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Chemical Changes in Lignocellulosic Biomass
(Corncob) Influenced by Pretreatment and Anaerobic
Digestion (AD)
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Changes in chemical composition and structure of corncob lignocellulosic
biomass were investigated relative to pretreatment and anaerobic
digestion. The pretreatment involved 1% and 3% sodium hydroxide, 3%
and 7% sulphuric acid, as well as medium and high temperature extrusion
(in 110 °C and in the range from 140 °C to 160 °C). The chemical
components content was studied using a gravimetric method, whereas
structure and relations between the carbohydrate and lignin participation
were investigated using Fourier transform infrared spectroscopy. It was
determined that the chemical treatment, both acidic and alkaline, changed
the chemical composition of corncob more significantly than the extrusion.
Alkaline pretreatment contributed to significant delignification, while acidic
pretreatment reduced the share of hemicelluloses and increased the
proportion of lignin, the so-called "pseudolignin”. The composition of
corncob (control and after pre-treatment) was changed after anaerobic
digestion, i.e., a decreased carbohydrate substance content and a
significantly increased lignin content. FTIR analysis showed changes in
their structure. Although the control corncob differed from that processed
by various pretreatment methods, the chemical composition of the
digested pulp obtained from them was similar. The NaOH pretreatment
was judged to be the preferred method for delignification of the raw
material.
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INTRODUCTION

Lignocellulosic biomass is a crucial sustainable energy source. Depending on the
chemical composition, it may be subject to various conversion processes such as direct
incineration or biofuel and biogas production. Anaerobic digestion (AD), during which
biogas is produced, occurs in the presence of anaerobic microorganisms that decompose
organic substances, producing methane and carbon dioxide. The process is divided into
four stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis; special
environmental conditions and proper microorganism group participation are required for
each stage. During hydrolysis, bacterial enzymes decompose organic polymers, such as
carbohydrates, fats, and proteins, into soluble monomers, dimers, monosaccharides, fatty
acids, and amino acids (Jedrczak 2008). Biomass conversion into methane is inhibited due
to its poor biodegradability (Balat 2011). In particular, limitations apply to first phase of
anaerobic digestion, i.e. hydrolysis (Shrestha et al. 2017).
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Biomass hydrolysis is constrained by some factors, such as cellulose crystallinity,
its high polymerisation degree, low surface availability, as well as lignin presence
(Hendriks and Zeeman 2009). Lignin is considered the most resistant component to
biological decomposition (Castro et al. 1994; Pu et al. 2013; Ragauskas et al. 2014).
According to Hendriks and Zeeman (2009), it is favourable to pre-treat a material prior to
its conversion, which changes a lignocellulosic biomass’ physical and chemical structure
(Kumar et al. 2009). As far as anaerobic digestion is concerned, glucose is the most
desirable product of lignocellulose structure decomposition (Michalska and Ledakowicz
2012). The efficiency of the AD process can be improved by pretreatment of the raw
material (Paudel et al. 2017). Pre-treatment of biomass may cause some changes:
delignification, decrystallization, and depolymerization of cellulose, which in turn will
promote the enzymes and bacteria involved in the process and can positively affect for
biogas efficiency (Kumar et al. 2009; Witaszek et al. 2015; Robak and Balcerek 2017).

Mechanical treatment results in diminishing the material particles’ size and
decreasing the biomass crystallinity. Lignocellulose material fragmentation can reduce the
anaerobic digestion period by 23% to 59% (Bernat et al. 2014). Physicochemical processes
are also employed as methods of lignocellulosic material pretreatment. They include steam
explosion, CO2 or SO,, ammonia action, hot water extraction, or wet oxidation (Chandel
et al. 2015). Steam explosion leads to hydrolysis of the hemicellulose and structural
changes of the lignin (Agbor et al. 2011; Robak and Balcerek 2017). Ammonia fibre/freeze
explosion (AFEX) and ammonia recycle percolation (ARP*) processes, in which a
lignocellulosic material is subjected to liqguid ammonia, lead to swelling of the material.
Swelling may influence a change in cellulose crystallinity degree and partial lignin
degradation (Kim and Lee 2002; Agbor et al. 2011). Biological treatment occurs in the
presence of microorganisms that decompose lignin and hemicellulose without cellulose
degradation (Lang et al. 2001; Bérjesson 2009). Lignin depolymerisation by fungi is not
fast enough for industrial purposes (Hatakka et al. 1993; Agbor et al. 2011).

