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The effects of thermomechanical pulp (TMP) bleaching with hydrogen peroxide under acidic and alkaline
conditions were studied using different spectroscopic analytical methods. The results of hydroxyl radical
determination in bleaching solutions, analyses of carbonyl and carboxyl groups contents in the pulp, and the
cellulose fiber surface analysis by X-ray photoelectron spectroscopy (XPS) elucidate the chemistry of the
hydrogen peroxide treatment. Diffuse reflectance laser flash photolysis (DRLFP) method showed the differences
in the photochemical behavior that reflect the changes of the chromophoric system after the preliminary
peroxide bleaching stage under acidic conditions. Fourier transform infrared (FTIR) spectroscopy confirmed
the non-delignifying character of the bleaching process. Suppression of carbonyl and formation of carboxyl
groups in the case of the two-stage peroxide bleaching performed in the presence of catalysts and stabilizers
was also confirmed. FT-Raman studies showed the removal of coniferaldehyde groups after treatment under
acidic and alkaline conditions.

1. Introduction ascribed to its decomposition into free-radical products or

Hydrogen peroxide is commonly used in the paper-making formation of transient complexes with met&ldigh efficiency

industry as an environmentally friendly, easy-to-operate reagentOf th?. peroxide bleaching in ‘?‘”‘a””e media is Sus_taine(_zl by added
for non-delignifying bleaching of high-yield pulpsThe bleach- stabilizers, such as magnesium sulfate and sodium sifi¢ate.
ing is carried out as a single-stage process under alkaline The reactions of alkaline hydrogen peroxide with lignin and
conditions, which is in agreement with the phenomenon of carbohydrates are well-known. However, there is a lack of
enhancement of the final pulp brightness accompanying the information concerning its reactivity with the chemical con-
increase of the basicity of the bleaching slurry up to ap- Stituents of pulp under acidic conditiofsAcidic hydrogen
proximately pH= 112 The essential feature of the non- peroxide has been reported not to influence the pulp brightness.
delignifying process is the elimination of the chromophores from Improvement of the ISO brightness values recorded after an
the pulp without any chemical loss of pulp constituents, such acid—alkali two-stage treatment suggests that even though the
as lignin or carbohydrates. In this way high fiber yields are chromophores are not removed from the pulp under acidic
assured. conditions, they are nevertheless modified in such a way that
Because of the relatively high treatment costs, many attemptsrenders them more susceptible for elimination in the alkaline
have been made to improve peroxide bleaching by varying the Stagez*® In our previous investigations, we studied the interac-
process conditions, including the use of acidic medium at an tions of light with chromophores of thermomechanical pulp
additional first stagé.4 Two-stage peroxide bleaching under (TMP) bleached by hydrogen peroxide under acidic and alkaline
acidic conditions at the first and alkaline at the second stage conditions, using different spectroscopic methtdm all of
has beneficial effects both on peroxide consumption and on thethe spectroscopic methods we have used {ulg, time-
final brightness, at the same time conserving the high pulp resolved fluorescence and emission spectroscopy, and diffuse
yields5-° Hydrogen peroxide is relatively stable in the acidic reflectance laser flash photolysis (DRLFP)), the recorded spectra
medium; therefore, metal catalysts are used for its activation. differed from sample to sample in function of treatment, which
The increase of the hydrogen peroxide activity toward pulp is suggests significant changes in the chromophoric system due
to the treatments. The results of our studies confirm that
* Corresponding author. E-mail: adak@au.poznan.pl (A.W.); Sikorski@ activated acidic hydrogen peroxide does affect the chro-
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54 The reduction of carbonyl groups with NaBHhfter the
g 5 528 chosen peroxide stages was made at room temperature in the
@ 51.7 following conditions: pulp consistency, 1%; NaBteharge, 3%
g %21 54 on o.d. pulp (the total amount of this reagent was introduced to
_z‘=§a 51 ° the reaction vessel at once); pH 10.0; 18 h treatment time.
g I The abbreviations for the treatments used are listed in Table 1.
2 49.5 2.2. Hydroxyl Radicals.Hydroxyl radicals were determined
49 w ‘ ‘ by the colorimetric method using ti¢N-dimethyl-4-nitrosoa-
2 3 4 5 6 niline (DMNA) solution (2.5x 105 M) at the wavelength of
pH 440 nm?6 The investigations were performed in a water bath
Figure 1. Effect of pH of acidic hydrogen peroxide solution on spruce in PET bags with zippered seals. The hydrogen peroxide
TMP brightness (49.9% ISO brightness, untreated pulp). concentration was 1.2% on o.d. pulp, while the concentration

of the charged catalysts in the form of aqueous solutions of
hydrates) in the same way as the spectroscopic methods doCuSQ was 0.00371uM on o.d. pulp. The pulp consistency
Clearly, practical usage of activated acidic hydrogen peroxide was 1% (1 g of o.d. pulp was used in the experiment). The
at a preliminary bleaching stage in the industrial practice requires reagent concentrations used in the blank runs, without any pulp
a far deeper understanding of its reactivity with the pulp added, were the same as those for the pulp consistency of 1%.
chromophores. The sequence of the addition of reagents was as follows: water;

