Available online at www.sciencedirect.com

Journ?l of

SCIENCE@DIRECT° Photogbfmlstry
Photobiology

A:Chemistry

s

LSEVIER Journal of Photochemistry and Photobiology A: Chemistry 172 (2005) 231-24(

www.elsevier.com/locate/jphotochem

Dechlorination of pulp bleaching plant E-1 effluent by Adnd
KrF" excimer laser photolysis
Part 2. Dechlorination of polychlorinated oxylignins

Tian-yan XiéP, Chen-Loung Chet, Josef S. Grat?|

2 Department of Wood and Paper Science, North Carolina State University, Raleigh, NC 27695-8005, USA
b Appleton Paper Inc., Locks Mill, Combined Locks, Wisconsin, USA

Received 25 June 2004; received in revised form 16 November 2004; accepted 29 November 2004

Abstract

The E-1 effluent from bleaching of pine kraft pulp was fractionated by ultrafiltration to obtain polychlorinated oxylignin fractions, PCOL-1,
PCOL-2, PCOL-3 and POCL-4 with relative molecular magg 6f 6500, 6000, 5500 and 3500, respectively. These PCOLs were characterized
by elemental and functional group analyses, and gel permeation chromatography. The PCOLs were decolorized and dechlorinated in the
presence of k0, in O,-saturated solution at 2C by ArF (193 nm) excimer photolysis. The results showed that both the decolorization
and dechlorination were dependent on both the initial pH and concentratiopQpf pér substrate in the reaction mixture. In general, the
decolorization increases with increasing pH and concentration of adged At pH 10.5 with 8% HO, per substrate to the initial reaction
mixture, approximately 70% of chromophoric structures were degraded within the initial 60 min irradiatior’ ¢fLBBFm) laser radiation,
then leveled off. The dechlorination reactions followed first order reaction law; first order with respect to total organically bound chlorine;
first order overall. The dechlorination rates increase with increasing both pH and concentratigd, gfetl substrate. The quantum yields
(@) for the generation of chloride ions from PCOLSs in the presence of 2@, kvere appreciably lower than the values observed for the
monomeric chlorophenols, in the range of approximately 0.03 versus 0.9. Thexxaifner laser photolysis of PCOLs were also monitored by
gel permeation chromatography. PCOL-2 was degraded into fragments with relative moleculavighassfproximately 1500. Similarly,
PCOL-3 and PCOL-4 were degraded into fragments Wtof approximately 4000 and 3000, respectively. In contrastMhef PCOL-1
was increased to approximately 6500, indicating the occurrence of condensation among the degraded fragments.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 3,4,5,6-tetrachloroguaiacdy, 2,4,6-trichlorophenol3) and
2,3,4,5-chlorophenoll. The dechlorination reactions bf4
In previous investigatior[4,2], some of the chlorophenols  were determined to follow first order law; first order with re-
identified in the bleaching plant effluent from alkaline extrac- spect to the total organically bound chlorine of substrate, first
tion (E-1 effluent) were dechlorinated in the agueous solution order overall. The efficiency of dechlorination was found to
at pH 7 and 10.5 in B and Q-saturated solutions at 2@ depend on the initial pH of reaction, the wavelength of ex-
by ArF" (193 nm) and KrF (248 nm) excimer laser photol-  cimer laser radiation and the substitution pattern of functional
yses. These chlorophenols included 4,5-chloroguaiadol ( groups in the chlorphenenols investigated. The dechlorina-
tion rate of a substrate increased with increasing initial pH.
* Corresponding author. Tel.: +1 910 515 5749; fax: +1 910 515 6302, N addition, the Ar (193 nm) excimer laser photolysis was
E-mail addresschen-loungchen@ncsu.edu (C.-L. Chen). more effective than the KrH248 nm) excimer laser photol-
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doi:10.1016/j.jphotochem.2004.11.018



232 T.-y. Xie et al. / Journal of Photochemistry and Photobiology A: Chemistry 172 (2005) 231-240

ysis and UV-photolysis with 254 nm radiation in dechlorinat- bers on the effluent properties, e.g., chemical oxygen de-
ing the chlorinated phenols. The dechlorination rate constantmand (COD) and soluble lignins. Since chlorine dioxide
for each of the chlorophenols investigated was almost the (D) was used in the bleaching, the highly toxic polychlo-
same in N- and G-saturated solutions in the ATE193 nm) rinated oxylignins (PCOLs) should have been present in

excimer laser photolysis. However, when 2%Q4 per sub- the E-1 and E-2 effluents even through ECF bleaching pro-
strate was added to the initial reaction mixturd af the G- cess was used for the bleaching of the softwood kraft pulps
saturated solution, the dechlorination rate constant increased10].

