial use. One of these bottlenecks, specifically
on the technical side, is still the development of efficient fractionation processes [8,9] that
would enable the selective separation of the main biomass components (hemicellulose,
cellulose, and lignin) and recover their derivatives with high yield.

Diverse physical, chemical, physicochemical, and/or biological processes have been
developed [8,9] targeting either the removal and (partial) depolymerization of hemicellu-
lose, lignin removal, or the reduction of the cellulose crystallinity [9–11]. Among these,
process options that use water (liquid or steam), acids, and alkaline agents are the most
common/susceptible for industrial application. Their discussion can be found in detail in
Gírio et al. and Galbe and Wallberg [9,10], but it is important to stress that “neutral” (aque-
ous) and acidic processes favor hemicellulose removal and that alkaline and organosolv
processes increase lignin removal. Organosolv processes are based on utilizing aqueous
mixtures of organic solvents, most noteworthy ethanol, a low-boiling point solvent, easy to
recover by distillation. These processes are interesting delignification alternatives since they
enable high-purity lignins, together with the partial solubilization of hemicelluloses [12,13].
In addition, cellulose-rich solids with enhanced enzymatic hydrolysis rate and yield are
also produced [12] due to the increase of porosity, the surface area of the substrate, and
the decrease in cellulose crystallinity, and degree of polymerization, as well as a reduction
of lignin and hemicellulose contents [13]. Alkaline pretreatments are also typically very
effective for lignin solubilization exhibiting only minor cellulose and slightly higher hemi-
cellulose solubilization [8]. These pretreatments are particularly effective for low lignin
content biomass such as agricultural residues. Sodium hydroxide pretreatments gained
particular attention due to their potential for delignification and reducing the crystallinity
of cellulose, increasing enzymatic saccharification of cellulose [13]. In addition, these pro-
cesses have the advantage that they can be operated at relatively low temperatures and do
not require complex reactors.

On the other hand, residence time can be longer than in other processes, and there
is a need for neutralization of the pretreated slurry [14,15]. However, regardless of the
method, careful optimization must be carried out for any specific raw material. Otherwise,
significant economic losses may arise due to the formation of undesirable by-products
and/or by provoking extensive chemical degradation of the remaining fractions [16].
Furthermore, the approaches available impose, in general, the use of unattractive and/or
high energy and catalyst costs, leading to high wastewater generation and equipment
corrosion, implying substantial negative impacts on process economics and environmental
issues. However, other pretreatments or combinations may have a different impact on
biomass recalcitrance and cellulose saccharification using cellulolytic enzymes. To obtain a
selective and sequential fractionation, a combination of processes that are more selective
for hemicelluloses, e.g., hydrothermal treatments and dilute-acid hydrolysis, with others
that are more efficient for lignin removal, i.e., organosolv and alkali treatments, can be
interesting approaches. These have already been tested for some wood and agro-industrial
residues [17,18]. However, the advantages of using a single or combined process will
depend not only on the type of biomass but also on the products that can be obtained.

Crop residues are adequate raw materials for biorefinery applications because of
their immediate availability, low cost, and relatively concentrated location in the major
grain-growing regions. The primary residues from corn (Zea mays L.) culture are stalks,
leaves, and cobs that contribute to the largest quantities of agricultural residues in the USA
and are abundant in China, Brazil, and Europe, presenting a very significant and growing
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amount in Portugal. Corn residues, i.e., corn stover, are one of the most relevant feedstocks
for lignocellulosic ethanol production [7], although in some countries, as is the case of
Portugal, despite the use of straw for feed purposes, or partial straw returning to the field
to reduce the use of chemical fertilizers, cobs are usually not recovered and can reach as
high as 180 kg of cobs per ton of grain [19,20]. This is relevant in Portuguese agriculture,
as corn represents 40% of the arable crops and is the most produced crop in agricultural
explorations. It is estimated to have more than 75,000 production units in 150,000 Ha [21].
Furthermore, despite a steady increase, it is expected to be a culture whose production
continues to grow. However, it is still insufficient to meet increasing demand and worrying
world stock reductions.

In this work, corn cobs were used as feedstock to develop a valorization strategy
within the biorefinery approach. Furthermore, different pretreatments were used to obtain
efficient hemicellulose removal and delignification and to produce upgradable cellulose
and added-value marketable products, i.e., xylooligosaccharides from hemicellulose and
lignin derivatives.

2. Materials and Methods
2.1. Raw Material

Corn cobs (P1574 variety) were kindly provided by AgroMais, Golegã (Portugal), with
a moisture content of around 15%. Before preparation, the material was dried at room
temperature and stored in 200 L plastic drums inside a warehouse. When required, the
material was shredded (Viking GE 355, Langkampfen, Austria) and then ground using a
knife mill (Fritsch GmBH, Idar-Oberstein, Germany) to pass a 6 mm sieve. Milled corn cobs
were homogenized and stored at room temperature in plastic containers before use.

2.2. Autohydrolysis

Autohydrolysis treatments were carried out in a stainless-steel reactor (Parr Instru-
ments Company, Moline, IL, USA) with a total volume of 2 L. Temperature was controlled
through a Parr PID controller (model 4842). The raw material was mixed with water
in the reactor to reach a liquid-to-solid ratio of 7 (g water/g dry biomass). The reactor
was heated to the final temperatures of 180 ◦C to 220 ◦C. Heating profiles are shown in
Figure S3 (Supplementary Material). After reaching the desired temperature, the reactor
was rapidly cooled down by water passing the internal cooling coil, and by placing the
reactor in an ice bath (cooling time average until 100 ◦C below 3 min), the liquid and
solid phases were separated by pressing, and the solid phase was washed with water and
then dried at 50 ◦C. Finally, the solid phase was milled (<0.5 mm) for further composition
analysis and enzymatic digestibility determination. The hydrolyzates were vacuum fil-
tered (Quantitative filter paper, 20–25 µm, Filter-Lab) and stored at 4 ◦C before analysis.
After selecting the optimized conditions (195 ◦C), several pretreatment batches were per-
formed to produce enough solids for organosolv and alkaline delignification studies. These
pre-treated solids were thoroughly mixed into a homogenized lot before use.

