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Abstract

The objective of this study was to elucidate the impact of autohydrolysis severity on the yield
and structure of wheat straw hemicellulose and lignin. The autohydrolysis treatments were
carried out at maximum temperatures between 170 °C and 200 °C. The autohydrolysis liquors
were separated and the solids were successively extracted with aqueous ammonia either in
moderate or high intensity extraction conditions to dissolve lignin for analysis. Increasing
autohydrolysis severity decreased the molar mass of the aqueous ammonia extracts from
5450 g mol™ to 1810 g mol™, and carbohydrate content from 6% to 0.1%. The optimum
autohydrolysis severity (Log Ry= 3.81) for xylan recovery released mainly oligomeric
arabinoxylans at 66% xylan recovery yield. Drastic degradation of pentoses occurred beyond
the optimum severity. As an indication of accumulation of “pseudo-lignin” during
autohydrolysis, decreasing relative aromaticity in the aqueous ammonia extracts as a function
of autohydrolysis severity was shown. The finding was confirmed by quantitative analysis of
the cupric oxide oxidation products of lignin suggesting up to 55% decrease in the relative
amount of native lignin at the highest severity. These results show the importance of
distinguishing between lignin and “pseudo-lignin” in fractions obtained from lignocellulosic
materials subjected to acidic pretreatment.

Keywords: Autohydrolysis, aqueous ammonia, extraction, hemicellulose, lignin, pseudo-

lignin



RSC Advances

1 Introduction

Utilization of lignocellulosic feedstock for production of liquid fuels dates back to the late
nineteenth century when acid was used to hydrolyze wood and the sugars were fermented to
ethyl alcohol.! Today, renewable lignocellulosic biomass is still considered the preferred
feedstock for production of biofuels and platform chemicals.”” Successful commercialization
of lignocellulosic biorefineries requires development of cost-effective pretreatment
technologies to overcome the resistance of lignocellulose materials against chemical and
microbial attack.” A preferential pretreatment process should aim at maximizing the yield of
products while minimizing the environmental impact from the generated emissions and waste

streams.

Autohydrolysis (AH) process is a hydrothermal pretreatment that exploits generation of
hydronium ions from autoionization of pressurized water at temperatures between 150 °C and
230 °C, leading to hydrolysis of acetyl groups from hemicellulose. In the further reactions,
hydronium ions from acetic acid catalyze hydrolysis of glycosidic linkages of hemicellulose.’
AH releases mainly oligomeric hemicellulose and other water-soluble compounds while the
solid fraction is enriched in cellulose and lignin.* Lignin undergoes physico-chemical
changes becoming partly deposited as droplets® onto the solid fraction that shows increased
susceptibility towards alkaline delignification.” Formation of salt that occurs in alkaline

treatment, or extensive neutralization required after dilute acid hydrolysis are avoided in AH.

Wheat straw is an interesting non-wood feedstock since it is abundantly available as
agricultural residue in Europe. Characteristically high alkali solubility of straw lignin’
suggests that extraction of AH solid residues at moderate alkalinity could be carried out to

isolate lignin. Aqueous ammonia might be advantageous extraction solvent because it could
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be recycled by evaporation. The two-stage process could thus efficiently fractionate
lignocellulose into its main components, hemicellulose (soluble from AH), cellulose
(insoluble), and lignin (soluble from extraction). Despite the promising aspects, there are few
published studies combining AH and ammonia extraction of non-wood lignocellulosics.® On
the other hand, utilization of isolated hemicellulose and lignin in novel applications awaits

better understanding of the structure-function properties of the fractions.

Pretreated wheat straw fractions were recently used as raw material for comparison of
enzymatic hydrolysis processes.’ In view of emerging commercial scale biorefineries, it is
important to understand how the AH process affects properties of both hemicellulose and
lignin. These structural polymers are covalently linked in wheat straw'’, forming the lignin-
carbohydrate network that is susceptible to degrade during AH. Consequently, formation of
altered lignin termed ”pseudo-lignin” has been suggested to occur during all pretreatments
conducted under low pH conditions.'' However, it has not been elucidated how the severity
of AH affects the yield and properties of wheat straw lignin, and how do these changes

compare with the optimum severity for xylan recovery.