The specific character of the studies on bleaching of the pulp DMNA; catalyst; HO>; pH correction. Colorimetric tests were

fibers results from the heterogeneous nature of the process. Thenade with the use of a SPECORD M-40 spectrophotometer.
final brightness is determined by the reactions of active species, Analytically pure chemical reagents and deionized water were
such as anions and free radicals present in the bleaching slurryused throughout.
with the chromophoric structures and functional groups existing 2 3. Carbonyl and Carboxyl Groups. The carbonyl groups
in lignin or carbohydratesthe main chemical components of ~ content in the pulps was determined using potentiometric
wood fibers. The brightness is the effect of interaction of light tjtration following the modified Lewin and Epstein methd.
with the surface of fibers, being an indirect indicator of the The carboxyl groups were determined with the Wilson's
concentration of the absorbing species. Therefore, to understancycidimetric method® The aldehyde groups were found as the
hydrogen peroxide bleaching reactions under acidic and alkalinegifference between carboxyl groups determined before and after
conditions, we presently applied a combination of analytical the oxidation of the pulp with sodium chlorite (0.3 M sodium
methods, which allowed us to evaluate the importance of various chorite in 2 M acetic acid, 48 h of treatment). The standard
treatment factors, with regard to both the bleaching slurry and geviations calculated for CO and COOH determinations in five
the pulp. The concentration of hydroxyl radicals in the presence oxidized pulp samples were equal to 0.57 and 0.46, respectively
of catalyst and stabilizers in peroxide solution and carbonyl and (mm/(100 g of o.d. pulp)).
carboxyl groups content in the pulp were determined using wet = g;on4ard control indices were determined after the pulp
chemistry teghniqueg. Direct spec.tros.copic methodslwere app"edtreatment: hydrogen peroxide consumption by iodometric
to study the interaction of pulp with light (DRLFP), its surface ;i ation using saturated ammonium molybdate as a catalyst;

chemical composition (X-ray photoelectron spectroscopy (XPS)), brightness of the paper sheets tested by L&W ELREPHO 2000
and structural changes (Fourier transform infrared (FTIR) and spectrophotometer following ISO 2470 standard method (R457
FT-Raman). with the C-illuminant).
2.4, Spectroscopic Methods and EquipmentX-ray pho-
toelectron spectroscopy measurements were performed using a
2.1. Pulp Bleaching.Unbleached thermomechanical spruce VG Scientific ESCALAB-210 spectrometer. A MgdKradiation
pulp (TMP) with 28.3% initial lignin content and 47.2% ISO  source operated at 300 W (15 kV, 20 mA) was used. Vacuum

2. Experimental Section

brightness, obtained from International Papkwidzyn/Poland in the analysis chamber was belowx810~° mbar during all
mill, was predominantly used in this work, except for the TMP measurements. The spectrometer binding energy scale was
samples shown on Figure 1 with 49.9% ISO brightness. calibrated by the Ag 3¢k peak at 368.27 eV and Ag MIN

All experiments on the TMP bleaching were made in zipper- peak at 895.75 eV. The survey spectra were recorded at 100
sealed polyethylene terephthalate (PET) bags placed in a€V analyzer pass energy, 0.4 eV increment, and analyzer axis
thermostatic water bath. The pH of the peroxide solution was normal to the surface. Detailed high-resolution scans were
adjusted with the use of 430, (Pac bleaching stage, pk 4.5 recorded with CAE= 20 and 0.1 eV increment. All binding
if not indicated otherwise) and NaOH4fbleaching stage, pH  energies (BE) were referred to the C 1s carbon peak at 286.73
= 10.8-11). The bleaching conditions were as follows: pulp €V.Data were analyzed using the Avantage program, including
consistency, 10% (30 g of oven-dried (0.d.) pulp were used in satellite subtraction, Shirley background subtraction, and fitting
such experiments); #, charge, 3% on o.d. pulp; temperature, procedure, using a Gauss-to-Lorentz constant ratio of 0.3.
70 °C; 30 min treatment time at the acidic stage and 120 min Quantification was made using common Scofield sensitivity
at the alkaline one. The CGtiions were introduced at the acidic ~ factors.
stage as a catalyst in the amount of 0.0a86 as an aqueous Time-resolved diffuse reflectance laser flash photolysis
solution of CuSQ@. The concentration of Ct ions in the (DRLFP) experiments were made using the systems available
bleaching solution was 0.037g/cn®. Depending on the type  in IST Lisbon and were performed at room temperature, in the
of experiments, the following stabilizers were dosed into the front-face arrangement. A diagram of the system is presented
alkaline medium: MgS@7H,0 (0.25% on o.d. pulp) and MNa in ref 19. The system uses a 266 nm pulse of a Nd:YAG laser
SiO; (3% on o.d. pulp). After bleaching or additional chemical (B.M.Industries (Thomson-CSF), Model Saga 12-10, ca. 6 ns
treatment the pulps were washed with distilled water to neutral full width at half-maximum (fwhm),~10—30 mJ/pulse) as the
pH and dried at room temperature. excitation source. The light arising from the irradiation of solid
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TABLE 1: Abbreviations for the Treatments Used