2.3. Organosolv

Organosolv treatments were carried out similarly to those described above for auto-
hydrolysis treatment with the following variations. Instead of water, an ethanol solution
of 50% (w/w) was added to biomass to reach an LSR of 7 (w/w). The process was studied
under isothermal conditions for 2 h in temperatures ranging from 130 ◦C to 210 ◦C. At the
temperature of 190 ◦C, treatments were performed under non-isothermal and isothermal
conditions (1–4 h). Heating profiles are shown in Figure S4 (Supplementary Material).
Upon the completion of the reaction, the reactor was cooled down, and the solid and liquid
fractions were separated by pressing as described for autohydrolysis. Upon pressing, each
solid phase was washed with 2 L of ethanol solution 50% or 4 L (190–210 ◦C) assays. The
hydrolyzates were vacuum filtered (Quantitative filter paper, 20–25 µm, Filter-Lab), and
part of the liquid phase was concentrated twice for ethanol evaporation and stored at 4 ◦C



ChemEngineering 2023, 7, 35 4 of 17

until further analysis. Vacuum evaporation of ethanol was carried out in an evaporation
system (Büchi, Flawil, Switzerland) that includes a vacuum pump VAC® v-500 and a
vacuum controller B-721 set at 175 mbar, and a water bath set at 40 ◦C. The solid phase
obtained was washed with ethanol solution of 50% (w/w) followed by water and then
dried at 50 ◦C and milled as referred for autohydrolysis treatments and stored for further
composition analysis and enzymatic digestibility determination as described below.

2.4. Alkaline Treatment

Alkaline treatments were performed in 500 mL Schott flasks at 120 ◦C in an autoclave
(Uniclave, Portugal) under isothermal conditions (30, 60, or 120 min). Sodium hydroxide
solutions at 1%, 1.5%, or 2% (w/v) were added to 20 g corn cobs to reach an LSR of 7 (w/w).
After cooling, as described above, the samples were vacuum filtered (Quantitative filter
paper, 20–25 µm, Filter-Lab). The liquid phase was collected, and the pH was adjusted to
approximately 4 before analysis. The solids were washed with 1 L of distilled water, dried,
and stored as described above.

2.5. Analytical Methods
2.5.1. Chemical Characterization of Solid Samples

For chemical characterization, raw material and processed solids were ground in a
knife mill (IKA, Königswinter, Germany) to a particle size smaller than 0.5 mm, and the
moisture content was determined by oven-drying at 100 ◦C to constant weight. Ash content
was determined at 550 ◦C using NREL/TP-510-42622 protocol [22]. Extractives determina-
tion was carried out based on the successive Soxhlet extraction with dichloromethane (6 h),
ethanol (18 h), and water (18 h). The samples were analyzed for glucan, xylan, arabinan,
and acetyl groups after quantitative acid hydrolysis with 72% (w/w) H2SO4 followed by
hydrolysis with 4% (w/w) H2SO4. The acid-insoluble residue was considered as Klason
lignin after correction for ash. Monosaccharides (glucose, xylose, arabinose) and acetic
acid were analyzed by HPLC (Agilent Technologies Liquid Chromatographer 1100 Series
System, Santa Clara, CA, USA) equipped with a diode array detector (DAD) and a refrac-
tive index detector (RI) using an Aminex HPX-87H column (Bio-Rad, USA) in combination
with a cation H+-guard column (Bio-Rad). Elution occurred at 50 ◦C with 5 mmol/L
H2SO4 at a flow rate of 0.4 mL/min. Protein content was determined according to the
AOAC protocol [23]. Samples were digested with concentrated H2SO4 and catalyst mixture
(potassium sulfate, copper sulfate, titanium oxide, and stearic acid). The tubes were placed
in a digestion system (Tecator, Model 1007, Höganäs, Sweden) and kept for 1.5 h at the set
temperature. After cooling, water was added, and the tubes were placed in the distillation
unit (Tecator, Model 1026, Höganäs, Sweden), which automatically added 50% (w/v) NaOH.
The released ammonia was distilled by steam and collected using 4% (w/v) boric acid.
Ammonia quantification was determined by acid-base titration using 0.1 N hydrochloric
acid as titrant and Tashiro’s indicator.

2.5.2. Chemical Characterization of the Liquors

The liquors were analyzed for monomeric sugars, organic acids, and furan derivatives
by HPLC, as described above. Elution occurred at 50 ◦C with 5 mmol/L H2SO4 at a flow
rate of 0.6 mL/min. For oligosaccharides quantification, another sample was hydrolyzed
with 4% (w/w) H2SO4. Oligosaccharide concentrations were calculated from the increase in
sugar monomers after acid post-hydrolysis and analyzed by HPLC under the conditions
described above. Total phenolic compounds were determined by the Folin–Ciocalteu
colorimetric method according to [24] as described in Moniz et al. [25]. Total phenolic
compounds are expressed as mg GAE mL−1 (gallic acid equivalents).

2.5.3. Enzymatic Hydrolysis

The enzymatic digestibility of the untreated and selected treated samples of corn
cobs was evaluated based on the NREL/TP-510-42629 protocol [26]. The reaction mixture
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contained 0.15 g of dried biomass (dry weight basis), 5 mL of sodium citrate buffer (0.1 M,
pH 4.8), 100 µL of sodium azide solution (2% w/v), and Celluclast® 1.5L and Novozyme 188®

enzymes in necessary amounts to obtain 60 FPU/g and 64 pNPGU/g of dry biomass,
respectively. The total volume was adjusted to 10 mL with water. Samples were tested,
at least, in duplicate carrying out proper blank assays (without enzymes and biomass) to
correct the results whenever required. Hydrolysis was carried out in an orbital shaker at
50 ◦C and 250 rpm for 72 h (Comecta 200D, Barcelona, Spain). After this period, the samples
were immersed in a water bath at 90 ◦C for 5 min to inactivate the enzymes. The samples
were filtered (0.22 µm syringe filters, Whatman®) and analyzed by HPLC as previously
described. All reported results for enzymatic digestibility data refer to the glucan content
of the specific sample under test.