The objective of the present paper was to elucidate the impact of AH severity on
decomposition of lignin-carbohydrate network and generation of ’pseudo-lignin” from wheat
straw. NHj3 (aq) extraction of the solid fraction from AH was used to isolate soluble lignin
fractions for analysis. In parallel, accumulation of soluble hemicellulose and degradation
products as a function of AH severity was studied. Detailed evidence concerning the effect of
severity on yield, molar mass properties, and structure of the soluble lignin and hemicellulose

fractions is discussed.
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2 Materials and Methods
2.1 Materials

Wheat straw was milled using a Wiley mill to pass a 1 mm screen. Milled wheat straw
material was washed with cold water three times, and the washed material was dried to 92%
dry matter content in a convection oven at 40 °C and stored at -22 °C until use. This material

was used as the feedstock, and is referred to as wheat straw in this study.

2.2 Autohydrolysis of wheat straw

Wheat straw was suspended to deionized water giving liquid to solid ratio (LSR, g water/g
dry feedstock) of 9 after adjustment by 0.1 M acetic acid to pH 4.5 (0.4 g L™"). The
suspension (210 g) was heated to temperature of 170 °C, 180 °C, 190 °C, 195 °C or 200 °C in
an autoclave reactor (Autoclave E92-10517-1, USA) equipped with a stirrer (125 rpm) an
electrical heating jacket (Meyer 080g) that was operated at 250 °C. Treatments at 170 °C, 180
°C, and 190 °C were carried out in duplicates. Followed by cooling of the reactor in an ice
bath, the AH liquor was separated by filtration from the solid fraction that was washed with
deionized water, pressed, and subjected to NHj3 (aq) extraction. A type 175T3 temperature
data logger (Testo AG, Germany) equipped with a K-type thermocouple was used to record

the temperature data for calculation of the severity parameter.'?

T(t)—Tref

Rozfotexp o dt )]

Here, ¢ is the holding time (min) in the treatment temperature 7(2), and 7, is the reference

temperature where little or no reaction occurs in the system studied. A fitted value of 14.75
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has been used for the arbitrary constant ¢ that is derived from the activation energy. The

value for 7,.,,= 100 °C was used as the reference temperature.

2.3 Extraction of autohydrolysis solid residues with aqueous ammonia

Deionized water and 24.5% ammonium hydroxide (J.T. Baker, The Netherlands) were added
into a PTFE vessel containing 5 g of AH solid residue on dry matter basis to give suspension
at LSR=19 containing either 5% or 20% ammonia on weight basis in the liquid phase. The
vessel was instantly placed into the autoclave reactor and heated non-isothermally with
continuous stirring at 125 rpm to either 140 °C or 160 °C, depending on the ammonia
concentration (5% or 20%, respectively). The two conditions, based on the typical alkaline
pulping temperatures of non-wood feedstock, were selected to study the effect of extraction
intensity on lignin, and are hereafter referred to as moderate and high intensity extractions.
When the target temperature was reached, the reactor was cooled down to 15 °C and the
solid-liquid separation was carried out by filtration. The liquid phase was evaporated to
dryness at 40 °C giving a fraction referred to as aqueous ammonia extract. The solid fraction
was washed with deionized water, pressed, and stored at 4 °C. The studied fractionation
procedure is shown in Fig. 1. It must be cautioned that gaseous ammonia is flammable and
can form explosive mixtures with air. For this reason the treatments were carried out in a

room equipped with automatic gas detection and fire extinguishing systems.