Pretreatment of a material is also conducted with chemical compounds such as
alkali, acids, organic solvents, and ionic liquids. In contrast, alkaline pretreatment causes
biomass swelling, which results in a reduced cellulose polymerisation and crystallinity
degree. It breaks a lignin structure and the bonds between lignin and carbohydrates in
biomass so that they become more accessible (Fan et al. 1987; Bjerre et al. 1996; Chandra
et al. 2007; Agbor et al. 2011; Galbe and Zacchi 2012). It was noted that it was more useful
to the hydrolysis of agriculture biomass with a lower lignin content than to wood biomass
(Bjerre etal. 1996; Kumar et al. 2009; Zheng et al. 2009a; Agbor et al. 2011). Concentrated
acids provide fast polysaccharide conversion with slight sugar degradation (Iranmahboob
et al. 2002; Balat 2011). However, they are not as beneficial as they are corrosive, and they
require retrieving so that fermentation could be profitable (Sivers and Zacchi 1995).
Diluted acids, e.g., sulphuric acid, hydrochloric acid, and phosphoric acid, of
concentrations less than 4% under increased temperature conditions lead to the
hemicellulose hydrolysis of monomers (Nguyen et al. 2000; Sun and Cheng 2005;
Marzialetti et al. 2008; Zheng et al. 2009b; Agbor et al. 2011). The monomers may undergo
subsequent reactions and form ‘pseudo-lignin’ (Hu et al. 2012). A disadvantage of diluted
acid action under increased temperature conditions is the development of fermentation
inhibitors (Galbe and Zacchi 2012). Among all acids, sulphuric acid has been investigated
the most thoroughly due to its low price and high efficiency (Ballesteros et al. 2008; Zheng
et al. 2009b). Organic solvents, including alcohols, esters, ketones, organic acids, phenols,
or ethers, remove or degrade lignin as well as part of the hemicellulose (Curreli et al. 1997).
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The alterations of chemical composition caused by pretreatment have been widely
described in the literature. However, little information can be found on digested chemical
composition, including information on the pretreatment effect on the chemical composition
of the material. Sannigrahi and Ragauskas (2011) described the ash and lignin content in
digested pulp from miscanthus, red maple, switchgrass, and hybrid poplar. The Klason
lignin content in untreated biomass ranged from 17.0% to 27.2%. Following anaerobic
digestion, its proportional content increased from 50.4% to 78.2%. Mulat et al. (2018)
presented the potential to produce biogas from birch hydrolysis lignin. They confirmed
earlier reports regarding an increase in lignin percentage participation in digested residue
(from 29.2% to 79.8%). Due to anaerobic digestion, glucan content decreased from 36.5%
t0 9.7%, similarly to hemicellulose that decreased from 20.7% to 1.7%. Waliszewska et al.
(2018) presented changes in cellulose structure that occurred as a result of anaerobic
digestion. They showed that the cellulose content in various miscanthus and sorghum
varieties dropped 1.8% to 32.7% due to anaerobic digestion. They proved that cellulose
from miscanthus and sorghum varieties underwent various modifications at a structural
level and the process changed sorghum more extensively. The changes in cellulose
structure concerned its crystallinity, energy, and hydrogen bond distances, as well as its
lateral order index (LOI) and hydrogen bond intensity (HBI). The changes that take place
in lignin have been described by Stachowiak-Wencek et al. (2018) and Waliszewska et al.
(2019). The authors, apart from the fact that they noticed an increase in the lignin content
in the digested pulp, also found changes to the structure of this component; e.qg. it contained
fewer functional groups than the native lignin.

Changes in biomass chemical composition caused by anaerobic digestion concern
not only the main components, i.e., cellulose, lignin, and hemicellulose, but extractives as
well. Partial information on the main biomass component changes resulting from anaerobic
digestion can be found in the literature, and they consider a few species. However, there is
no information concerning, e.g., extractives. One of the materials that has not been
described so far is corncob, which can be applied to biogas production. In recent years, the
area of corn growing for processing purposes has increased. This has resulted in the
production of a significant amount of waste, e.g. straw and corncob. In the light of the
growing demand for energy, the use of this waste seems to be right. Information on the
chemical composition of corn and straw is available in the literature (Chaudhry 2000;
Zheng et al. 2009b; Paul and Dutta 2018). However, there are no reports on the composition
of corncob in the literature, which is also an important and attractive in terms of energy
production waste. In addition, there is a lack of information on the chemical composition
of digested pulp from this kind of lignocellulosic biomass, and this knowledge may be
useful to recognize its further most beneficial use.