2.6. Empirical Modeling

The experimental data were fitted iteratively to empirical polynomial models imple-
mented in MSExcel© 2016. The determination of the best operational conditions maximiz-
ing both the cellulose enzymatic hydrolysis and XOS production was obtained using the
Solver function, also built-in in MSExcel© 2016 based on 2nd and 3rd-order polynomial
models, generically shown in Equation (1):

y = α0 +α1x + α2x2+α3x3, (1)

where y is the studied variable, α0, α1, α2, α3 are coefficients of the polynomial, and x
is the severity factor (Log Ro) [27] as calculated from the following equation taking into
consideration the heating and cooling stages:

Ro =
∫ t

0
exp

(
T(t)− 100

14.75

)
dt (2)

where T is the temperature (◦C), t is time (min), and 14.75 is an empirical parameter
characteristic of the process.

3. Results
3.1. Raw Material Characterization

A granulometric separation was performed after the size reduction of corn cobs to
particles inferior to 6 mm into seven fractions. The fraction with particle sizes ranging from
1.6 to 2.36 mm corresponds to 37.2% of the total mass, being the predominant one. Larger
fractions (>3.55 mm) represented only 1.30% of the total, while the smallest (<0.25 mm)
accounted for 5.5% (Figure S1, Supplementary Material). The latest value is in agreement
with corn straw granulometric characterization [28]. The different granulometric fractions
were also chemically characterized for glucan, xylan, arabinan, acetyl groups, acid-insoluble
lignin, and ash (Figure S2, Supplementary Material). Their chemical composition was
similar, with the main difference in xylan ranging from 21.9 to 28.4%. In light of these results,
the feedstock used for pretreatment comprised all fractions, and the chemical composition
of the lot used in this work is shown in Table 1. Cellulose, estimated from glucan content,
and hemicellulose, estimated from xylan, arabinan, and acetyl groups, present similar
content. The cellulose content found is higher than reported by Tada et al. [29] but lower
than reported by Barl et al. [30] for corn cobs. Lignin content is in the range of the values
usually reported for this material [31,32]. The protein content (3.3%) is very similar to
Kaliyan and Morey [33], as well as the ash content. The percentage of total extractives
content is similar to corn straw [28].
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Table 1. Chemical composition of corn cobs.

Component % of Dry Weight

Cellulose (as glucan) 35.74
Hemicelluloses 33.34

Xylan 25.82
Arabinan 3.68
Acetyl groups 3.83

Acid insoluble lignin 14.57
Protein 3.30
Ash 1.33
Extractives 11.19

Dichloromethane 1.14
Ethanol 3.54
Water 6.51

3.2. One-Step Process toward the Delignification of Corn Cobs
3.2.1. Organosolv

The behavior of the three main macromolecular compounds, cellulose, hemicelluloses,
and acid-insoluble lignin, after the ethanol organosolv treatment are shown in Table 2
(panel I). Lignin, as expected, is the compound mainly affected, with 80% being removed
from the solid fraction at 190 ◦C-2 h assay. This delignification yield is higher than those re-
ported by some authors for other lignocellulosic materials [34,35], even though, in contrast,
no catalyst was used in the present work.

Table 2. Yield of lignin, xylan, glucan, and their derivatives for different assays.

Experiment a g/100 g Initial Lignin g/100 g Initial Xylan g/100 g Initial Glucan

Lignin Xylan XOS Xylose Fur Glucan GlcOS Glucose HMF

I

O.130 ◦C.2 h 88.6 108.3 1.3 0.6 0.0 107.2 1.2 0.5 0.0

O.140 ◦C.2 h 78.3 102.0 3.7 1.8 0.2 107.6 1.7 1.1 0.0

O.150 ◦C.2 h 58.8 97.3 8.0 2.2 0.1 97.7 2.0 0.9 0.0

O.160 ◦C.2 h 53.3 98.7 8.6 1.8 0.1 97.2 1.5 0.5 0.1

O.170 ◦C.2 h 40.6 63.0 38.7 2.5 1.2 93.5 2.4 0.4 0.2

O.180 ◦C.2 h 31.3 56.8 40.4 2.0 0.8 97.9 3.7 0.1 0.2

O.190 ◦C.2 h 21.2 32.4 41.2 2.8 5.1 99.6 3.0 0.2 0.4

O.200 ◦C.2 h 22.9 14.8 14.5 3.4 10.6 102.5 2.4 0.4 0.9

O.210 ◦C.2 h 30.3 5.3 4.6 0.9 10.9 89.5 1.6 0.2 1.6

O.190 ◦C.0 h 65.5 92.7 7.4 1.8 0.0 94.5 1.7 0.7 0.0

O.190 ◦C.1 h 33.9 44.0 34.3 2.8 2.6 93.1 1.8 0.1 0.3

O.190 ◦C.3 h 22.2 17.1 22.6 4.9 9.7 95.6 2.6 0.5 1.0

O.190 ◦C.4 h 30.2 11.3 9.9 3.4 11.2 97.0 2.4 0.5 1.5

II

A.1%.0.5 h 35.0 95.4 n.d. 2.8 0 97.6 n.d. 0.3 0

A.1.5%.0.5 h 11.8 85.5 n.d. 0.6 0 88.9 n.d. 0.6 0

A.2%.0.5 h 9.9 82.5 n.d. 0.2 0 91.8 n.d. 0 0

A.1%.1 h 32.0 98.1 n.d. 0 0 101.8 n.d. 0 0

A.1.5%.1 h 10.4 85.5 n.d. 0.7 0 91.0 n.d. 0.5 0

A.2%.1 h 5.6 81.7 n.d. 1.22 0 93.8 n.d. 0.4 0

A.1%.2 h 44.3 96.9 n.d. 0.3 0 106.1 n.d. 0 0

A.1.5%.2 h 12.8 85.9 n.d. 5.6 0 91.1 n.d. 0.3 0

A.2%.2 h 8.5 77.7 n.d. 1.8 0 88.8 n.d. 0.4 0
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Table 2. Cont.