2.4 Analytical procedures

All calculations were made based on dry matter content, which was determined
gravimetrically by drying samples at 105 °C to constant weight. The analytical procedures

were carried out in duplicates, and the mean values are reported, unless otherwise stated.
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2.4.1 Characterization of the feedstock composition

Two-stage acid hydrolysis was used to determine the carbohydrate composition and lignin
content of wheat straw."® Acetyl groups, esterified p-coumaric acid (CA) and ferulic acid
(FA) in wheat straw were released by alkaline hydrolysis of 100 mg of wheat straw agitated
in 5 mL of 2 M NaOH in a glass screw-cap tube at room temperature for 20 h. The
hydrolysate was acidified (4 M H,SO4) to pH 5, and acetic acid was analysed using high-
performance liquid chromatography (HPLC) system comprising an Aminex” HPX-87H
separation column (Bio-Rad, USA), and a type 2414 refractive index detector (Waters, USA).
The column temperature was 65 °C, and 5 mM H,SO4 (aq) was used as eluent at 0.6 mL min’
!, Analysis of CA and FA was carried out by an HPLC system comprising a Nova-Pak C18
column (4 pm, 4.6 mm x 250 mm, Waters) equipped with a C18 guard cartridge (4.0 mm x 3
mm, Phenomenex). The samples were subjected to the Carrez precipitation procedure prior to
injection'®. The phenolic compounds were separated with a mobile phase delivered at 0.8 mL
min”', and consisting of (A) water:formic acid (99.1:0.1, v/v) and (B) acetonitrile:formic acid
(99.1:0.1, v/v) with B increasing from 9% to 80% in 45 min. The column effluent was
monitored using UV detection at 280 nm. Calibration was based on reagent-grade phenolic

compounds used as external standards (0.01 gL t0 0.2 g L.

2.4.2 Characterization of the composition of autohydrolysis liquors and aqueous

ammonia extracts

AH liquors and aqueous ammonia extracts (50 mg) were subjected to dilute acid hydrolysis
(121 °C,1 h, 4% H,SO4, w/w) that has been advised for carbohydrate analysis of lignin-

carbohydrate fractions.'> Monosaccharides were analyzed by an HPLC system comprising a
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Shodex SPO810 chromatography column and a type RID-10A refractive index detector
(Shimadzu, Japan).” Total reducing sugars in the AH liquors were analyzed according to the
DNS method using D-xylose standards.'® The difference between the reducing sugar
concentrations obtained from the AH liquors after and before the dilute acid hydrolysis was
interpreted as the amount of polymeric carbohydrate in the samples. Total phenolics from
triplicate samples of AH liquors were analyzed by the Folin-Ciocalteu method, and expressed
as gallic acid equivalents (GAE)."” Furfural and hydroxymethyl furfural (HMF) were
analyzed using the same HPLC system as in monosaccharide analysis. Organic acids and
phenolic compounds were determined by the HPLC systems described in 2.4.1 for analysis of
acetic acid and the phenolic acids. Lignin content of the aqueous ammonia extracts was
measured by UV-spectrophotometry. Extinction coefficient of the sample based on
absorbance measured in a quartz cuvette at 280 nm was converted to the percentage lignin
content relative to commercial wheat straw soda lignin (GreenValue SA, Switzerland).
Lignin structure was analyzed by cupric oxide (CuQO) oxidation following procedure adapted
from the literature.'® Briefly, 25 mg of dried aqueous ammonia extract from the moderate
severity extraction was oxidized in a 10 mL polytetrafluoroethylene screw-cork vial with 5
mL of 2 M NaOH (aq) in presence of 500 mg of CuO (Merck, Germany). The reaction was
conducted in an autoclave reactor for 5 h in a convection oven preheated to 175 °C, followed
by cooling to room temperature in 1 h. The oxidation products were quantitatively analyzed

by the reverse-phase HPLC as described above in 2.4.1.

