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Abstract Ultraviolet resonance Raman spectroscopy
(UVRRS) was used to study the formation of aromatic
and/or lignin—carbohydrate (LC) structures at the reducing
end groups of O-alkyl-substituted cellulose under condi-
tions simulating the initial phase of kraft pulping. The de-
rivatives studied were methyl cellulose (MC) with degree
of substitution (DS) of 1.64-1.95, carboxymethyl cellulose
(CMC) with DS ~0.6, and a lignin model compound, creo-
sol. The total alkali concentrations in the treatments were
0.1 M and 0.5M and the sulfidities were 1%, 10%, and 30%.
HS  ions and creosol are both strong nucleophiles and they
compete for the hot-alkali-generated unsaturated electro-
philic reaction sites in the reducing end groups of the poly-
saccharides. The results indicated that conditions similar to
those in the initial phase of conventional kraft cooking
(high OH™ and low HS" ion concentrations) increased the
aromatic nature of the end groups and conditions similar to
those in the initial phase of super batch cooking (low OH™
and high HS™ ion concentrations) partly inhibited the for-
mation of aromatic and LC end groups.
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Introduction

During the initial delignification phase of kraft pulping of
wood, below 130°C, the dissolution of lignin is slight."” Pri-
mary peeling of the reducing end groups of wood polysac-
charides is the main reaction leading to extensive loss of
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carbohydrates. About 75% of the dissolved carbohydrate is
glucomannan, but a major part of xylan dissolves at higher
temperatures (>140°C).>”’

The peeling reaction is stopped by a competing stopping
reaction involving B-hydroxy elimination. During stopping
reaction of glucans (metasaccharinic acid end group forma-
tion) and during stabilization of 2-O-alkyl-substituted
xylan, electrophilic o,f-conjugated aldehyde end groups
are formed either as an intermediate product or as an end
product.*” These unsaturated end groups are electrophilic
and likely to react with strong nucleophiles, such as pheno-
lic lignin, to form harmful lignin—carbohydrate (LC) link-
ages.'”" The possibility for these kinds of reactions during
the early stages of the kraft cooking process is increased
because most of the wood polymers are still in close contact
in the cell wall structure.

During impregnation and the initial delignification phase
(<130°C) 70%—-80% of the total alkali charge is consumed."
The dissolution and degradation of carbohydrates depends
very much on the charge and concentration of alkali and on
cooking time and temperature, but proceeds fairly indepen-
dently of the sulfidity. The main purpose of hydrogen sul-
fide ions in kraft cooking is to enhance the solubility of
lignin and inhibit the condensation of degraded and dis-
solved lignin."”

It has been suggested that the amount of lignin—carbo-
hydrate complex (LCC) to be formed during pulping is
dependent on the process conditions.' It is a widely known
fact that modified sulfate pulps, for example, super batch
pulp (high HS™ and low OH™ ion concentrations during the
initial delignification phase) have better bleachability than
conventional kraft pulp (high OH™ and low HS™ ion con-
centrations during initial delignification phase) indicating
less alkali-stable linkages between residual lignin and car-
bohydrates. We studied the possibility of whether (during
the early stages of kraft cooking) hydrogen sulfide ions,
as strong nucleophiles, could restrict the condensation
of lignin and carbohydrates, or, in general, restrict the
formation of harmful aromatic and other unsaturated
alkali-stable structures to the reducing end groups of
polysaccharides.
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Experimental
Materials
Methyl cellulose

Methyl cellulose (MC) (Fluka, MC 4000 mPa.s, DS 1.64—
1.95) was used as a model compound of the 1,4-linked 2-O-
substituted polysaccharides. The degree of polymerization
(DP) of the MC was decreased with a partial acid
hydrolysis."”

Carboxymethyl cellulose

Carboxymethyl cellulose (CMC) (Noviant ZSB-16, DP 750,
DS 0.32) was used as a model compound for 1,4-linked 2-
O-substituted polysaccharides. The CMC was first carboxy-
methylated in order to increase its degree of substitution
(DS 0.58). The solubility of the polysaccharide was thereby
increased, which facilitated the control of degree of polym-
erization in a subsequent enzymatic hydrolysis step."

Creosol

2-Methoxy-4-methyl-phenol (creosol) was obtained from
Aldrich, Milwaukee, WI, USA.