appreciably. Consequently, the over all objective of the present in-

Quantumyield¢) forthe generation of chlorideions from  vestigation is to decolorize and dechlorinate the polychlo-
1-4 were determined on AfHaser photolysis of these com-  rinated oxylignins in the pulp bleaching plant E-1 effluent
pounds in both M and Q-saturated solutions. In general, the obtained from bleaching of Loblolly pine kraft pulp with a
quantum yields in @saturated solution were slightly higher bleaching sequence ofyEPDD with 15.2% chlorine diox-
than the corresponding values in{§aturated solution under ide substitution in the chlorination stage. Specific objectives
the same reaction conditions. However, on addition of 2% are (a) to fractionate the E-1 effluent to obtain polychlori-
H>O, per substrate in @saturated solution, the quantum nated oxylignins (PCOLS) by ultrafiltration, (b) to character-
yield for the generation of chloride ions increased apprecia- ize the purified PCOL fractions by elemental analysis and
bly. relative molecular mass distribution pattern, and finally (c)

As presented in the previous pafig, the polychlorinated decolorization and dechlorination of these fractions by ArF
oxylignins are highly toxic and persistent, and regarded as (193 nm) excimer laser photolysis under the aforementioned
priority pollutants, for which efficient chemical treatmentis optimum condition.
required. Despite the large number of papers published in this
field, very few high quality kinetic studies can be found in
[3]. 2. Experimental

Two decades ago, Shimagi§ investigated on the UV-
photolysis of polychlorinated oxylignin from bleaching ef- 2.1. E-1 effluent
fluent of red pine kraft pulp. The bleaching effluent was acid-
ified, and the resulting precipitate was purified to give apoly-  The E-1 effluent was obtained from the Bleached Board
chlorinated oxylignin (PCOL) preparation, which was de- Division of Westvaco Corporation at Covington, Virginia,
graded in @-saturated alkaline solution with UV-photolysis USA. A Loblolly pine kraft pulp (kappa number 31.2) was
using 254 nm radiation that was emitted from a low pressure bleached successively with GVith 15.2% chlorine dioxide
mercury lamp. The degradation of PCOL increased with in- substitution (@ stage), extracted with a NaOH solution (E-1
creasing pH that resulted in formation of low relative molec- stage), HO2 (P stage), then twice with CKEDD stage), em-
ular mass substances with concomitant dechlorinatidn,  ploying a chlorine factor of 0.16, i.e., bleaching sequence of
demethylation and cleavage of aromatic moieties. When the CoEPDD. The alkaline extraction (E-1 stage) was conducted
UV-photolysis was conducted inJNsaturated alkaline so- at 65°C. The effluent from the alkaline extraction is called
lution, dechlorination ane®-demethylation were observed, E-1 effluent.
but not cleavage of aromatic moieties. In addition, the rel-
ative molecular mass of the PCOL was slightly increased 2.2. Fractionation of organics in E-1 effluent
with darkening of the color of the reaction mixture. How-
ever, no comprehensive investigation on the characterization The effluent from extraction stage (E-1 effluent; 201,
of the POCL preparation and the UV-photolysis of POCL in pH 10.5; organic content: 3.2 g/l) was acidified with conc.
O2-saturated alkaline solution with addition of hydrogen per- H,SO4 to pH 3. The ppt was centrifuged, washed thor-
oxide were carried out. Recently, Archibald and Roy-Arcand oughly with deionzed water, then suspended in deionized
[5] showed that absorbable organic halide (AOX) from ele- water and freeze-dried to obtain crude PCOL-1. The su-
mental chlorine-free (ECF) bleaching plant effluents placed pernatants were combined and then fractionated by ultrafil-
in remote lake was largely but not completely mineralized in tration using an Amicon model TC5E (Amicon Corp., Bil-

4 months by sunlight-dependent processes. In contrast, chrolerica, MA, USA) with working volume of 201 and YMS3,
mophores in the effuents were more rapidly and completely YM1, YC05 membranes with molecular mass cut-off value
degraded by sunlight than the AOX under the same condi- of 3000 and 1000, and 500 Dalton, respectively. The operat-
tions. ing pressure was 55 psi (3.5 kg/@mnThe combined super-