2.4.3 Analysis of molar mass distributions of autohydrolysis liquors and aqueous

ammonia extracts by high-performance size-exclusion chromatography

Molar mass distribution of the AH liquors was studied by high-performance size-exclusion

chromatography (HPSEC) system equipped with a series of three SHODEX OHpak
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polyhydroxymethylacrylate gel columns SB-802; SB-802,5; SB-803 (Shodex, Germany),
connected to a Waters 2414 refractive index detector (Waters, USA). The column
temperature was 65 °C, and deionized water was used as eluent at 0.7 mL min™. The system
was calibrated using poly(ethylene oxide), poly(ethylene glycol), and carbohydrate standards
from 112000 g mol™ to 150 g mol'. Weight average molar masses (M) of the aqueous
ammonia extracts were determined relative to poly(styrenesulfonate Na-salt) (Polysciences,
USA) and ferulic acid (Sigma, Germany) standards in the molar mass range from 194000 g
mol™ to 194 g mol™ using a 1260 Infinity HPSEC system (Agilent, Germany) equipped with
a 6 mm x 40 mm Ultrahydrogel® guard column and a series of three (500 A, 250 A, and 120
A) 7.8 mm x 300 mm Ultrahydrogel® size-exclusion columns (Waters, USA). Columns at 30
°C were eluted at 0.5 mL min™ with aqueous 0.1 M NaNOs/0.01 M NaOH." Samples were
dissolved in 0.01 M NaOH (aq), passed through 0.45 pm PTFE filters and sample aliquots of
50 uL were injected using a type 1260 ALS autosampler (Agilent, Germany). Column
effluent was monitored with an Agilent 1260 VWD detector set at 280 nm and a refractive
index (RI) detector connected in series. The HPSEC analyses were based on single
determinations. Calculation of My, was carried out using the Agilent GPC/SEC software
based on the UV 280 nm signal. To qualitatively study the relative proportion of lignin in the
aqueous ammonia extracts, the ratio of RI signal to UV 280 nm signal (“RI/UV ratio”) was
calculated from the recorded chromatograms. In the data processing, the RI trace was
corrected for the inter detector delay, and only the values above the baseline level were used
in calculations. Area under the RI/UV ratio was calculated following the trapezoid rule using

Matlab.

3 Results and Discussion
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3.1 Effect of autohydrolysis severity on soluble material released from wheat straw

A series of eight AH treatments at different maximum temperatures (170 °C to 200 °C) were
carried out to study hemicellulose dissolution from wheat straw. Composition of the
feedstock was almost similar compared to wheat straw used in an earlier AH study” (Table 1).
The concomitantly produced solid fractions presumably contained structurally modified
lignin that was studied after extraction. The severity parameter (Eq. 1) was used to evaluate
the heating effect (Fig. S1) of the AH process under which many simultaneous reactions
occur. Between 11% and 33% of wheat straw dissolved with increasing severity from Log Ry
=3.10 to Log Ry =4.39 (Table 2). Xylose and arabinose were the main sugars in the AH
liquors (Fig. 2). Low amount of glucose was also detected in each of the liquors, including
the liquors from the low severity treatments, suggesting dissolution of xyloglucan rather than
hydrolysis of cellulose. The released organic acids decreased the pH linearly with increasing
severity from the initial pH 4.5 to pH 3.4 at the highest severity (Fig. 3). At the optimum
severity (Log Ryp=3.81; 190 °C) 66% of xylan originally present in wheat straw was
recovered. When the severity was increased to Log Ry=4.39 (200 °C) only 17% of xylan was
recovered, which means that 73% of the maximum amount of soluble xylan had been
degraded (Table 2). These results show that optimum conditions for hemicellulose recovery

lay within a narrow severity region wherein the AH liquor was obtained at pH 4.

As a result of the highest severity at Log Ry= 4.39, the liquor contained 4.8 g L' furfural and
1.1 g L' formic acid that are both probable degradation products of pentoses (Table 2).
Accumulation of the sugar degradation products did not close the mass balance of pentoses in
the AH liquors obtained at the minimum and maximum severities. Instead, approximately
half of the lost xylose was probably degraded by further reactions such as resin formation by