Methods
Preparation of LC end groups in the presence of HS™ ions

The cellulose ether (~80mg) was mixed with creosol (~10g)
in oxygen-free hot solution (0.1 and 0.5M) of NaOH
(200ml)."”" The sulfidity of the total alkali charge (NaOH
+ Na,S) was 30%, 10%, and 1%. The solution was heated
for 6h at 95°C under a N, stream. After cooling and neu-
tralization (CO,), the mixture was purified from creosol and
other small fragments by dialysis (Spectrum, Spectra/Por,
cutoff <3.5kDa). The freeze-dried sample was analyzed by
ultraviolet resonance Raman spectroscopy (UVRRS) at
244nm.

UVRR spectroscopy

UVRR spectra were recorded with a Renishaw 1000
Raman spectrometer coupled with a Leica DMLM micro-
scope and an Innova 90C FreD frequency-doubled Ar" laser
(Coherent, Santa Clara, CA, USA) by using an exitation
wavelength of 244nm.">"

Results and discussion

The O-alkyl-substituted cellulose ethers were first hydro-
lyzed with partial acid or enzyme hydrolysis in order to

generate new reducing end groups. After hydrolysis, the
mixture was filtered and fractionated by ultrafiltration
(3-10kDa)."*"

Carboxymethyl cellulose

The characteristic bands of cellulose at 1440 and 1100cm™
disappeared in the UVRR spectra when CMC was treated
with hot alkali (95°C)." Typically, the band at 1100cm™
disappeared first with increasing alkali concentrations. In
the same time, strong resonance-enhanced bands appeared
in the band area at 1600-1650cm™ indicating the forma-
tion of conjugated carbonyl (1650cm™) and aromatic
(1600cm™) structures. The intensity ratio of the bands
1600/1650cm™" increased gradually as a function of NaOH
concentration.”” When CMC was treated with hot alkali and
creosol, the intensity of the band at 1600cm™ in the UVRR
spectra was doubled compared with the spectra after treat-
ments without creosol. The intensity was increased as a
function of alkali concentration and time."” Because free
creosol was carefully dialyzed from the samples, the inter-
pretation that new condensed aromatic structures were
formed to CMC was acceptable. The condensation was sug-
gested to occur between the reducing end groups of the
cellulose ether and creosol.'"" The color of the CMC after
hot alkali treatments in the presence of creosol varied from
yellow to brown depending on the concentration of NaOH.
The increased color also indicated enhancement of the
amount of UV-absorbing material.

When CMC was hot-alkali-treated in the presence of
HS™ ions the intensity ratio of 1600/1650cm™" decreased and
overlapping of the characteristic band of cellulose at
1400cm™" was slightly reduced (Fig. 1A). However, the dif-
ference was not very dramatic and the color of the CMC
was slightly brown with or without Na,S indicating the pres-
ence of light-absorbing material.

After treating the CMC with hot alkali (0.1 M) and creo-
sol in the presence of HS™ ions, the overlapping of the
characteristic bands of cellulose at ~1400cm™ was reduced
compared with the band at 1600cm™, characteristic to aro-
matic structures. This indicated that the aromatic nature
of the sample was decreased. The intensity ratio of aro-
matic structures versus conjugated carbonyl structures
(1600/1650cm™) also decreased (Fig. 1B) and the color of
the CMC turned from slightly yellow to white. Cautious
interpretation after these results indicates that HS™ ions are
more likely to inhibit the LC bond formation than the aro-
matic end group formation to the reducing end groups of
O-ether celluloses.

After treating CMC with hot alkali (0.5M) and creosol
with or without the presence of HS™ ions, the amount of
aromatic structures (1600cm™) compared with conjugated
carbonyl structures (1650cm™) was high and the overlap-
ping of the characteristic bands of the cellulose (1100 and
1400cm™) was not diminished. The result indicated that
high OH™ ion concentration prohibited the formation of
HS" ions, and, therefore, the formation of harmful light-
absorbing end groups in CMC was not prevented. Only the
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Fig. 1A, B. Ultraviolet resonance Raman (UVRR) spectra recorded
for carboxymethyl cellulose (CMC) after 6h of hot alkali treatments
at 95°C with 0.1 M NaOH and A 30% Na,S (a), 0% Na,S (b), untreated
CMC (c), and B 30% Na,S, and 0.36 M creosol (a), and 0% Na,S and
0.36 M creosol (b)

highest dosage of Na,S (30%) had a slight decreasing effect
on the formation of the aromatic end group structures.
However, the shape of the band at the area 1600-1650cm™
was different, indicating that some reactions appeared on
the reducing end groups of the cellulose ethers when HS™
ions were present (Fig. 2). The color of the CMC samples
after both treatments (with or without HS™ ions) was
brown.