Experiment a g/100 g Initial Lignin g/100 g Initial Xylan g/100 g Initial Glucan

Lignin Xylan XOS Xylose Fur Glucan GlcOS Glucose HMF

III b

H.180 ◦C 95.7 77.8 22.1 4.8 1.1 94.3 2.3 2.1 0.1

H.190 ◦C 84.6 56.1 44.3 6.0 1.7 90.4 2.6 2.2 0.2

H.195 ◦C 77.1 28.7 67.3 8.7 3.8 88.7 3.6 1.9 0.3

H.200 ◦C 78.3 29.5 64.7 10.1 2.1 95.0 2.3 3.6 0.2

H.210 ◦C 84.2 10.3 50.7 26.5 11.5 94.6 3.0 3.3 0.6

H.220 ◦C 100.3 2.3 11.1 42.7 23.3 99.0 2.2 3.9 1.2

IV b

H.O.160 ◦C 52.8 67.0 30.1 1.2 0.4 101.0 0.5 0.1 0.0

H.O.170 ◦C 47.9 56.8 31.2 1.6 1.2 99.5 0.4 0.1 0.0

H.O.180 ◦C 42.3 44.4 36.7 4.0 2.7 96.4 0.5 0.1 0.1

H.O.190 ◦C 34.6 23.4 34.9 8.9 3.8 94.1 0.7 0.1 0.3

H.O.200 ◦C 40.7 24.2 13.1 9.9 11.6 94.7 1.2 0.2 0.6

V

H.A.1%.0.5 h 35.3 71.1 n.d. 0 0 102.5 n.d. 0 0

H.A.1%.1 h 32.0 48.9 n.d. 0 0 107.6 n.d. 0 0

H.A.2%.1 h 10.4 42.4 n.d. 0.2 0 92.8 n.d. 0 0

H.A.1%.2 h 34.0 67.7 n.d. 0.1 0 106.3 n.d. 0 0
a O.—organosolv; A.—alkaline treatment; H.—autohydrolysis; H.O.—autohydrolysis+organosolv; H.A.—
autohydrolysis+alkaline treatment. b non-isothermal conditions: Abbreviations used: XOS—xylooligosaccharides,
Fur—furfural, GlcOS—glucooligosaccharides, HMF—5-hydroxymetilfurfural, n.d.—not determined.

Besides lignin, the hemicellulosic fraction is also significantly affected by organosolv
treatment. As a result, a sharp decrease in xylan content, together with the increased
production of xylooligosaccharides (XOS), was observed. Xylose and furfural, in particular,
as a product of degradation reactions, also increased at higher temperatures and longer
reaction times. The highest XOS yield was obtained in the same operational conditions as
the maximum delignification, corresponding to a production of 41 g XOS/100 g initial xylan.
Glucan essentially remained in the solid phase (maximum solubilization of 10.5%, reaching
a content higher than 75%). However, some glucooligosaccharides (GlcOS) production
was noted, reaching a maximum of 3.72 g/100 g initial glucan (180 ◦C-2 h). Glucose yield
never surpassed 1 g/100 g initial glucan. In addition, minor formation of HMF, due to
degradation reactions, was found. This profile of glucan is typical for organosolv treatments
of other lignocellulosic materials [12,36].

The composition of the liquors obtained from organosolv treatments (O) is shown
in Table 3 (panel I). These liquors contain a mixture of oligomeric compounds, mainly
XOS, monosaccharides (xylose, arabinose, and glucose), acetic acid, and products resulting
from degradation reactions of sugars, as well as lignin-derived phenolic compounds.
Sugars are mainly present in the oligomeric form, with a maximum XOS concentration
of 16.23 g/L. On the contrary, sugar monomers were only present in low concentrations,
never surpassing 1.51 g/L. Degradation products were present especially for severest
conditions (high temperatures and longer treatments), reaching 1.32 g/L for formic acid,
0.60 g/L for HMF, and 3.19 g/L for furfural. The decrease in pH is coherent with the
increasing concentration of acetic acid along the set of treatments. Total phenolic showed
an increasing concentration for more severe conditions, although not corresponding to
the highest delignification yield. This was found because the methods used to quantify
phenolic compounds mainly detected phenolic acids, and lignin itself may be degraded
at high temperatures, giving rise to more phenolic acids. In addition, the Folin–Ciocalteu
method depends on the reducing power of phenolic hydroxyl groups to estimate the
total phenolic compounds (TPC). This is because it accounts for all the phenols and their
degraded products. This lack of specificity often results in an overestimation of TPC. As for
higher reaction temperatures, hemicellulose hydrolysis also increases the fractionation of
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lignocellulosic biomass and releases not just phenolic materials but also reducing agents
and sugars [37]. These additional compounds could also be detected by the Folin–Ciocalteu
assay causing further interferences in the estimation of TPCs.

Table 3. Composition of hydrolysates obtained from organosolv, alkaline, autohydrolysis, and
combined treatments applied to corn cobs.

Experiment a pH b

Sugars (g/L) Others (g/L)

Oligomeric Monomeric

Xyl Glc AcO Xyl Ara Glc Furf HMF Ac GlyOH Lactic Form TPC

I

O.130 ◦C.2 h 5.46 0.56 0.60 0 0.22 0.08 0.28 0 0.02 0.38 n.d. n.d. 0 0.97

O.140 ◦C.2 h 5.12 1.54 0.84 0.12 0.57 0.26 0.60 0.05 0.02 0.62 n.d. n.d. 0 4.85

O.150 ◦C.2 h 5.14 3.25 0.99 0 0.55 0.47 0.49 0.03 0.02 0.92 n.d. n.d. 0 2.05

O.160 ◦C.2 h 5.13 3.56 0.76 0.10 0.41 0.45 0.27 0.03 0.03 1.26 n.d. n.d. 0 2.04

O.170 ◦C.2 h 4.68 15.52 1.19 0.80 0.51 0.64 0.21 0.34 0.08 1.89 n.d. n.d. 0.12 3.35

O.180 ◦C.2 h 4.70 16.16 1.80 0.75 0.42 0.48 0.07 0.23 0.06 2.32 n.d. n.d. 0.20 3.48

O.190 ◦C.2 h 4.52 16.23 1.45 0 1.08 0.19 0.13 1.45 0.16 3.38 n.d. n.d. 0.60 5.72

O.200 ◦C.2 h 4.24 5.67 1.14 0 1.04 0.46 0.22 3.01 0.34 4.38 n.d. n.d. 1.00 8.00

O.210 ◦C.2 h 4.22 1.79 0.78 0 0.32 0.06 0.11 3.10 0.60 5.02 n.d. n.d. 1.32 14.53

O.190 ◦C.0 h 5.07 3.05 0.86 0 0.56 0.30 0.36 0.01 0.01 1.02 n.d. n.d. 0 n.d.