acid-catalyzed polycondensation of furfural’*'. In the early work of Dunlop (1948)*°, a
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reaction between furfural and lignin was suggested, but water-soluble phenolic mono- or
oligomers could also give condensation products with either insoluble lignin or with furfural.
However, the role of water-soluble phenolic compounds in formation of severely altered
lignin that is often referred to as “pseudo-lignin™* has not been completely elucidated. Wheat
straw contained esterified phenolic acids FA and CA that are linked to grass hemicellulose
and lignin, and particularly FA is incorporated in lignin-arabinoxylan cross-links, as reviewed
by Ralph.”® These hydroxycinnamates are susceptible to undergo acid-catalyzed hydrolysis
during AH. Concentration of water-soluble total phenolics in the AH liquors increased from
0.53 t0 2.17 g L' with increasing severity (Table 2), but only a minor proportion of the
maximum amount (19.6 mg g straw) could have originated from the esterified phenolic
acids (3.65 mg g’ straw) in the feedstock. In fact, the HPLC analysis showed that FA and CA
comprised together at most 6% of concentration of the total phenolics determined using the
Folin-Ciocalteu procedure (Table S1 in the Electronic Supplementary Information).
Therefore, most of the water-soluble phenolics in the liquid phase originated from

degradation of lignin.

3.2 Effect of autohydrolysis severity on molar mass distribution of AH liquors

Molar mass distribution of hemicellulose is important, not only in food applications®*, but
also with respect to utilization of hemicellulose in polymeric materials, as animal feed, or as
carbon source for microorganisms. To assess the effect of AH severity on molar mass
distribution of the AH liquors, comparison of the size exclusion chromatograms from
minimum, medium, and maximum severities was made (Fig. 4). A majority of the dissolved
matter released at low severity (Log Ry = 3.10) was highly polymeric, but there was also a
distinct peak corresponding to 50000 g mol™' and peaks corresponding to molar masses of

xylobiose and xylose (170C) in Fig. 4). With increasing severity the highly polymeric
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fraction shifted towards the lower molar mass region showing peak maxima between 150 g
mol” and 6000 g mol™ (190C;) in Fig. 4). The highest severity rendered the AH liquor
almost completely devoid of highly polymeric material, but the presence of lower molar mass
material was still detected, including a distinct peak with an approximate molar mass of 2000

g mol™ in addition to the peak in the monosaccharide region.

Between 61%-70% of the total carbohydrate remained in polymeric form as a result of low
severities wherein the maximum treatment temperature ranged from 170 °C to 180 °C (Fig.
4). This suggests that at low severities the cleavage of arabinoxylans from the solid fraction
was a faster reaction than hydrolysis of the released arabinoxylans. When the severity was
increased beyond Log Ry = 3.5 (maximum AH temperature > 190 °C), soluble carbohydrates
with decreasing proportion of polymeric carbohydrate was obtained. Only 20% of the
dissolved carbohydrate was polymeric as a result of the AH at Log Ry=4.39 at the maximum
temperature of 200 °C. The proportion of polymeric carbohydrate was 53.2% at the severity
Log Ry=3.81 corresponding to the maximum recovery yield of xylan (Table 2).These results
are consistent with the changes in the molar mass distributions as a function of severity (Fig.

4).

3.3 Effect of autohydrolysis severity on yield and composition of the aqueous ammonia

extracts

The solid residues from AH treatments were extracted with NH3 (aq) in moderate (5% NHj,
140 °C) and high (20% NH3, 160 °C) intensity conditions to study the impact of AH severity
on yield and composition of lignin. NH; (aq) dissolved 48% to 23% of AH solid residues
with the amount decreasing with increasing AH severity (Fig. 5). Only 5% more material

dissolved from the solid residues from the mildest AH (Log Ry = 3.15) in the high intensity
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extraction (20% NHj3, 160 °C) compared to the moderate intensity extraction (5% NH3, 140
°C). However, this percentage was increased to 20% with the solids from the highest severity
AH (Log Ry =4.39). This rapid change is in contrast to what was observed in AH where a
plateau in dissolution was nearly reached already after Log Ry= 3.81. Hence, in spite of small
changes in dissolution during AH beyond Log Ry= 3.81, reactions between the solid fraction
and carbohydrate degradation products started forming a less soluble straw matrix. The
proportion of carbohydrate in the dried aqueous ammonia extract decreased from 6% to 0.2%
and the lignin content increased from 37% to 91% when the extractions were made on solid
residues obtained as a function of increasing AH severity (Fig. 5). These results suggest that
AH severity governs extractability of the solid residues and the amount of carbohydrates

associated with lignin in the alkali-soluble fractions.