The main aim of this paper is to determine the quantitative changes in the main

components and extractives of corncobs that result from pretreatment (i.e., 1% and 3%
sodium hydroxide, 3% and 7% sulphuric acid, and extrusion at 110 °C and 140 °C to 160
°C) and anaerobic digestion. The chemical component was researched using a gravimetric
method, whereas changes of the carbohydrate and lignin structure were investigated using
FTIR.
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EXPERIMENTAL

Materials
The research material was corncob from Bioagra SA company (Nysa City, Poland),
which was a post-production waste of different species of corn from Polish cultivation.

Methods
Pretreatment

To disintegrate lignin, the corncobs were pretreated. The following material
pretreatment methods were applied: chemical and thermo-mechanical. The chemical
pretreatment was performed with sodium hydroxide (NaOH) and sulphuric acid (H2SOa)
as reagents. Alkaline hydrolysis was performed with 1% and 3% NaOH, and an acidic
hydrolysis using 3% and 7% H>SOa4. The pre-fragmented material was boiled in aqueous
acid and alkali solutions of a 500 mL volume at 100 °C for 3 h. Following the completed
hydrolysis, the material was filtered on a Biichner funnel. Raw material was filtered and
then dried in a laboratory dryer at 40 °C for 24 h. The content of solids after filtration was
approximately 40%. For chemical analysis and for anaerobic digestion it was cleansed with
water until a neutral pH was achieved. Thermo-mechanical treatment was performed in a
single-screw extruder (model S45; MetalChem, Gliwice, Poland) in two temperature
variants: 110 °C as well as in the range from 140 °C to 160 °C.

Anaerobic digestion

Anaerobic digestion was conducted under the procedure described in the standard
DIN 38414-8 (1985). It was performed in a 21-chamber biofermentor (Institute of
Biosystems Engineering, Poznan University of Life Science, Poznan, Poland) whose
schematic is presented in Lewicki et al. (2013). Glass chambers (capacity 2 dm?®) with
material were placed in water at 39 °C £ 1 in mesophilic conditions. Samples were tested
in triplicate.

The material was treated with an inoculum in the amounts shown in Table 1. The
inoculum used in the studies was taken from an agricultural biogas plant. Chemical
composition of inoculum (analysis according to TAPPI methods for samples of raw
material), was determined by measuring the pH (pH-PN-90 C-04540/01), concentration of
ammonium nitrogen (PN-73 C-04576/02), dry matter content (PN-75 C-04616/01), and
mineral substances (T 211om - 07). The inoculum contained: 29.7% of holocellulose
32.4% of cellulose, 6.6% of pentosans, 48.9% of lignin, 5.8% of extractives, 64.9% of
substances soluble in 1% NaOH, 8.8% substances soluble in cold water, and 13.9%
substances soluble in hot water. The concentration of ammonium nitrogen was lower than
2.5 g/ dm®. Dry matter content in aqueous inoculum solution amounted to approximately
2.7% to 2.9%, of which approximately 28% to 30% was minerals. The pH was
approximately 7.

The digested residue was divided using a Biichner funnel into two fractions: solid
and liquid. The solid fraction of digested pulp was initially dried in a drying apparatus (type
FD 23; BINDER GmbH, Tuttlingen City, Germany) at a temperature of 50 °C and
conditioning was later continued in 10 days under laboratory conditions (in temperatures
of 22 °C £ 1 °C). Digested pulp prepared in this way was then chemically analysed.
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Table 1. Quantity of Raw Material and Inoculum Used in the Anaerobic Digestion
Process

. Amount of Raw Amount of Inoculum

Material i

Material (g) (9)

Control 13.5 1186.5
Hydrolysis 1% NaOH 51.0 1149.0
Hydrolysis 3% NaOH 60.0 1140.0
Hydrolysis 3% H2SO4 59.0 1141.0
Hydrolysis 7% H2SO4 62.0 1138.0

Extrusion 110 °C 10.0 1190.0
Extrusion 140 °C to 160 °C 10.0 1190.0

Gravimetric method

The corncob before and after pretreatment and digested pulp were ground in a
laboratory mill (Pulverisette 15; Fritsch GmbH, Idar-Oberstein City, Germany). For
chemical analyses the 0.5 to 1.0 mm fraction was used. Holocellulose, cellulose, pentosans,
and lignin content were determined according to TAPPI T9 wd-75 (2015), the Seifert
method (Seifert 1956), TAPPI T223 cm-01 (2001), and TAPPI T222 om-06 (2006),
respectively. Extractive substances, soluble in 1% NaOH, in 95% ethanol, and in cold and
hot water were analyzed according to TAPPI T204 cm-07 (2007), TAPPI T212 om-02
(2007), and TAPPI T207 cm-99 (2008), respectively. All analyses were repeated three
times for each examined sample set.