abbreviation description
ref reference sample, no treatment
Pac hydrogen peroxide bleaching under acidic conditions
Paik hydrogen peroxide bleaching under alkaline conditions
Bred. sodium borohydride reduction
PadCU2Y) hydrogen peroxide bleaching under acidic conditions with@atalyst
Pa(Mg?t;SiOz?") hydrogen peroxide bleaching under alkaline conditions with stabilizer$'{(MgO:>")
PadPaik two-stage treatment: (1) hydrogen peroxide bleaching under acidic conditions; (2) hydrogen
peroxide bleaching under alkaline conditions
Pad CU2")/Pa(Mg?™;Si0s27) two-stage hydrogen peroxide bleaching witi?Coatalyst under acidic conditions and

stabilizers (M@*; SiOs?") under alkaline conditions

TABLE 2: 1SO Brightness of the TMP after Different Treatments

sample treatment ISO brightness sample treatment ISO brightness
1 ref. 47.2 5 R/Bred. 55.1
2 Bred. 540 6 Pa”( 570
3 Pac 52.7 7 RdPaik 57.7
4 P.dCL?) 51.5 8 R{CW")/Pa(Mg?",Si0s?") 69.2

samples is detected by a gated intensified charge coupled devicdy differences in the amount and variety of the peroxide
(ICCD, COriel Model Instaspec V). The system was used in the decomposition products. These changes in peroxide activity
time-resolved mode by using a delay box (Stanford Researchbecome more pronounced when catalysts are added in the acidic
Systems, model D6535) and a suitable gate width. The ICCD media and stabilizers in the alkaline media (Table 2). The
has high-speed (2.2 ns) gating electronics and an intensifier,lowering of the ISO brightness after treatment under acidic
and covers the 266900 nm spectral range. Time-resolved conditions, especially when catalyst was introduced into the
absorption spectra are available in the nanosecond to secondeaction volume, followed by brightening of the pulp after
time range.?2° borohydride reduction, suggests that the peroxide decomposition
FTIR spectra were obtained using the KBr pellet technique. products may create new chromophoric structures including
Transmission spectra in MIR were recorded on a Mattson carbonyl groups. It is important from the technological point
Infinity spectrophotometer in the range from 550 to 4000€m  of view that a two-stage bleaching with hydrogen peroxide
with 2 cm® resolution. The number of scans was 128, and a results in higher brightness values as compared to the standard
blank reference was subtracted from the sample spectra. Theone-stage alkaline treatment.
absorbance spectra were standardized: a baseline correction was Note that the drop in brightness resulting at the acidic
performed between 1900 and 836 trand from 4000 t0 2400 hydrogen peroxide stage depends on the pH of the bleaching

cm, and the spectrum was normalized by yhexis expansion slurry. This effect becomes stronger at gH2.5, which suggests
algorithm of the spectrometer in such a way that the absorption 5 incidental creation of new chromophores during the treatment.

of the dominant band equalled_ 1.00. The band_intensities of at higher pH values, the growing tendency of hydrogen peroxide
the normal spectra were determined by the baseline method foryy gissociate into an ionic form correlates with the higher
each of the separate bands. The relative band intensities Wergyrightness (Figure 1).

related to the intensity of the bands close to 2907 and 1507 The ISO brightness measurements indicate changes in the
cmL, respectively, which were used as internal standards. The

intensities were calculated using the appropriate peak heightsleIp _chromoforlc_ system. The usage .Of dlffuse reflectan_ce
with the baselines determined as proposed by Faix and bytranS|ent absorption spectroscopy provides direct observations

Kimura et al2L.22 of the changes in the interactions of light with the pulp
. chromophoric units. As seen in Figure 2, transient species are
The FT-Raman spectra were measured on a Bio-Rad FT- . ; .
... Observed with an absorption maximum at about 400 nm and a
Raman accessory (based on a FTS 6000 spectrometer) with - . .
S : road structureless tail extending beyond 750 nm, with all of
liquid-nitrogen-cooled germanium detector. The samples were

excited with the 1064 nm line of a diode-pumped Nd-YAG the bands decaying both in the reference sample and in the pulp

Spectra-Physics laser, model T10-8S. The power at the Sampletreated under acidic conditions. The shape of the transient spectra

was maintained at 200 mW. The spectra were collected at 4of untreated and treated samples of TMP is essentially similar,
cm-1 resolution. At least three different zones on each sample which allows one to assume that the same transient species are

were probed in order to ensure reproducibility of the experi- involved in both pulps. However, as compared t(.) the ref_erence,
mental results. the peroxide-treated sample spectrum shows a distinct difference
of the photochemical behavior that reflects the changes of the
chromophoric system due to the preliminary oxidative stage.
Although the spectra takens after laser excitation are nearly
3.1. Effect of Acidic and Alkaline Hydrogen Peroxide on the same in the two samples, the differences are clearly seen
Optical Properties of Pulp. There are many chromophoric units  when comparing the spectra recorded aftegsband 20 ms.
and functional groups in the pulp originating predominantly from The reference sample shows a distinct stability of the transient
lignin, but only a few of these are precisely known. Hydrogen species, with the shapes of the spectra recorded immediately
peroxide as an excellent bleaching reagent is active toward mostafter the laser pulse (4s) and after 20 ms being very similar.
of them in alkaline media, bleaching both the (most important) The transient absorption spectrum of the peroxide-treated pulp
lignin chromophores and the chromophoric groups bonded to exhibits a much faster decay of transient absorption: it decays
carbohydrates. However, the reactivity of hydrogen peroxide significantly even after Sus and further after 20 ms, which
toward pulp is different in acidic and alkaline media, caused indicates the presence of a short-lived species absent in the