O.190 ◦C.1 h 4.76 13.67 0.88 0 0.79 0.45 0.08 0.76 0.11 2.50 n.d. n.d. 0.24 7.33

O.190 ◦C.3 h 4.31 8.84 1.23 0 1.76 0.41 0.24 2.76 0.36 4.41 n.d. n.d. 0.77 11.76

O.190 ◦C.4 h 4.07 3.85 1.14 0 1.30 0.21 0.24 3.19 0.56 4.77 n.d. n.d. 0.81 10.58

II

A.1%.0.5 h 10.0 n.d. n.d. n.d. 0.17 0.73 0.19 0 0 5.83 1.50 0 0.31 n.d.

A.1.5%.0.5 h 12.02 n.d. n.d. n.d. 0.17 0.08 0.31 0 0 6.31 2.22 0.85 1.07 n.d.

A.2%.0.5 h 13.37 n.d. n.d. n.d. 0.04 0.04 0 0 0 6.35 2.03 1.22 1.27 n.d.

A.1%.1 h 9.74 n.d. n.d. n.d. 0 0 0 0 0 6.15 1.02 0.02 0.05 n.d.

A.1.5%.1 h 11.11 n.d. n.d. n.d. 0 0.07 0.27 0 0 6.17 2.03 0.76 1.05 n.d.

A.2%.1 h 13.15 n.d. n.d. n.d. 0 0.24 0.19 0 0 6.21 2.11 1.37 1.59 n.d.

A.1%.2 h 9.58 n.d. n.d. n.d. 0.08 0.03 0 0 0 5.42 1.72 0.38 0.10 n.d.

A.1.5%.2 h 11.17 n.d. n.d. n.d. 0.18 1.58 0.17 0 0 5.99 2.04 0.90 1.16 n.d.

A.2%.2 h 12.97 n.d. n.d. n.d. 0.18 0.39 0.23 0 0 6.54 2.40 0.71 1.91 n.d.

III

H.180 ◦C 4.28 9.11 1.14 1.18 1.35 0.91 1.15 0.32 0.05 0.45 n.d. n.d. 0.08 1.92

H.190 ◦C 4.17 17.98 1.27 2.21 1.57 1.18 1.18 0.50 0.09 0.74 n.d. n.d. 0.13 4.67

H.195 ◦C 3.89 26.82 1.73 2.92 2.41 1.51 1.03 1.10 0.12 1.24 n.d. n.d. 0.22 6.18

H.200 ◦C 3.96 25.88 1.13 2.92 2.31 2.27 1.94 0.60 0.09 1.23 n.d. n.d. 0 6.00

H.210 ◦C 3.49 20.09 1.45 2.01 8.56 3.35 1.74 3.30 0.21 3.08 n.d. n.d. 1.41 5.90

H.220 ◦C 3.18 5.95 1.07 0 14.8 4.45 2.07 6.71 0.43 4.98 n.d. n.d. 2.23 7.20

IV

H.O.160 ◦C 4.57 8.50 0.34 0.76 0.24 0.14 0.08 0.09 0.02 0.33 n.d. n.d. 0 4.57

H.O.170 ◦C 4.54 8.78 0.26 0.80 0.42 0.11 0.07 0.25 0.02 0.52 n.d. n.d. 0 8.46

H.O.180 ◦C 4.50 10.24 0.32 0.61 1.12 0.14 0.08 0.56 0.05 0.90 n.d. n.d. 0 7.07

H.O.190 ◦C 4.39 9.62 0.49 0.64 2.62 0.15 0.09 0.77 0.14 1.48 n.d. n.d. 0 6.03

H.O.200 ◦C 3.97 3.61 0.84 0.07 2.78 0.33 0.14 2.32 0.34 0.39 n.d. n.d. 0.12 7.95

V

H.A.1%.0.5 h 8.74 n.d. n.d. n.d. 0 0 0 0 0 4.30 2.62 0 3.26 n.d.

H.A.1%.1 h 8.70 n.d. n.d. n.d. 0 0 0 0 0 3.31 2.37 1.58 0.56 n.d.

H.A.2%.1 h 10.73 n.d. n.d. n.d. 0 0.18 0 0 0 4.17 3.76 3.27 4.92 n.d.

H.A.1%.2 h 8.03 n.d. n.d. n.d. 0 0 0 0 0 4.10 2.50 1.90 4.68 n.d.

a Abbreviations as in Table 2. b pH—final pH of the hydrolysate. Glc—glucose, Xyl—xylose, Ara—arabinose,
AcO—acetyl groups linked to oligosaccharides, Furf—furfural, HMF—5-hydroximethylfurfural, Ac—acetic acid,
GlyOH—glycerol; Lactic—lactic acid, Form—formic acid, TPC—total phenolic compounds, not determined—n.d.
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Figure 1 (panel I) shows the composition of the solid phase obtained for the different
operational conditions assayed. Solid solubilization was low for milder conditions but
increased along with the solubilization of hemicelluloses and lignin for higher tempera-
tures and operation times. Glucan content showed an increasing trend both with time and
temperature, which is related to its non-solubilization reaching up to 77% solubilization.
In contrast, xylan and acetyl groups are significantly reduced, and arabinan completely
disappears from the solid residue for harsh conditions. Lignin, the target component
of organosolv treatments, decreased its content to 6.12%. However, for higher tempera-
tures, some lignin condensation together with sugar and/or sugar degradation products
may occur, giving insoluble reaction products, and thus its content increased in the solid
phase [38].
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Figure 1. Effect of the operational conditions on the solid yield (SY) and polymeric composition
of processed solids obtained after pretreatments of corn cob. (� glucan; � xylan; � arabinan;
� acetyl groups; � lignin; � ash; and � others (by difference)). (H.—autohydrolysis, O.—Organosolv,
A.—Alkaline treatment, H.O.—autohydrolysis+ organosolv, H.A.—autohydrolysis+alkaline treat-
ment). Deviations < 5%.