3.4 Effect of autohydrolysis severity on molar mass of lignin

Molar mass and structure of lignin was studied to elucidate the changes occurring as a
function of AH severity. Lignin extracted from straw without AH showed weight average
molar mass (My,) of 4690 g mol'1 (Fig. S2), whereas My, of lignin in the aqueous ammonia
extracts decreased from 5450 g mol™ to 1810 g mol™ with increasing preceding AH severity
(Fig. 6). At severities below Log Ry= 4.1, higher M,, was obtained from the moderate
intensity extraction compared to the high intensity NHj (aq) extraction. When severity
exceeded Log Ry= 4.1, the molar mass of aqueous ammonia extracts leveled-off to 2000 g
mol'-1800 g mol™' regardless of the intensity of the extraction (Fig. 6). From the standpoint
of lignin depolymerization, it is likely that only minor changes occurred in interunit linkages
of lignin as a result of the NHj (aq) extractions. This is because relatively drastic alkaline
conditions are required for the cleavage of aryl ether bonds, the predominant fragmentation

reaction of lignin in alkaline media.*® From this basis, higher My, obtained with the moderate
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intensity NH; (aq) extraction suggests that cleavage of lignin-carbohydrate linkages'® from
the solid fraction occurred more at the high intensity extraction. As was shown above in
section 3.2, the AH liquors mainly comprising of hemicellulosic sugars gave molar mass
distributions showing highly polymeric material. With the two highest severities (Log Ry >
4.1) the lignin-carbohydrate linkages were probably completely cleaved from the solids, and
thus similar My, values were obtained with either NH; (aq) extraction intensity. This is in
accordance with the composition of the resulting ammonia extracts that showed similarly low
carbohydrate contents regardless of the extraction intensity (Fig. 5). Moreover, a positive
linear correlation (R*=0.93) was found between M,, and carbohydrate content of the aqueous
ammonia extracts (Fig. S3). Hence, a higher amount of carbohydrates associated with lignin

led to a higher observed molar mass of the aqueous ammonia extract.

An earlier study compared yields of thioethylated lignin monomers released by thioacidolysis
of native wheat straw and solid residues from acid-impregnated steam-exploded wheat straw,
and found 77% decrease in lignin units only linked by aryl ether bonds.?® Even though acidity
in the AH liquors was lower compared to the pretreatment catalyzed by sulfuric acid,
fragmentation of aryl ether linkages by acidolysis and condensation of lignin are expected to
be the main reaction mechanisms in both media.?® The resulting aqueous ammonia extracts
likely contained varying proportions of ’pseudo-lignin”. Interestingly, a polymeric product
from the acid-catalyzed homopolymerization of furfural has been shown to have weight
average molar mass of 1700 g mol™,** almost similar to the My, values of the aqueous

ammonia extracts after the high severity (Log Ry > 4.1) AH treatments (Fig. 6). Structure of

lignin was thus put under closer study.
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3.5 Changes in lignin structure as a function of autohydrolysis severity

The aqueous ammonia extracts after high severity AH contained the highest relative lignin
content (Fig. 5), but probably the determination based on the extinction coefficient at 280 nm
included increasing proportion of ”pseudo-lignin”. To study these possible structural changes
in lignin, the ratio of refractive index (RI) signal to UV 280 nm signal from the HPSEC
analysis was calculated and referred to as RI/UV ratio. This allowed comparison of relative
proportions of lignin, mainly contributing to the UV 280 nm signal, and substances that
would give lower relative UV absorbance such as “’pseudo-lignin” or pure carbohydrates that
do not absorb at 280 nm. A higher RI/UV ratio would thus indicate a lower relative
proportion of lignin at the given molar mass. Increasing AH severity increased the RI/UV
ratio of the aqueous ammonia extract (Fig. 6). Integral of the RI/UV ratio gives an estimate of
the relative proportion of non-lignin substances in the aqueous ammonia extract. When the
integrated RI/UV ratios were plotted as a function of AH severity, a positive linear
correlation was observed with the aqueous ammonia extracts obtained from both moderate
(R*=0.99) and high (R*=0.84) intensity NH; (aq) extraction (Fig. 6). The better correlation
obtained with the moderate intensity extraction indicates that more non-aromatic material
was co-dissolved with lignin under the lower intensity extraction, suggesting that ’pseudo-
lignin” was more soluble in NH3 (aq) than the residual lignin. In fact, when straw was
subjected to 30 min treatment in boiling water bath instead of AH and the washed residues
were extracted with 5% NHj (aq), the resulting integrated RI/UV ratio gave a perfect fit to