3. Results and Discussion
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8 TABLE 3: N,N-Dimethyl-4-nitrosoaniline, DMNA (10~* M),
| _ Consumed during Hydrogen Peroxide Oxidation under
bl Acidic and Alkaline Conditions in the Presence of Various

L8 Additives
%. 4 1, 20 000 ps conditions
§ DMNA consumed
ﬁ 2 sample treatment additive (104 M)
,\9 1 P.CL2*) blank 4.29
i 3 Ea[((%u;)) Piar YT
alk an .
22'?’5 375 475 575 675 775 4 Pa(CU?+;Si027) blank 11.25
5 5 Pa(CUW2T;Mg?h) blank 8.26
Waveleagth (nm) 6  Pu(Mg2SiO) blank 4.85
19 7 Pa(CU?; Mg?t;Si0s?)  blank 5.21
1, 5:and 20 000 ps TABLE 4: Content of Carbonyl and Carboxyl Groups in
g 14 | the Spruce TMP Bleached with Hydrogen Peroxide under
= Acidic and Alkaline Conditions (mM/(100 g))
g 9 co co
2 sample treatment ketone aldehyde COOH
E 1 ref 12.7 4.9 6.6
2 Pac 21.8 4.4 6.8
3 P.{CL2Y) 27.0 3.8 7.3
-1 4 Pad Pai 12.5 2.7 8.2
275 375 475 575 675 775 5 Pa( CUPT)/Pak 12.5 1.0 9.3
-+ 2+.Qj0.2—
Worvelonith (i 6  P{Cl)/Pu(Mg?*:Sio)  13.2 1.8 8.7

Figure 2. Diffuse reflectance laser flash photolysis spectra of pulps jn the process.Nonselective free-radical chain reactions lead
(TMP): reference and the sample bleached under acidic conditigis (P to a decrease in the DP of pulp carbohydrates and consequently

The time delays are 4s and 20 ms (top panel) and 1 ang$ and 20 . o\ .
ms (bottom panel). Note that the initial transient absorption is always {© the loss of the fiber streng#.The addition of magnesium

the most intense, decaying with time in a non-exponential manner. ions during the treatment limits the decomposition of hydrogen

. . eroxide into hydroxyl radicals. The best results of the peroxide
reference sample. The observed differences may be explainedyieaching are obtained with the optimized charges of the two
by changes of the reactivity of the chromofores or of their ggapjlizers combined: magnesium sulfate and sodium silicate
environment, caused by peroxide treatment under acidic condi-(Tapje 3). Sodium silicate stabilizes hydrogen peroxide in the
tions. The recorded spectra reflect the complexity of the samplesyresence of the pulp and supplies an additional quantity of alkali
containing all the chemical components, including lignin, qyring the treatment via hydrolysis. As we already noted, the
cellulose, and hemicelluloses, which makes it difficult to assign ¢aalysts and stabilizers affect the bleaching process; therefore,

the transient absorption to a definite structural group. However, 1, samples bleached in their individual and combined presence
it is generally accepted that transient absorption in the-300 \yare used in our spectroscopic studies.

400 nm region is due to lignin and previously a contribution
of a-carbonyl groups to the transient absorption spectrum has
been propose# 2> Comparison of the spectroscopic data
suggests that in our case the transient observed can also b

3.2. Carbonyl and Carboxyl Groups of the Peroxide-
Treated Pulp. The oxidation of lignocellulosics by hydrogen
geroxide creates carbonyl and carboxyl groups, which may be
assigned to aromatic carbonyl triplet states. However, this used_as probe_s_for the bleaching agent activity cha_nges d_u_e to
interpretation is uncertain as long as unquestionable evidence'®action condmc_)n_s (Table 4). Pulp treatment with aC'.d'C
proving the presence af-carbonyl groups in TMP remains peroxide results in mcreaseql content of carbonyl in comparison
unavailable?® Moreover, identification of chromophoric 1o carbpxy! groups. The .ralltlo of kgtone fo aldehyde carbonyl
structures of quinone and hydroquinone type in the pulps groups is higher under ac_ldlc condmons _(T_able 4, sampled1
indicates the possible complexity of their transient absorption On the other hand, an increase in acidic producerboxyl

spectra, with several chemically distinct species probably groups—is observed upon treatment under alkaline conditions,
involved27.28 accompanied by a decrease in carbonyl groups (especially

Note that the presence of catalysts or stabilizers is an ketones) due to their oxidation into carboxyl groups (Table 4,

additional factor that influences the resulting pulp brightness. Samples 46).