In order to try to model the delignification and XOS production during organosolv
treatments, a quadratic model as a function of Log Ro (an empiric severity parameter that
combines temperature and time) [27] was tested. The results obtained were as follows:

y1= −32.92x2+231.32x − 386.29 (R 2= 0.9606) (3)
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and
y2= −23.02x2+170.61x − 292.31 (R 2= 0.9262) (4)

where y1 and y2 were the delignification yield and XOS production, respectively, and
x corresponds to Log Ro.

A similar fitting was also established for xylan removal (y3) using a cubic model:

y3= 1.62x3 − 46.35x2+324.42x − 570.62 (R 2= 0.9662) (5)

The fitting between experimental data and the adjustments obtained by the models
(always R2 > 0.90) showed that these models seem to adequately represent the organosolv
profile.

Under the operational conditions tested, the optimal temperature for organosolv
treatment (during 2 h) can be pointed as 190 ◦C, resulting in a liquid phase rich in lignin
and XOS and cellulose-enriched solid suitable for enzymatic hydrolysis. These results are
very interesting and promising since it is rare for the same treatment to achieve such a
high delignification yield together with a high production of XOS, with both the highest
attained under the same operational conditions [39,40]. Fractionation in a single step has
several advantages over two or more step processes, mainly due to the economy of the
process (in energy, reagents, residence time, and equipment). However, it might impose
higher costs associated with downstream processing for separating XOS and lignin-derived
products.

3.2.2. Alkaline Treatment

The delignification yield obtained with sodium hydroxide treatment (Alkali, A) is
shown in Table 2 (panel II). NaOH concentration plays a major influence on lignin behavior
during the pretreatments. For example, 2% NaOH produces a delignification yield above
90% for all reaction times tested. In contrast, for 1% NaOH, the yield was just above 50%.
In general, the data reported in the literature only achieved these delignification yields
for higher NaOH concentrations. This is the case with rice husks [41], Cistus ladanifer [42],
or even corn cobs [43]. The maximum delignification yield (94.4%) was obtained for
treatment with 2% NaOH for 1 h. However, with milder conditions (1.5% NaOH and
0.5 h), a significant delignification yield (88.2%) was also observed. Compared with the
previous organosolv assays, alkaline treatment, using a significantly lower temperature
(120 ◦C vs. 190 ◦C), displayed better delignification results. The differences in the delignifi-
cation yields achieved may be related to the mild conditions of the NaOH process, which
prevents lignin condensation, resulting in high lignin solubility, particularly for low-lignin
biomass [15], as is the case with corn cobs.

The liquors obtained from alkaline treatment showed residual monomeric sugar
content (Table 3, panel II). In this case, the material balances for xylan also suggest a limited
degradation of this polymer into XOS. In addition, lactic acid and glycerol also appear as
degradation products, whereas no HMF or furfural was detected.

As for the solid composition, shown in Figure 1 (panel II), glucan was virtually
unaffected by alkaline treatment, so its content increased, ranging from 45 to 51%. The
hemicellulosic fraction was also slightly affected by alkali compared to organosolv, although
acetyl groups were completely removed from the solid. Lignin content decreased with
the increase of NaOH concentration, leading to solids with a residual content of lignin
(1.25 to 2.16%).

The alkaline treatment proved to be an effective method to remove lignin from corn
cobs at mild temperature conditions, while cellulose and hemicellulose were mainly re-
tained in the solid phase. Other authors reported similar properties for the alkaline treat-
ment of corncobs [43] and corn stover [44].
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3.3. Autohydrolysis Pretreatment

The yield of xylan, arabinan, glucan, and lignin in the solid fraction, as well as the yield
of oligosaccharides (XOS and GlcOS), monosaccharides (xylose, arabinose, and glucose),
and furan derivatives (HMF and furfural) obtained in the liquid fraction for hydrothermal
treatments (H, autohydrolysis), is shown in Table 2 (panel III).

The profile for lignin recovery in the solid phase showed relatively low solubilization
of this fraction (maximum 23%, attained at 195 ◦C). On the other hand, hemicellulosic
components were significantly affected by autohydrolysis. As a result, Xylan is almost
completely hydrolyzed, and XOS production achieved a maximum of 67.3 g/100 g initial
xylan (obtained at 195 ◦C) together with some sugar monomers, for higher temperatures,
degradation reactions occurred leading to different materials, such as wheat straw, olive
tree pruning, and eucalyptus residues [45].

Glucan was mainly retained in the solid phase with minor production of oligosaccha-
rides, glucose, or HMF. The liquid phase resulting from these treatments was analyzed,
and its composition is shown in Table 3 (panel III). XOS were the compounds present in
higher concentrations (26.8 g/L), together with some sugar monomers. This value is quite
remarkable, being higher than the reported for autohydrolysis treatments of corn straw [28],
rice straw [46], or wheat straw [47], and points out corn cobs as one of the most interesting
substrates for added-value XOS.

The pH of the liquors tended to decrease, mainly related to the hydrolysis of acetyl
groups, leading to the increase of acetic acid concentration. The total phenolic profile did
not show a defined trend, although an increase was noted.