Fourier transform infrared spectra (FTIR)

The structure spectroscopy analysis was performed for corncob before and after
pretreatment and digested pulp via FTIR. The FTIR spectra of the researched materials
were recorded with an Alpha FTIR spectrometer from Bruker Optics GmbH (Ettlingen
city, Germany). Measurements were performed on the pellets obtained during
homogenisation of approximately 200 mg of anhydrous potassium bromide (KBr) with 2
mg of the investigated material that was subsequently pressed under 10 MPa pressure.
During the measurements, 36 pellets were scanned in the range of 4000 cm™ to 400 cm'?
with the resolution of 4 cm™. All IR spectra were performed three times and particular
indicators were determined based on their average.

Statistical analysis

Every determination was performed three times, and the mean values were reported.
The statistical analysis was performed using STATISTICA 10 (StatSoft, Polska Sp. z 0.0.,
Cracow, Poland), including analysis of variance (ANOVA) followed by a post hoc Tukey’s
honestly significant difference (HSD) test. Identical letters in columns represent no
differences at the significance level of p = 0.05.

RESULTS AND DISCUSSION

Chemical Composition of Biomass After Pretreatment

The percentage of the main components and extractives included in the corncob
waste are presented in Table 2.

Determining the holocellulose percentage in corncobs showed that the component
in the untreated material was 59.6%. After the alkaline and acid treatment, the
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holocellulose percentage increased and higher figures were obtained for the alkali-treated
material, whereas the extrusion resulted in decreased carbohydrate substance content in
comparison to the raw material; lower figures were obtained for a high temperature variant.
Cellulose content alterations were similar in the investigated materials after the treatment.
Both the NaOH and H>SO4 treatments led to an increased percentage of cellulose. The acid
treatment caused larger changes than the alkaline treatment. The acid treatment resulted in
decreased pentosan content. By contrast, pentosans increased with the alkali treatment,
which was not consistent with literature reporting that alkaline treatment leads to partial
hemicellulose degradation (Zheng et al. 2009a). Vital differences in the effect of the
applied NaOH solutions were observed: 1% NaOH increased pentosan content 5.6% while
3% —NaOH increased pentosan content 36.0%. According to the researchers who have
analysed an acid pretreatment effect (Zheng et al. 2009b; Jung et al. 2010), the action
results in hemicellulose hydrolysation that interfered with the lignocellulose structure of a
material. Through analysing the concentration effect on the changes in pentosan
percentage, a pentosan participation alteration was similar regardless of the applied acid
solution concentration.

Hemicellulose reduction due to H.SO4 was not a positive effect of pretreatment
because hemicellulose is a compound that is decomposed more easily by microorganisms
than cellulose and its decrease may lead to lower biogas efficiency, unlike the NaOH
action. Lignin reduction may lead to an increase in access to carbohydrate substances by
microorganisms, which may in turn lead to a biogas efficiency increase in AD.

Table 2. Chemical Composition of Corncob Before Anaerobic Digestion (in
percent)

NaOH H2S04 Extrusion
Component Control 1% 3% 3% 7% 110 °C 140 °C
to 160 °C

Lignin** 11.98 + 1.74 £ 1.03 + 20.55+ | 20.86 + 12.41 + 11.17
0.03BC 0.66° 0.16 0.78P 0.49P 0.16¢ 0.288

Holocellulose 5959+ | 89.14+ | 96.75+ | 7959+ | 79.46+ | 50.70 £ 4481 +
1.09P 1.51EF 0.14F 0.244 0.17A 0.49¢ 0.168

Cellulose 3121+ | 4716+ | 56,51+ | 6425+ | 68.67+ | 29.97 26.35 %
0.61A 0.41°¢ 0.46P 0.67E 0.47F 0.31A 0.288

Pentosans 3123+ | 3296+ | 4245+ | 1314+ | 13.69% | 29.23 % 27.36 =
0.62AB 0.598 1.54F 0.62P 0.23¢ 0.59~ 0.47F

Extractives 5.76 + 0.63 1.02 + 10.80+ | 15.37 5.62 5.13
(EtOH) 1.07A 0.048 0.058 0.22¢ 0.06¢ 0.30~ 0.87A

Subs- | NaOH | 4454+ | 11.34 + 9.62 4242+ | 61.13+ | 52.01+ 57.47
tances 0.994 0.10° 0.03°¢ 0.30* 0.128 0.168 0.078

soluble Hot 1277+ | 4.09+ 1.30 + 2.09 + 1.68 £ 19.49 + 30.44 +
in: water 0.248 0.03* 0.08*» 0.06* 0.06” 0.78¢ 1.13P