The activation mechanism of the acidic hydrogen peroxide Earlier spectroscopic studies have confirmed the influences
solution by metal catalysts is similar to Fenton’s reaction. of carbonyl groups on the pulp brightné§<Carbonyl groups
Hydrogen peroxide decomposes releasing free radicals, e.g.are reduced by borohydride both before and after bleaching
hydroxyl radical. The results shown in Table 3 confirm the under acidic and alkaline conditions; this proves their presence
influence of catalysts and stabilizers on the concentration of not only in oxidized but also in the untreated (reference) pulp
hydroxyl radicals both in bleaching slurry and in blank runs. (Table 2, samples 2 and 5). We propose that treatment with
Hydroxyl radical, contrary to superoxide radical, had been acidic peroxide activates the chromophoric units potentially
reported to directly affect the chromophoric units in the pulp; existing in the pulp, which are subsequently more easily
therefore, it is the hydroxyl radical that should be responsible eliminated or transformed into carboxyl groups under alkaline
for such modifications in the pulp chromophores that facilitate conditions. Therefore, two-stage peroxide bleaching under acidic
peroxide bleaching at the second alkaline stag&he main and alkaline conditions results in higher brightness in compari-
bleaching species under alkaline conditions is the peroxide son to the standard one-stage alkaline process (Table 2, samples
anion, although hydroxyl and superoxide radicals also participate 6—8). In comparison, the removal of chromophores in a one-
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— C,BE=28493eV the fibers, i.e., @Cz and G/Ciot. (Where Gor. denotes the total
—— C, BE=286.73 eV fraction of carbon atoms detected). The results obtained show

Cs BE=288.50 eV f\ that the peroxide treatment did cause significant changes in the
chemical structure at the surface in all of the samples investi-
gated. Note an increase of the O/C ratio for all of the treated
samples and higherC, and G/Cy. ratios for the pulp that
was brightened in the two-stage treatment, especially with
catalyst and stabilizers.

These results confirm uncovering of the superficial lignin
molecules, the previously postulated potential chromophores,
resulting probably from the removal of weakly bound hemi-
/ i 9 _ celluloses from the fiber surface during bleaching. It has to be
. 5 ¥4 emphasized that the results of quantitative determination of the
R s ..~ S Cs component did not correlate in all of the investigated samples
294 209 200 288 286 284 282 280 with the results of carbonyl group concentrations as determined
BE [eV] by potentiometric titration and shown in Table 4. The carbonyl
group content at the fiber surface increased both after acidic
treatment used in the first bleaching step (Table 5, sample 2)

Intensity [a.u.]

Figure 3. High-resolution XPS spectrum ofi{lectrons from carbon
TMP after two-stage hydrogen peroxide treatment witi"Gratalyst

and stabilizers: MgS©and NaSiO; PaCL?+)/Pai(Mg?*:SiO"). and after the alkaline step (Table 5, sample$B Borohydride
. _ reduction performed after the two-stage treatment reduced the
TABLE 5: Atomic Percentage Ratios, O/C, G/Cy, Cy/Cyo. carbonyl group content slightly (Table 5, sample 4). The two-

and Atomic Percentage G at the Surface of the TMP

Samples, As Determined by XPS stage hydrogen peroxide treatment with catalyst and stabilizers

did not seriously reduce the carbonyl group contents, as one

sample treatment O/C L CifCo. Cs would expect from earlier potentiometric studies. The principal
1 ref 049 051 021 364 reason of the differences noted between the results obtained by
2 Pac 059 040 035 6.53 XPS and potentiometry is that XPS probes only a very thin
2 gaan'k/B 8-23 8-32 8-21 3-(1)8 surface layer, whereas potentiometry in solution detects almost
ad Falk/ Dred. . . . . . .. .
5 PACRY)Pa(Mg2:SIO?Y) 058 050 042  7.06 all of the carboxylic groups existing at the surface and in the

bulk.