the moderate intensity extraction series (Fig. S2).

The extracts from the moderate intensity extraction were subjected to the cupric oxide
oxidation to study the amount of native lignin in the extract. The main oxidation products

released from the aqueous ammonia extracts were vanillin, syringaldehyde, acetovanillone,
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and acetosyringone. Among these the syringyl compounds are assignable only to lignin, but
according to the view that ’pseudo-lignin” is mainly comprised of polymeric products from
furfural, the total amount of phenolic products released in the oxidation was calculated
relative to the UV-lignin content of the extract. Now, a higher proportion of native lignin in
the sample would give a higher yield of phenolic oxidation products. It was observed that as
the AH severity was increased, the yield of the phenolic oxidation products from the
ammonia extracts decreased linearly (R*=0.93) from 238 mg g™’ to 107 mg g™ in relation to
their UV-lignin content (Fig. 7). This is consistent with the indirect evidence provided by the
HPSEC analysis, and it appears that “pseudo-lignin” accumulated into the solid fraction
during AH because at the same time the amount of carbohydrates associated with lignin in
the aqueous ammonia extracts decreased (Fig. 5). Put together, these results together
elucidate the generation of ’pseudo-lignin” in AH. Percentage amount of pseudo-lignin”
associated with native lignin in the aqueous ammonia extracts was estimated by assuming
that only a low level of ’pseudo-lignin” was generated in the mild AH treatment (Log Ry
=3.15). Hence, comparison of the maximum and minimum yields of cupric oxide oxidation
products from the aqueous ammonia extracts suggests 55% decrease in the relative amount of

native lignin.

4 Conclusion

Molar mass of lignin decreases as a result of autohydrolysis due to three main reactions that
show increased occurrence at high autohydrolysis severity. Cleavage of lignin-carbohydrate
linkages occurs first, followed by the release of soluble phenolic substances mainly from
lignin. These two reactions are associated with generation of ”pseudo-lignin” mainly from
degradation products of pentoses. Higher severity induces accumulation of more “’pseudo-

lignin” within the temperature range between 170 °C and 200 °C. It can be concluded that
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autohydrolysis severity is a crucial parameter that affects properties of hemicellulose and
lignin. Relatively small increase beyond the optimum severity for xylan recovery leads to
drastic carbohydrate degradation. It is important to distinguish the amount of “pseudo-lignin”
in fractions obtained from lignocellulosic materials subjected to acidic hydrothermal
treatment for accurate interpretation of the structural changes in native lignin. Better
understanding of the role of “pseudo-lignin” in enzymatic hydrolysis of solid fractions from
acidic pretreatments would be also valuable. It appears that in order to obtain a higher yield
of hemicellulose and to reduce “pseudo-lignin” production during autohydrolysis, dissolved
sugar residues should be removed from the reaction medium. This could be achieved either

by performing the autohydrolysis in a sequential operation mode or in a percolation reactor.
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6 Tables

Table 1. Percentage composition (g/100 g) on dry matter basis of wheat straw material used

in the current study compared to literature values.

Component Current work Carvalheiro ef al.”
Glucose® 39.0+0.3 38.9+0.2
Xylose® 23.7+0.1 18.1+0.3
Arabinose® 1.6 0.1 3.0+0.2
Galactose® 0.8+0.0 -

Acetyl groups 1.9+0.0 2.5+0.1
Klason lignin 21.8+0.2 18.0£0.5
Protein 3.1° 45+0.5
p-coumaric acid® 0.23 £0.03 -
Ferulic acid® 0.13+£0.02 -

Ash 42+0.1 9.7+0.0
Others (by difference) 1.6 5.5

% Expressed as anhydrous sugars. ®: Determined as Kjeldahl nitrogen X 6.25 in milled wheat
straw based on single determination. °: Esterified acid released by 2 M NaOH at room

temperature.