Cold 7.70 £ 0.66 * 0.93 + 152+ 0.51 + 10.36 £ 16.56 +
water 0.16€ 0.1248 0.0448 0.118 0.034A 0.31P 0.26F

*Homogeneity groups: same letters in each column indicate that there was no statistical
difference between the samples according to the Tukey’s HSD multiply range test at p < 0.05
**Stachowiak-Wencek et al. (2018)

The extrusion led to the smallest cellulose and pentosan quantitative changes of the
applied pretreatment methods. Their content slightly dropped, but the extent of the changes
depended on the process temperature. A rise in extrusion temperature resulted in intensified
of changes, where the cellulose content in 110 °C only decreased from 31.2% to 30.0%,
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while in the range of 140 °C to 160 °C it decreased to 26.4%. A similar tendency was
reported for pentosans. An applied temperature of 110 °C led to a decrease in pentosan
content from 31.2% to 29.2% and the higher temperature range of 140 °C through 160 °C
resulted in a decrease to 27.4%. According to Camire (1998) and Karunanithy and
Muthukumarappan (2009), extrusion leads to the depolymerisation of cellulose,
hemicellulose, lignin, and protein. Moreover, depending on the intensity of stress related
to it, it can cause thermal degradation of carbohydrates and protein. Hjorth et al. (2011)
conducted extrusion to enhance the anaerobic digestion efficiency of five different types
of agriculture biomass and they did not observe a cellulose, hemicellulose, or lignin content
decrease after extrusion. Moreover, they demonstrated that extrusion considerably reduced
the molecular size and extended the biomass specific surface area, which intensified
hydrolysis and led to an enhanced biomass efficiency.

Carbohydrate substance alterations were also accompanied by alterations in lignin
content. Amounts of 1% as well as 3% NaOH resulted in significant delignification. The
lignin content dropped from 12.0% prior to the treatment to 1.03% and 1.74% following
the 1% and 3% NaOH treatments, respectively. The observed changes were consistent with
literature illustrating that lignin is soluble in alkali (Millet et al. 1976; lyer et al. 1996; Kim
and Holzapple 2005; Zheng et al. 2009a). In contrast, a lignin percentage increase from
12.0% to 20.6% and 20.9% was reported in a material due to the acid. According to
literature, pretreatment with diluted acids does not result in material delignification as it
does with alkali. In contrast, research by numerous authors (Sannigrahi et al. 2008; Sievers
et al. 2009; Jung et al. 2010; Mao et al. 2010) has shown that lignin’s proportional content
after diluted acid treatment is higher than in the raw material. An acidic medium catalyses
hemicellulose hydrolysis and the further degradation to compounds of a lower molecular
mass (Mulat et al. 2018). Similar changes were observed in the analysed corncob in which
a lignin increase was accompanied by a decrease in hemicellulose content. The compounds
that formed after the hemicellulose breakdown may undergo repolymerisation reactions
and/or polymerisation reactions with lignin, forming pseudo-lignin (Li et al. 2007; Hu et
al. 2012). Pseudo-lignin is an aromatic compound of a structure similar to lignin
(Sannigrahi et al. 2011; Hu et al. 2012) consisting of carbonyl, carboxyl, aromatic, and
aliphatic structures (Hu et al. 2012). Sannigrahi et al. (2011) showed that pseudo-lignin
may be formed from carbohydrates without a lignin contribution during diluted acids
material treatment.

The effect of the extrusion was relatively small. At 110 °C, aslight increase (3.52%)
in lignin content was observed, whereas temperatures of 140 °C to 160 °C resulted in a
6.79% decrease.

Applying a pretreatment method to the research led also to considerable alternations
in the percentage content of extractive substances that are soluble in EtOH, NaOH, as well
as cold and hot water.

The content of substances extracted in EtOH (5.76% in a raw material) significantly
decreased after the pretreatment with NaOH. However, it increased after the sulphuric acid
treatment. The extrusion did not cause any statistically significant changes in the extractive
substance content in the investigated corn material. Raw material solubility in cold water
was 7.7%, whereas in hot water it reached up to 12.8%. The corncob chemical treatment
resulted in a considerate drop in the amount of a substance soluble in water. However, the
content of a substance soluble in water increased as a result of the extrusion.
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Chemical Composition of Biomass After Anaerobic Digestion

The changes in the corncob chemical composition that resulted from the digestion
are presented in Table 3. The holocellulose content in the material dropped significantly.
For the non-pretreated raw material, the holocellulose content decreased by 53.4% (from
59.6% to 27.8%). For all materials after the pretreatment, the decrease ranged from 35.2%
to 69.4%. The smallest carbohydrate decrease was reported for the material after the
extrusion (by 41.9% and by 35.2%) and for the materials after the chemical treatment, it
experienced a similar trend (the percent lost was from 62.7% to 69.4%).