stage bleaching is limited to groups and units presentin pulp at 3.3. FTIR and Raman SpectroscopyTo understand how
the moment of reaction, leaving other (potential) chromophores TMP is affected during bleaching under different conditions
intact. (with or without catalyst and stabilizers in acidic and alkaline
The hydrogen peroxide reaction with the structural constitu- media), the pulp samples were treated in accordance with the
ents of the pulps occurs mainly at the surface of the fiBers. sequences outlined in Table 6. FTIR spectra of TMP treated by
Therefore, the XPS method has been useful in the analysis ofhydrogen peroxide under acidic and alkaline conditions are
the changes occurring during the bleachifét It has allowed shown in Figure 4. The spectra are very complex, which is
guantitative determination of the percentage atomic composition typical for lignocellulosics; additionally, combinations of bands
at the pulp surface. It also enabled a quantitative estimation of difficult for interpretation appear at some characteristic frequen-
types of existing chemical bonds, to a certain extent. Figure 3 cies. However, important changes due to the reaction of
shows a typical deconvoluted high-resolution spectrum of the carbohydrates are observed in the band structure around 1729
Cispeak (electrons ejected from the carbon atoms) of TMP after cm~1.33 Because the 16601750 cnt? region of the spectrum
peroxide treatment. The appearance of all the other XPS spectras relatively free of distinct vibrations belonging to other
was quite similar, with the list of samples given in Table 5. functional groups, the band at 1729 this commonly assigned
The component peaks were markegt€ C;, starting from the to stretching vibrations of carbonyl groups, predominantly acid
lowest binding energy (BE) for the analysis and discussion of and ester functional groups of hemicellulode%}34Since the
the results. Three distinct component peaks were found in all absorption at this band decreased after treatment in alkaline
spectra. These component peaks correspond to carbon bondsedium or reduction by sodium borohydride in alkaline
present in lignin and extractive substancesg ¢Grresponds to environment, the observed changes can be interpreted as splitting
the C-C bond) and in lignin and polysaccharides; (€rre- of the ester groups of hemicelluloses. When we changed the
sponds to the €OH bonds, G corresponds to €0 bonds)?? treatment pH from acidic to alkaline {f/s P,J/Pai treatment),
The G, component peak of the carboxyl groups was undetect- the band lost its intensity and a shoulder appeared at the low-
able. Table 5 presents the oxygen to carbon ratio (O/C) as well frequency side. This band shift can be explained by the influence
as the relative contributions of components on the surface of of carboxyl groups formed during oxidation in the alkaline

TABLE 6: Relative FTIR Absorbances of the Stretching Vibrations at 1729 cnt! Calculated in Relation to the Internal
Standard Bands at 1507 and 2907 cmt and ISO Brightness of the TMP Samples Treated in Various Conditions

absorbance relative to given internal standard bands

sample treatment 1507 cth 2907 cntt ISO brightness kD, consumed (%)

1 ref 1 1 47.2

2 Pac 1.29 1.44 46.6 2.9
3 P.CU#h) 1.61 1.56 46.7 7.7
4 PadPak 0.48 0.52 49.3 63.5
5 PadPa(Mg?") 0.43 0.40 51.9 55.8
6 PadPai(SiO2") 0.25 0.21 60.5 58.3
7 Pad Pa(Mg2+;Si0os?") 0.32 0.27 57.3 52.4
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with magnesium ions (Figure 4). Since the same spectral region
—— Reference has contributions from oxygen-containing functional groups of
IIIIII I Ea;p lignin, we conclude that the observed changes result from the
i P:Jp::mm Iignin oxidation. T_he absorpt_ion band at 150713‘m§sociated
P JP o+ Mg with the phenyl ring-stretching modes was relatively stable,
confirming non-delignifying character of the bleaching treat-
ment.

To achieve a better understanding of the changes due to
different oxidative treatments, we calculated the relative absor-
bances at 1729 cm for two different internal standards: 2907
and 1507 cm?! (Table 6). Independently of the standard used,
the change pattern of the relative absorbances is nearly the same,
which confirms the correct choice of the reference bands. Similar
% \ changes of the relative absorbance are observed for both internal
standards, including the 1507 ciband attributed to the phenyl
ring, indirectly confirming that the aromatic lignin successfully
_ _ resists the peroxide treatment. Sample 2 treated in acidic medium
Figure 4. FT-IR spectra of TMPs: reference; bleached with hydrogen s an exception, presenting a distinctly lower relative absorbance

peroxide under acidic conditionsJ;, after two-stage bleaching with 1
hydrogen peroxide under acidic and alkaline conditiongRR.); after at 1507 cm* (as compared to data calculated for 2907 &m

Absorbance

1900 1800 1700 1600 1500

Wavenumbers [cm']

two-stage bleaching followed by borohydride reductiog/fBi/Breq): in two independent series of experiments. A possible explanation
after two-stage bleaching with the magnesium sulfate stabilizer (P IS that the free-radical active species formed during the treatment
Pak(Mg?*,Si0s?7)). in acidic medium form new functional groups, bonded to the

lignin aromatic skeleton. Therefore, a FT-Raman study of the
medium. This band shifts down both at higher pH values of same pulp samples was undertaken. A number of studies have
the reaction and also as the oxidation reaction proceeds, agroved the usefulness of the FT-Raman technique in monitoring
shown in Table 6, presenting the relative absorbances calculateleaching-related changes in mechanical pélp&3’Presently,
at 1729 cmt. The increase of the relative absorbance after an we focused on the chromophoric lignin bands at 1605 and 1655
acidic stage and its decrease after an alkaline stage correlatesm=1. As shown in Figure 5, the spectral changes in the pulp
well with the determinations of carbonyl groups by potentio- samples treated by hydrogen peroxide under acidic and alkaline
metric titration (Table 4). An addition of stabilizers in alkaline conditions usually appeared as lower intensities in this region.
medium, which improves the technologic efficiency of the Some other changes were also recorded, for example, those in
peroxide treatment, results in some reduction of the carbonyl the band that cannot be attributed with any certainty at ca. 900
band accompanied by a reduction in peroxide decomposition,cm~1, associated with either cellulose or lignin. The Raman band
and to some extent by higher resulting ISO brightness values.at 1605 cm! is associated with aryl ring stretching vibrations
The latter observation will be discussed below. Thus, the and the band at 1654 crhoriginates from the &0 stretch in
carbonyl band allows one to differentiate between the effects coniferaldehyde or ring-conjugated=C of coniferyl alcohoB®

of peroxide treatment with various additives. Both these bands are sensitive to bleaching, as clearly visible
Interestingly, the band at 1640 cichanges when comparing in Table 7, presenting 1ISO brightness and relative intensities

the treatments under acidicgPand alkaline conditions (& calculated in relation to the band at 2893 dnused as an