The chemical characterization of the hydrothermally treated solids is shown in
Figure 1 (panel III). The solid resulting from the severest assay mainly consists of glu-
can (65.7%) and lignin (27.1%), progressively increasing from the mildest to the severest
assay. However, solid yield decreased from 84.5 to 53.8 due to associated hemicellulose hy-
drolysis. Compared to organosolv and alkali fractionation, glucan content of the pretreated
solids is lower in the case of autohydrolysis-treated materials, and lignin content is much
higher, which is in agreement with the typical effects of these processes, i.e., hydrothermal
processes are much more effective on hemicellulose hydrolysis, whereas lignin dissolution
is particularly effective with the former pretreatments.

Polynomial models for delignification yield (y1), xylan removal (y3), and XOS pro-
duction (y2) during autohydrolysis were also performed, as a function of Log Ro, with the
following results, respectively:

y1= −13.57x2+139.30x − 283.18 (R 2= 0.9622) (6)

y3= −17.41x3+231.58x2 − 959.35x + 1267.90 (R 2= 0.9762) (7)

y2= −7.44x3+84.06 x2 − 303.43x + 355.23 (R 2= 0.7753) (8)

The models obtained represent the parameters studied and are also useful for deter-
mining non-assayed conditions. The results obtained for the autohydrolysis of corn cobs
showed that this process mainly affected hemicellulose, producing oligosaccharides as the
main products, remaining a solid residue enriched in glucan and lignin.

3.4. Two-Step Process toward the Fractionation of Hemicelluloses and Lignin

Since autohydrolysis proved to be an adequate process for XOS production and
organosolv and alkaline treatments are efficient delignification processes, their combination
to achieve a two-step selective fractionation of hemicelluloses and lignin was proposed.
For this, a hydrothermally treated solid at 195 ◦C was used for combined processes.

3.4.1. Autohydrolysis Followed by Organosolv

The data for the macromolecular composition of corn cobs obtained after autohy-
drolysis and organosolv are shown in Table 2. In this two-stage process, the maximum
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delignification of the hydrothermally pretreated solid reached 65.4% (190 ◦C). The assays
at lower temperatures exhibited lower delignification yields, although it was possible to
attain 47.2% delignification at the lowest temperature (160 ◦C). Accounting for the global
delignification yield (autohydrolysis+organosolv), a value between 42.3% (30 ◦C assay,
data not shown) and 75.6% (190 ◦C) was achieved. At lower operation temperatures (more
adequate for industrial applications), the combined process yields exceed those obtained
for the direct process, which can be explained by the higher hydrolysis of hemicelluloses
during autohydrolysis and so the disruption of the lignin-carbohydrate linkages and the
macromolecular cell wall arrangements facilitating access and reactivity to the subsequent
process [48]. A lignin removal of 81% was also reported for Eucalyptus globulus after a
sequential treatment of autohydrolysis and organosolv [17].

Although a significant part of the hemicellulose fraction was already removed by
autohydrolysis, the second step further reduced the xylan content to 24% of the initial
compound in the pretreated solid. In addition, it released some monomeric pentoses
(maximum 9.9 g/100 g initial xylan). Glucan fraction remains virtually unaffected in all
assays performed, favorably compared with Romero et al. [49].

The composition of the liquors obtained is shown in Table 3 (panel IV). The concen-
tration of XOS in the liquors is quite remarkable for a process after autohydrolysis since
its value reached 10.24 g/L. Minor monomeric sugar release was observed for glucose,
xylose, and arabinose. For the severest assay, degradation products (formic acid, HMF, and
furfural) reached a total concentration of 2.78 g/L.

Solid phase composition resulting from the two-step process is shown in Figure 1 (panel IV).
It is noticeable that glucan is the major compound ranging from 51.7% (30 ◦C) to 76.6% (200
◦C). Hemicellulosic fraction, together with lignin, show some decrease in their content due to
solubilization, also noted by a decrease in the solid yield.

The optimal condition for the second step of the combined treatment is 180–190 ◦C.
This produces around 10 g/L of XOS together with a solid phase containing 77% glucan,
9% hemicellulose, and only 9% lignin, a similar trend to Romani et al. [17] for Eucalyp-
tus globulus fractionation by autohydrolysis and organosolv. However, in this work, the
lignin content obtained was lower.

3.4.2. Autohydrolysis Followed by Alkaline Treatment

Mass balances regarding each macromolecular component for alkaline treatment of
the hydrothermally treated solids can be seen in Table 2 (panel V). Most of the glucan and
a considerable fraction of xylan were recovered in the solid phase. Thus lignin was, as
expected, the main component affected. The delignification yield for this process reached
90% (2% NaOH, 1 h). Comparing delignification yields of direct alkaline treatment with
the global one (autohydrolysis+alkaline), it was noted that, in general, the yield is higher
for the global process except for the maximum attained (94.4% for direct process vs. 92.7%
for the global process at the same conditions). However, these yields are higher than the
ones reported for the two-step treatment of Miscanthus [50] or rape straw [49].

The composition of the liquors for this treatment is shown in Table 3 (panel V). As
observed for the direct process, no major sugar monomers were detected in the liquid
phase. However, a significant amount of formic acid was produced (maximum 4.92 g/L)
together with some glycerol and lactic acid, which are degradation products that can occur
due to the degradation reaction of polysaccharides in an alkaline medium [51].

Solids resulting from the second step treatment were chemically characterized
(Figure 1, panel V). Their glucan content is high, ranging from 70 to 77%, with a moderate
xylan content, around 15%, and minor lignin content (minimum 2.8%).