Table 3. Chemical Composition of Corncob After Anaerobic Digestion (in %)

NaOH H2S504 Exstrusion
Component Control 1% 3% 3% 7% 110 °C 140 °C
to 160 °C
Lignin** 5165+ | 4844+ | 4691+ | 5087+ | 4958+ | 49.19+ 49.36 +
0.51P 0.18~ 0.278¢ 0.178P 0.3748 0.884¢ 0.1278
Holocellulose 2779+ | 2932+ | 2956+ | 2958+ | 29.66+ | 29.48 29.02 +
0.37A 0.134 0.04A 0.254 0.894 0.47A 0.347
Cellulose 26.39+ | 2921+ | 26.84+ | 31.08+ | 36.62+ | 2793+ 27.10
2.27A 0.0748 0.9648 0.1748 0.988 0.15%8 1.2178
Pentozans 1184+ | 7.14+ 711+ 7.79+ 7.08 £ 7.57 £ 751+
0.108 0.184 0.48~ 0.174 1.234 0.054 0.30%
Extractives 522+ | 7.00% 7.56 £ 7.04 £ 5.65 + 5.44 + 6.27 £
(EtOH) 0.48~ 0.298¢ 0.30°¢ 0.478¢ 0.1448 0.154 0.13%8
Subs- | NaOH | 66.80+ | 6499+ | 63.05+ | 61.49+ | 59.61+ | 6252+ 64.66 +
tances 0.368 0.0648 0.27A 0.814 0.29¢ 0.16% 0.25%8
soluble Hot 17.87+ | 17.14+ | 2106+ | 13.84+ | 1588+ | 1795+ 20.53 +
in: water 0.114 0.10° 0.29F 0.058 0.01¢ 0.244 0.02E
Cold 836+ | 11.31+ | 1285+ 9.32+ | 10.11+ | 1046+ 12.26 +
water 0.018 0.16° 0.12F 0.12¢ 0.010% 0.28~ 0.28F

*Homogeneity groups: same letters in each column indicate that there was no statistical
difference between the samples according to the Tukey’s HSD multiply range test at p < 0.05
** Stachowiak-Wencek et al. (2018)

The pentosan content was similar to each other (7.1% to 7.8%) and was lower than
in the control material (11.8%). The most significant pentosan drop was recorded for the
material after the NaOH treatment. The decrease was slightly lower for the corncob after
the extrusion and the lowest after the treatment with H.SOa. This material prior to the
anaerobic digestion was characterised by the lowest pentosan content.

The residue obtained from corncobs following the extrusion was characterised by
the lowest cellulose loss. For the material after the extrusion in a temperature of 110 °C, it
amounted to 6.8%, whereas in a temperature of 140 °C to 160 °C no cellulose loss was
recorded. In contrast, a slight increase of approximately 2% of its content occurred. The
cellulose loss reported for the control material was a little higher in comparison to the
material after the extrusion (15.4%), but much higher when compared to the chemically
treated material (38.1% to 52.5%). The cellulose loss can be explained both by constraints
resulting from its crystalline structure and by the pseudo-lignin presence that inhibits its
hydrolysis (Hu et al. 2012). Hu et al. (2012) showed that pseudo-lignin not only led to an
increase in Klason lignin content, but also inhibited cellulose hydrolysis. The changes
resulting from anaerobic digestion in cellulose were investigated by Waliszewska et al.
(2018), who reported a cellulose percentage content decrease in both miscanthus and
sorghum varieties.
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According to literature, due to its complex structure, lignin is the most difficult
lignocellulosic material component to decompose (Pu et al. 2013; Ragauskas et al. 2014;
Theuretzbacher et al. 2015; Mulat et al. 2018). It constituted 46.9% to 51.6% in digested
pulp from corncobs. Its largest amount was found in the control material, in which it
increased from 12.0% to 51.6%. The smallest lignin amount was found in the residue that
had been treated with alkali prior to the digestion. The raw material NaOH treatment led
to nearly complete lignin degradation to the level of 1.03% to 1.74%. Lignin content in the
digested residue, which was treated with 1% and 3% NaOH prior to the digestion,
amounted to 48.4% and 46.9%, respectively. A slightly bigger lignin amount of 49.6% to
50.9% was found in the digested residue, which had been treated with sulphuric acid-
Lignin content in the residue obtained following the extrusion did not vary much from the
amounts determined for other digested pulp. Mulat et al. (2018) investigated birch residue
(Betula pubescens) wood chips and reported an increase in lignin content compared with
to the raw material.