Pai). This band originates from the-HO—H bending vibration internal standard and representim@—H) stretch vibrations.

of water moleculeg3~36 The band increases in intensity and The relative intensities of both “chromophoric” bands (1605
loses its symmetrical shape after alkaline peroxide treatmentand 1655 cm?') for the samples treated by oxidative and

# 1- i3

Intensity

o wm . weo . el 1esd . 1e0 620 18w 1= 1=
Raman Shift (cm-1)
Figure 5. FT-Raman spectra of hydrogen peroxide bleached pulps (TMP): 1, reference; 2, acidic condifor® {(Wo-stage treatment under
acidic and alkaline conditions {#Pax); 4, two-stage treatment under acidic and alkaline conditions followed by borohydride reducti®aP
Bred); 4, two-stage treatment under acidic and alkaline conditions with €atalyst and stabilizersMgSQ, and NaSiO;—(Pa CL1)/Pa(Mg?t;Si0? ).
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TABLE 7: Relative FT-IR Raman Intensities of the _ chromophoric units potentially existing in the pulp, such as the
gggﬁghngo\{kbéé}ﬁ?é‘rsn ;llt 81351?15d :r%d81£n5d5§'2:3 gg'g#@g%” lignin-located ketone carbony! groups, which are subsequently
ISO Brightness of the TMP Samples Treated in Various more eﬁuenﬂy eliminated at the principal bleachlng stage uno!er
Conditions alkaline conditions. Therefore, the two-stage peroxide bleaching

results in higher brightness of the pulp than the standard single-

for given absorbance ratio stage alkaline process. The determining role of the removal of

1SO the potential chromoforic units in the technological advances
sample treatment AusodPosos  AussdPosos  brightness  onging from the two-stage bleaching process was confirmed
1 ref 1 1 47.2 using DRLFP, FT-IR, and Raman spectroscopic techniques.
2 Pac 0.93 0.92 48.0
3 PufPax 0.84 0.83 50.6 References and Notes
4 Paa/PaIk/Bred. 0.62 0.68 54.5 ) . i
5 Pad Pai(Mg2*:Si0z>) 0.84 0.84 57.6 (1) Allison, R. W.; Graham, K. LJ. Pulp Pap. Sci1989 15, 145.

(2) Hobbs, G. C.; Abbot, JJ. Wood Chem. Techndl991 11, 225.
) ) ) ) (3) Hobbs, G. C.; Abbot, JJ. Wood Chem. Techndl994 14, 195.
reductive bleaching agents have decreased in comparison to the (4) Kopania, E.; Wandelt, Ferzem. Chem2003 82, 1135.
reference. This demonstrates that bleaching reactions in acidic Egg wgg:gtv ﬁ-.zrggg#igg%ekﬁg‘é rﬁ é?]se'mzooa a5 1308
(pH = 4:5) and alkaline media, gnd borohyd“de feduct'?“ (7) Wajciak, A.: Joachimiak, KAnn. Warsaw Agric. Uni, For. Wood
resulted in chromophore removal in the region corresponding Technol.2005 57, 331.
to coniferaldehyde. The decrease of intensities after treatment  (8) Wojciak, A.; Joachimiak, K.; Sikorski, MAnn. Warsaw Agric.

with acidic peroxide is lower than that after two-stage bleaching U”'Z@)Fggb\g’tocj’d_ L%%hb’;o%)oéf'?:;jg%ap S6i1992 18, 67

with alkaline peroxide in the second step. The lowest relative  (10) Kubelka, V.; Francis, R. C.; Dence, C. \W.Pulp Pap. Sci1992
intensities were observed for samples treated by acidic and18, J108.

alkaline peroxide followed by borohydride reduction. It should (El)lscg"’de“e' J. L.; Rothenberger, S.; Dence, CIWRulp Pap. Sci
be noted that the decrease of the relative intensities correlates™ 15) colodette, J. L.; Rothenberger, S.; Dence, C.MBulp Pap. Sci

well with an increase of ISO brightness except for the sample 1989 15, 45.
treated under acidic and alkaline conditions in the presence of _(13) Lapierre, L.; Berry, R. M.; Bouchard, Blolzforschungl994 54,

catalyst and Stablllze.rs' ThI_S proves the Complexny of the (i4) Kishimoto, T.; Kadla, J. F.; Chang, H.; Jameel Hblzforschung
rearrangement associated with the chromophoric units during 2003 57, 52.
the two-stage peroxide treatment. The bands at 1729 (IR) and_ (15) Sikorska, E.; Khmelinskii, I. V.; Krawczyk, A.; Oliveira, A. S.;

1655 (Raman) crri are related to carbonyl groups originating gggg"laé 4'--62- V.; Weeiak, A.; Sikorski, M.J. Photochem. Photobiol., A
respectively from carbohydrates (IR) and from lignin (Raman). "~ (16) Hobbs, G. C.; Abbot, Appita 1992 45, 344

The increased amount of carbonyl groups formed under acidic ~ (17) Lewin, M.; Epstein, J. AJ. Polym. Sci1962 58, 1023.
conditions (pH= 4.5) did not affect negatively the 1SO (18) Wilson, K.Tappi 1961 44, 131.