Methyl cellulose

When MC was treated with hot alkali, the intensity of the
band at 1600cm™ increased, indicating new UV light-
absorbing aromatic end group structures. The intensity of
the band at 1370cm™ was also resonance enhanced suggest-
ing some other structural changes in the end groups.” The
color of MC after hot alkali treatments changed from white
to light brown. When MC was treated with hot alkali and
creosol, new bands (1280 and 1590cm™) characteristic of
guaiacyl-type lignin structures appeared in the UVRR spec-
tra simultaneously. At the same time, the band at 1370 cm™
was overlapped.” The color of the MC sample treated with
hot alkali and creosol was light brownish red, indicating the
presence of light-absorbing material.
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Fig. 2. UVRR spectra recorded for CMC after 6h of hot alkali treat-
ments (0.5M NaOH, 95°C) with creosol (0.36M). Sulfidity dosages
(Na,S) were 30% (a), 10% (b), and 0% (c)
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Fig. 3. UVRR spectrum recorded for MC after 6h of treatment with
0.36 M creosol at 95°C. The alkali concentrations were 0.1 M and sulfid-
ity 30% (a), 10% (b), 1% (c), and 0% (d)

When the MC was treated with hot alkali (0.1M) and
creosol in the presence of HS™ ions, the characteristic bands
of guaiacyl lignin in the UVRR spectra disappeared and the
band at 1370cm™ was resonance enhanced again (Fig. 3).
This was obviously due to the strong nucleophilic character
of the HS™ ions. The repression of the condensation was
clear with all Na,S dosages. The color of the MC was slightly
yellow and turned slightly red and almost white as the dos-
age of the Na,S was increased from 1% to 30%.

The remaining color and high intensity of the bands at
1600cm™ (characteristic to aromatic structures) indicated,
however, that despite the added Na,S, UV light-absorbing
structures were still introduced to the reducing end groups
of the MC. Not even the highest dosage of HS™ ions could
totally inhibit the formation of aromatic structures even
though the color of the sample, almost white, indicated so.
This could mean that some aromatic end group structures
that were formed during the hot alkali treatments (HS™ ions
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Fig. 4. Condensation reactions of hot-
alkali-treated O-alkyl-substituted
cellulose ethers with nucleophiles (HS™
ion and creosol) modified from Létumier
etal."! R =-H, -CH,COOH, or -Me
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present) do not absorb light. It is possible, however, that
these structures are activated by light or high temperature
and thereby become light absorbing later on. In any case,
the results support the interpretations discussed for CMC
that HS ions are able to inhibit to some point the formation
of harmful LC bonds to the reducing end groups of the cel-
lulose ethers, especially when the concentration of OH™
ions is low.

It is most likely that aromatic end groups are formed at
the beginning of the hot alkali treatment, for example, when
the pH is still high. As the pH decreases, the amount of
phenolic groups (pK, of creosol is 10.27)" in lignin increas-
es, which makes the condensation between creosol and the
reducing end groups possible. However, as the pH falls,
the nucleophilic HS™ ions start to compete with creosol for
the electrophilic reaction sites on the hot-alkali-treated re-
ducing end groups.

Two kinds of coupling mechanisms are proposed be-
tween the reducing end groups of O-alkyl-substituted
cellulose ethers and nucleophiles." The first example is a
1,4-addition mechanism to the o,f-unsaturated end groups;
the second is a nucleophilic addition to the carbonyl group
of the open chain form of the end groups (Fig. 4).

Conclusions

According to UVRRS results, HS™ ion, as a strong nucleo-
phile, could restrict to some extent the formation of harmful
UV light-absorbing alkali-stable end group structures
between phenolic lignin (creosol) and hot-alkali-treated
reducing end groups of cellulose ethers (carboxymethyl cel-
lulose and methyl cellulose). The effectiveness of the HS™
ions depended on the concentration of OH™ ions. When the
cellulose ethers were treated with hot alkali (0.5M), the
formation of UV light-absorbing end groups was not inhib-
ited. However, when the initial concentration was 0.1 M it
appeared that even very low concentrations of HS™ ions
(sulfidity 1%) diminished nucleophilic addition reaction
(condensation) between the hot-alkali-treated end groups
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of cellulose ethers and nucleophilic creosol (LC end group
structures). However, HS™ ions could not inhibit the forma-
tion of aromatic end group structures at the reducing end
groups of cellulose ethers during hot alkali treatments even
without the presence of creosol.'>"
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