The content of substances soluble in EtOH, 1% NaOH, and water, due to the
digestion for a control material and after the extrusion, did not change significantly. The
changes were recorded for a material after its chemical treatment. The residue treated with
NaOH solutions was characterised by a bigger amount of extraction substances, whereas
the material treated with H2SO4 acid was characterised by a lower amount than in a control
material.

Based on the obtained results, it can be stated that each of the applied pretreatment
methods resulted in a different character of changes in the chemical composition. Changes
observed after the thermo-mechanical pretreatment were evidently smaller when compared
to those caused by the chemical pretreatment. However, a significant solution
concentration and temperature of chemical pretreatment effect was not shown.

FTIR Interpretation

The FTIR spectra of materials before and after the pretreatment and after the
anaerobic digestion are presented in Figs. 2 and 3. The recorded bands were attributed to
the material main components, i.e., cellulose, lignin, and hemicellulose.

There were two regions of the FTIR spectra of the researched samples that were
rich in information and fit in the band range from 3700 cm™ to 2780 cm™ and from 1780
cm® to 840 cm™. On the spectra of all of the materials, a wide band was present at 3500
cm ™ to 3400 cm™, which was typical for —OH group stretching vibrations that stemmed
from water present in the samples and biomass components. The band at 2924 cm™ was
attributed to C-H symmetrical stretching vibrations in aromatic methoxy as well as methyl
and methylene groups. An absorption band at 1736 cm® (C=0) was present in
hemicellulose but not extensively in lignin. It was also found in most of the materials both
prior to and following the pretreatment. The only exception was in the samples treated with
3% NaOH solution, in which the peak was not reported. For the materials after the
sulphuric acid treatment, the presence of the band at 1705 cm™ was noted to correspond to
C=C stretching vibrations of an aromatic nucleus in syringyl units (S) (Todorciuc et al.
2009).

At 1654 cm?, the band corresponded to C=0 unconjugated stretching vibrations,
and at approximately 1600 cm™ and 1510 cm™ the bands of vibrations of C=C bonds in
lignin aromatic nuclei were observed. The band at 1270 cm™ also stemmed from guaiacyl
unit vibrations of a lignin aromatic nucleus (Sills and Gossett 2012).
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Fig. 2. FTIR spectra of corncob after pretreatment
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Fig. 3. FTIR spectra of corncob after anaerobic digestion

The bands at 1454 cm™, 1430 cm™, 1330 cm™, and 1110 cm™ were characterised
for a C-H and C-O deformation that bent and stretched many groups in the lignin and
carbohydrates (Yokoi et al. 2003; Mészéaros et al. 2007). Whereas bands at 1375 cm™, 1240
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cm?, 1165 cm™, 1060 cm™, and 1030 cm™® were attributed to C=0, C-H, C-O-C, and C-O
deformations or stretching vibrations of various groups in carbohydrates (Yokoi et al.
2003; Popescu et al. 2009; Poletto et al. 2012). The band at 1420 cm™ to 1430 cm™ was
connected to the amount of cellulose crystalline structures, while the band at 898 cm™ was
connected to an amorphous area in cellulose (Proniewicz et al. 2001; Akerholm et al.
2004).

Following digestion, the analysed relation values rose considerably and did not
show the same tendencies in certain areas as prior to the process. On the spectra obtained
for the material after digestion, the loss of a few bands and the occurrence of a few new
ones were observed. The occurrence of the band at 1735 cm™ (C=0) present in
hemicellulose and lignin was not observed. As shown by the quantitative determination of
the investigated biomass component percentage, hemicellulose content dropped as a result
of digestion. An absorbance decrease of the band may have been related to the loss of its
primary source, i.e., hemicellulose itself. In lignin, there is merely slight participation of
C=0 groups. It was concluded that despite a lignin increase resulting from digestion, the
content of those groups did not rise; therefore, changes of absorbance at 1735 cm™ should
not to be related to lignin. The loss of the band at 1705 cm™ was also reported, which
corresponded to lignin aromatic nucleus vibrations. The band at 1060 cm™ was present
only on the spectra obtained for the material after the alkali treatment. There was a lack of
an intense absorption band at 1060 cm™, i.e., the band represented C-O and C-C stretching,
or C-OH bending in non-cellulosic polysaccharides (Kacurakova et al. 2002), which was
characteristic for samples of low cellulose content (Siengchum et al. 2012). The bands
attributed to cellulose at 1315 cm™ and 896 cm™ were also not found. The band at 1315
cm™ corresponded to CH that is present in cellulose and hemicellulose, and the band at
896 cm™* was characteristic for cellulose amorphous structures.