The combined autohydrolysis+alkaline treatment is adequate for a complete fraction-
ation of corn cobs, removing part of hemicellulose in the first step and leading to a high
XOS production together with major lignin removal in the second step. The remaining
solid, largely enriched in glucan, seems suitable for enzymatic hydrolysis and subsequent
fermentation.
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3.5. Enzymatic Hydrolysis

The effects of the different pretreatments (direct organosolv, direct alkaline treat-
ment, autohydrolysis, combined autohydrolysis+ organosolv, and combined autohydroly-
sis+alkaline treatment) on the cellulose digestibility were evaluated by enzymatic saccha-
rification of the remaining solid fractions (Figure 2). The most interesting samples were
selected based on the optimum values reported for each treatment. A comparative solid for
the same pretreatment at lower and higher severity conditions was also analyzed whenever
possible. Raw corn cobs showed an enzymatic digestibility of 38.6% which is in agreement
with previous studies for corn stover [52] and corn straw [28]. For organosolv-pretreated
solid residue, enzymatic digestibility varied from 67.1% (190 ◦C, 0 h) to 97.3 (190 ◦C, 4 h), so
it is clear that the longest organosolv pretreatments contributed to an increased enzymatic
digestibility, although no increase in delignification was observed. An increase in cellulose
enzymatic hydrolysis was also noted when the temperature was increased for organosolv
treatments. Compared to cellulose, the enzymatic digestibility of the remaining xylan was
typically slightly lower, except for the most severe conditions, where the low xylan content
was completely hydrolyzed. For hydrothermally treated solids, the same dependence was
obtained, analyzing H.195 ◦C, 0 h and H.220 ◦C, 0 h assays; an increase from 81.1% to 94.6%
was verified. These results are in agreement with those found for pretreated corn cobs with
1% H2SO4 at 108 ◦C, which reached 83.9% hydrolysis [53].
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Figure 2. Enzymatic digestibility (g/100 g glucan) of raw corn cobs and selected solids resulting from
several assays. (RM—Raw material; H.—autohydrolysis, O.—Organosolv, A.—Alkaline treatment,
H.O.—autohydrolysis+organosolv, H.A.—autohydrolysis+alkaline treatment). Deviations < 5%.

For alkaline treatment, enzymatic hydrolysis yields of around 82% were obtained for
all three assays, with no significant differences. The same behavior was found to happen
for delignification yield. The results for enzymatic digestibility of alkaline treated solids are
lower than those obtained for organosolv, which can be related to the amount of xylan still
present in the samples since organosolv, besides delignification also had a notorious effect
on hemicellulose removal, contrary to alkaline treatment. The same behavior was observed
for solid residues from combined alkaline treatments: enzymatic yield increased from
83.4% for direct pretreatment to 89.2% for combined. No differences were found regarding
organosolv treatment, direct and combined pretreatments, with both values around 90%
for cellulose enzymatic hydrolysis.

A model correlating the extent of biomass pretreatment (measured by lignin and xylan
removal) and cellulose enzymatic digestibility was tested. The results of the statistical multi-
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linear regression plot are presented in Figure 3, and the statistically relevant parameters
(90% significance level) are presented below (Equation (9)).

Cellulose enzymatic hydrolysis (%) = 42.53 + 41.23 × lignin removal (%) + 53.76 ×
xylan removal (%) − 41.76 × lignin removal (%) × xylan removal (%) (R2 = 0.9585)

(9)
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Figure 3. Response surface for cellulose enzymatic hydrolysis in relation to lignin removal (X1) and
arabinoxylan removal (X2).

The fitting of this equation to data derived from the organosolv or autohydrolysis
experiments is represented in Figure 3.

A significant fit and correlation were found (R2 = 0.9790) between cellulose enzymatic
hydrolysis and both xylan and lignin. For lower percentages of removal, residual enzymatic
hydrolysis was verified as expected. On the other hand, when xylan removal is maximum,
there is no need for lignin removal because enzymatic hydrolysis is already at its maximum.
For lignin removal, the same cannot be said since for complete lignin removal, the enzymatic
hydrolysis is not maximal; just when xylan removal increases, a maximum of hydrolysis
can be achieved. This data proposes that hemicellulose removal seems to have a stronger
impact than delignification on cellulose enzymatic hydrolysis. In contrast, other studies
referred that delignification has a stronger effect than hemicellulose removal on cellulose
saccharification [54]. Still, others show that hemicellulose and lignin removal significantly
impact enzymatic hydrolysis, and their effects cannot be separated [55,56].

The model above can be coupled to the models described for the autohydrolysis and
organosolv treatments and used to predict the best trade-off between increased cellulose
enzymatic hydrolysis and oligosaccharides production for both processes. The optimized
values are shown in Table 4.

Table 4. Values obtained for Log Ro, delignification, xylan removal, and XOS production for autohy-
drolysis and organosolv treatment after optimization using the Solver function.

Process

Autohydrolysis Organosolv

Log Ro 3.75 4.58
Delignification (%) 18.2 70.1
Xylan removal (%) 79.3 59.2
XOS production (g/L) 23.8 13.7

Autohydrolysis was identified as the more efficient process as it presents higher
oligosaccharides and glucose yields at lower operational severities. However, it is important



ChemEngineering 2023, 7, 35 15 of 17

to note that the organosolv treatment enables a faster and potentially higher value for lignin
recovery.

4. Conclusions

The proposed set of strategies for the valorization of corn cobs showed very inter-
esting results for both liquid and solid phases. Direct organosolv treatments enabled a
significant delignification, yielding a liquor rich in lignin-derived products and containing
a considerable amount of XOS that might require further purification. In addition, the
resulting solid phase was enriched in glucan. Alkaline treatments were also very efficient
and almost completely removed lignin, producing a solid where hemicellulose, especially
cellulose, is mainly retained.

In the first step (autohydrolysis treatment), the two-step processes enabled obtaining
a hydrolysate with a high concentration of XOS and a solid fraction enriched in lignin and
glucan, with a high potential for further fractionation. This later fraction was efficiently
delignified by organosolv or alkaline treatments to produce liquors from which lignin-
derived products can be easily obtained and solids further enriched in glucan. Promising
saccharification yields of the solids were also obtained, aiming at a complete valorization
of the fractions and integration in a biorefinery framework.

Based on a strategy for hemicellulose removal, the two-step processes were first
demonstrated to be an efficient strategy for corn cobs valorization. They combine the
advantages of both processes, increasing the range of the products obtained and their easier
subsequent processing.
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com/article/10.3390/chemengineering7020035/s1. Figure S1: Particle size distribution for corn cobs.
Figure S2: Chemical composition of the different corn cobs fractions. Figure S3: Temperature and
pressure profiles for the autohydrolysis of corn cobs. Figure S4: Temperature and pressure profiles
organosolv profiles for the organosolv fractionation of corn cobs.
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