. . . (19) Botelho do Rego, A. M.; Ferreira, L. F. V. llandbook of Surfaces
brightness results, with an exception of the pulp treated BV'CU and Interfaces of MateriajfNalva, H. S., Ed.; Academic Press: New York,

activated peroxide (Table 2). In fact, the carbonyl groups are 2001; pp 275-315.
not distributed homogeneously in the fibrous structure of the  (20) Ferreira, L. F. V.; Machado, I. F.; Oliveira, A. S.; Ferreira, M. R.

; ; V.; da Silva, J. P.; Moreira, J. Q. Phys. Chem. R002 106, 12584.
pulp—the XPS studies showed an increased amount of carbonyl (21) Faix, O.Holzforschungl986 40, 273.

groups on the fiber surface after bleaching under alkaline  (22) kimura, F.; Kimura, T.; Gray, D. GHolzforschungl992 46, 529.
conditions as compared to the pulps treated by acidic hydrogen (23) Schmidt, J. A.; Heitner, C.; Kelly, G. P.; Leicster, P. A.; Wilkinson,

peroxide, whereas the titration measurements revealed a . European Workshop on Lignocellulosics and Rulgt ed.; Wiedebusch:
ite tend Theref th lts of 1SO bright amburg-Bergedorf, Germany; 1990; pp 26671.
opposite tenaency. ererore, the results o rgntness (24) Schmidt, J. A.; Heitner, C.; Kelly, G. P.; Leicster, P. A.; Wilkinson,

measurement that relies exclusively on the superficial phenom-F. J. Pulp Pap. Sci199q 16, J111.
enon of scattering can differ from titrimetric and spectroscopic = (25) Wdciak, A.; Sikorski, M.; Gonzalez-Moreno, R.; Bourdelande, J.

: A— : L.; Wilkinson, F.Wood Sci. TechnoR002 36, 187.
data probing the entire fiber structure. The reactions of hydrogen (26) Agarwal, U. P.; McSweeny J. B. Wood Chem. Technal997,

peroxide with pulp at lower temperatures (7Q) primarily 17, 1.
affect the surface layer. We believe that the treatment with  (27) Agarwal, U. P.; Landucci, L. L1. Pulp Pap. Sci2004 10, 269.

; i iti i ; (28) Agarwal, U. P.J. Wood Chem. Technal998 18, 381.
hydrogen peroxide under aC|d|_c condltlons, especially in the (29) Chirat, Ch.: Lachenal, THolzforschungl994 48, 133,
presence of a catalyst, may activate potential chromophores on (30 geras, L.; Gatenholm, PHolzforschungl99g, 2, 188.

the fiber surface that are subsequently eliminated at the alkaline (31) Koljonen, K.; Gterberg, M.; Johansson, L.-S.; SteniusCBlloids
bleaching stage. The superficial character of activation may Surf., A2003 228 143.

. . . . : (32) Dorris, G. M.; Gray, D. GCell. Chem. Technoll978 12, 721.
explain differences in the ISO brightness results obtained (33) Attalla, R. H. In Comprehensie Natural Product Chemistry

between pulp samples with similar relative Raman intensities Burton, D., Nakanishi, K., Meth-Cohn, O., Eds.; Elsevier Science: Oxford,
bleached under acidic and alkaline conditions with and without U.K., 1999; pp 529-598.

i (34) Hergert, H. L. Infrared Spectra. Lignins, Occurrence, Formation,
catalyst and stabilizers (Table 7, samples 3 and 5). Structure and ReactionsSarkanen, K. V., Ludwig, C. H., Eds.; Wiley-

. Interscience: New York, 1971; pp 26293.

4. Conclusions (35) Proniewicz, L. M.; Paluszkiewicz, Cz.; Wesetucha-Birclyan A.;

. . . Majcherczyk, H.; Baraski, A.; Konieczna, AJ. Mol. Struct 2001, 596,

The use of different analytical methods made possible the 163.
monitoring of transformations of the TMP chromophoric system  (36) Proniewicz, L. M.; Paluszkiewicz, Cz.; Wesetucha-Bircsiay A.;
caused by the changes in the pH of the hydrogen peroxide Barérski, A.; Dutka, D.J. Mol. Struct.2002 614 345.
. . . - (37) Workman, J. JAppl. Spectrosc. Re 2001, 36, 139.

solution used in the pulp processing. We conclude that acidic  (3g) agarwal, U. P. InAdvances in Lignocellulosic Characterisatipn
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