RSC Advances Page 20 of 29

Table 2. Yield of solid residue (SR) from autohydrolysis at different severities, and amount

of decomposition products in the AH liquors.

Autohydrolysis parameters Decomposition products in the liquid phase

ID Log Ry Yieldof SR XOS yield® Total phenolics Furfural HMF® Organic acids®

(GAE)

For Ace Lev
(°C) (¢/100g) (/100 g) (gL (gL (gL (gL (gL (gL
1705 3.10 88.9 7.30 0.53 0.05 BDL 006 075 0.02
1706  3.15 88.0 5.00 0.50 0.04 BDL 009 072 0.03
180  3.47 75.7 31.9 1.00 0.100 002 012 1.10 0.03
180¢) 3.52 75.3 34.6 1.75 0.100 002 014 085 0.03
190, 3.8l 69.8 65.7 1.46 041 005 026 136 0.03
190q,  4.06 66.3 57.6 1.96 090 006 080 247 0.05
195 4.10 67.6 59.4 2.11 174 011 076 2.14 0.05
200 4.39 67.0 17.4 2.17 482 029 113 3.04 0.06

% Yield of xylo-oligosaccharides (XOS) calculated based on anhydrous sugars as the total
amount of xylose detected in the AH liquor divided by the xylan content of wheat straw. ":
hydroxymethylfurfural. : Formic acid (For), acetic acid (Ace), Levulinic acid (Lev). BDL,
below detection limit. The initial concentration of acetic acid (0.4 g L") was deducted from
the concentration of acetic acid detected in the AH liquor. Various results shown above were

obtained from duplicate analyses with standard deviation less than 5% of the mean.
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7 Figure captions

Figure 1. Scheme showing production and separation of AH liquors from wheat straw and

successive isolation of aqueous ammonia extracts.

Figure 2. Monosaccharide compositions of the AH liquors from treatments at different
severities as detected after hydrolysis in 4% sulfuric acid (1h, 121 °C). Gal (galactose), Ara

(arabinose), Xyl (xylose), Glc (glucose).

Figure 3. Percentage of dissolved matter released from wheat straw dry matter in AH (gray
diamonds), percentage content of sugar (black circles) or furan substances (gray triangles) of
dissolved matter, and AH liquor pH (white squares, right vertical axis) as a function of AH

severity.

Figure 4. (a) Examples of molar mass distribution of AH liquors obtained from treatments at
low (170 °C), medium (190 °C), and high (200 °C) maximum temperature. (b) Proportion of

polymeric carbohydrate in the AH liquors as a function of AH severity.

Figure 5. (a) The effect of AH severity on dissolution in the successive extraction of solid
residues with NHj3 (aq) either in moderate (5% NH3, 140 °C, white bars) or high intensity
(20% NHs, 160 °C, black bars) conditions. (b) The effect of AH severity on carbohydrate
(triangles) and lignin (circles) content of the aqueous ammonia extracts from moderate (white

markers) and high (black markers) intensity extraction of AH solid residues.
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Figure 6. (a) Weight average molar masses (My,) of the extracts from moderate and high
intensity NHj3 (aq) extraction of AH solid residues. HPSEC refractive index (RI) signal to
UV 280 nm signal ratios (RI/UV) of the ammonia extracts obtained from AH solid residues
with moderate (b) and high (c) intensity extraction. Arrows indicate the maximum AH
temperature that corresponds to the severity given in Table 2. (d) Integrated RI/UV ratios as a

function of AH severity.

Figure 7. The total yield of cupric oxide oxidation products released from aqueous ammonia

extracts (moderate intensity extraction, 5% NHj3, 140 °C) as a function of AH severity.

8 Figures
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