Additional bands were observed at 840 cm™, 1445 cm™, 1124 cm™, and 875 cm™.
The band at 2840 cm™ corresponded to C-H asymmetric stretching vibrations in lignin, and
the band at 1124 cm™ corresponded to C-H aromatic unit deformation syringyl vibrations
and C=0 stretching vibrations (Popescu et al. 2007). The band at 1445 cm™* was attributed
to O-H stretching vibrations (Sills and Gossett 2012), and the band at 875 cm™ was
attributed to glycosidic bonds in hemicellulose (Sills and Gossett 2012).

The intensity of a few characteristic cellulose IR absorption bands at 1375 cm™
(bending vibrations in cellulose I and cellulose 11 as well as in hemicellulose) (Ishida et al.
2007), 1160 cm™® (C-O-C asymmetric stretching vibrations in cellulose and hemicellulose)
(Ishida et al. 2007), and 895 cm™ (cellulose amorphous structures) (Proniewicz et al. 2001)
were compared to the 1510 cm™ band intensity that is often applied as an internal standard,
which corresponded to a stretching lignin benzene nucleus (Fengel and Wegener 1984).
The results are presented in Table 4. Table 4 also shows the ratio between the lignin and
cellulose percentages (L/C) calculated based on the data from Tables 2 and 3. Following
pretreatment, the ratio between the characteristic lignin band (1510 cm™) and the bands
attributable to cellulose (1375 cm™, 1158 cm™, and 895 cm™) was the lowest for the
material after alkali treatment and the highest after acid treatment. For the control material
and after the extrusion the ratios were similar. The FTIR results overlap partially with the
L/C results obtained from gravimetric methods. The material treated with alkali was
characterised with the lowest L/C ratio, as alkali caused considerable lignin degradation.
The highest L/C was reported for the material after the extrusion. For the control material
and after the H2SO4 treatment, the ratios were similar. Following digestion, the L/C value
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rose significantly from 0.018 to 0.458 to 1.354 to 1.957. The highest L/C value after
digestion was reported for the control material.

Table 4. Lignin/Carbohydrate Ratio Calculated from FTIR Spectra for the
Corncob Before and After Anaerobic Digestion

Bands (cm) | 1510/1375 | 1510/1158 | 1510/895 |  L/C*
Before AD
Control 0.418 0.214 1.615 0.384
Hydrolysis 1% NaOH 0.111 0.061 0.162 0.037
Hydrolysis 3% NaOH 0.148 0.090 0.223 0.018
Hydrolysis 3% H2SO4 0.758 0.404 2.274 0.320
Hydrolysis 7% H2SO4 0.843 0.489 2.673 0.304
Extrusion 110 °C 0,430 0.220 1.596 0.414
Extrusion 140 °C to 160 °C 0.428 0.208 1.682 0.458
After AD
Control 1.418 1.011 40.421 1.957
Hydrolysis 1% NaOH 1.216 1.502 71.970 1.658
Hydrolysis 3% NaOH 1.258 1.567 69.571 1.748
Hydrolysis 3% H2SO4 1.317 1.239 77.788 1.636
Hydrolysis 7% H2SO4 1.537 1.102 66.678 1.354
Extrusion 110 °C 1.571 1.525 53.098 1.761
Extrusion 140 °C to 160 °C 1.527 1.530 66.120 1.821

*L/C was calculated based on data from Tables 1 and 2

CONCLUSIONS

1. Theinvestigated corncob material was chemically changed due to both the pretreatment
and anaerobic digestion. Among the applied pretreatment methods, the smallest
changes in the chemical composition were as a result of the extrusion. The effects of
the NaOH and H.SO4 action were higher. The NaOH led to considerable lignin
degradation, whereas H2SOs resulted in hemicellulose hydrolysis. Moreover, due to
NaOH action, extractive substance content, as well as content of the substances soluble
in NaOH, cold, and hot water also decreased. The H2SO4 led mainly to changes in the
amount of substances soluble in cold and hot water.

2. In the digested pulp, carbohydrate substance content dropped considerably, especially
pentosans, while smaller changes were reported for cellulose. Moreover, increased
lignin content was recorded. It is worth noting that the chemical composition in all
digested pulp, regardless of the pre-treatment method, was similar.

3. FTIR analysis showed significant changes in the structure of the raw material after
anaerobic digestion. A loss of C=0 groups and amorphous cellulose structures was
observed. On the other hand, the share of aromatic structures increased.

4. It has been found that in the case of waste of corn production such as corncob, NaOH
treatment is the more preferred pretreatment method. The significant delignification of
this material caused by the action of NaOH can significantly contribute to the
improvement of biogas efficiency.
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