The paper and pulp industry worldwide are move to- natant was passed through 3000 Dalton membrane to obtain
wards application of elemental chlorine-free (ECF) bleaching retentate 1 and permeate 1. The retentate 1 was suspended in
technologie§6-8]. Bjoerklund et al[9] bleached softwood  deionized water, then freeze-dried to obtain crude PCOL-2.
kraft pulps with different kappa numbers directly or after The permeate 1 was then pass through 1000 Dalton mem-
O, delignification with a bleaching sequence D(EO)D(EP)D brane to obtained retentate 2 and permeate 2. The retentate
and O(PO)TP to determine the effect of varying kappa num- 2 was treated with MgCO to obtain MeCO-soluble and
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Me>CO-insoluble parts (yield of the latter 13%). The sol- mental errorwas-3%. The standard lignin samples of known
vent was removed from the MEO-soluble part under de- molecular mass were used for the calibration of the column.
duced pressure, then the resulting solid mass was suspendethe function for calibration is: logyl, = —0.1242x [elution

in deionzed water, and freeze-dried to obtained crude POCL-volume (ml)] +5.3317R2=0.9997.

3. The permeate 2 was passed through 500 Dalton membrane

to obtained retentate 3 and permeate 3. The retentate 3 wag 4.3. Determination of organically bound chlorine

treated with dioxane to obtain dioxane-soluble and dioxane- (OCI) and chloride anion (Ct)

insoluble parts (yield of the latter 3.8%). The dioxane-soluble  The organically bound chlorine (OCI) and chloride anion

part was then freeze-dried to obtain crude PCOL-4. The per- (C|—) were determined by the procedures described by Xie
meate 5 was concentrated under reduced pressure to obtait al.[2].

crude PCOL-5 that was found to be consisting mostly of inor-

ganic materials. The crude PCOL-1, PCOL-2, PCOL-3 and 5 5 chemical compositions of polychlorinated
PCOL-4 were individually purified by dissolving in dioxane-
H20 (96:4, v/v), then precipitating by addition of 10 times the
volume of E$O. This procedure was repeated three time t0 5 £ 1 Elemental analysis

obtain purified PCOL-1, PCOL-2, PCOL-3and PCOL-4with  glemental analyses of PCOL preparations were carried out
yield of 12.5, 20, 17 and 20% per the organic content in the by E and R Microanalytical Laboratory Inc. (Corona, NY).

original E-1 effluent, respectively. Both the MeO-insoluble o samples analyzed were purified to an ash content of less
and dioxane-insoluble parts were not further investigated. 4 0.1% and driefl3].

oxylignins (PCOLS)

2.3. ArF excimer laser photolysis 2.5.2. Functional group analysis

2.5.2.1. Determination of methoxyl group conteAtmodi-

fied procedure of Vietick and Schwappach as described by
Chen[14] was employed for determination of methoxyl con-
¥ent. The methoxyl groups in the samples react with a constant
boiling HI (56%)-red phosphorus mixture to form Mel. The
volatile Mel was stripped and reacted with,Bo give MeBr

and IBr, the later of which further reacted with-Bin the

L presence of b0 to HIOs. The remaining Brwas reduced to
HBr by HCOOH, and the HI@produced was converted to

I2 by reaction with KI under acidic conditions. The released

The 193nm photons were produced by an Amx-
cimer laser (Lumonics Series TE-860-3, Lumonics Inc., Ont.,
Canada). The laser beam was directed through the sample b
a 1’-diameter, 45flat 95% reflector (Acton Research Corp.,
Acton, MA, USA). The laser photolysis was carried out in a
glass reactor having a 5 mm thick quartz window (Suprasil)
and a side arm with a septum for sampling.

The ArF (193 nm) excimer laser photolysis of PCO
preparations were carried out inp®aturated solution with
S T oo i 1z v dtermines by iraton ih N0, usig st o

; thiodyne as end-point indicators.
laser beam was measured (Scientech 362 power meter, Sci-
entech Inc., Boulder, CO, USA) every 5, 10 or 20 min during o )
the experiment period. Small amount of samples (2 or 3 ml) 2.5.2.2. Determination of carboxylic group conte@ar-

were withdrawn at appropriate times during the experiment, POXYlic group content was determined by E & R Microan-
and analyzed for chloride content, color, UV spectra and rel- &/¥tical Laboratory Inc. (Corona, NY). An acid-base back

ative molecular mass distribution pattern. titration procedure was used for the determination.

2.4. Analytical methods 2.5.2.3. Determination of total hydroxyl group contents.
The total hydroxyl groups were determined based on the

2.4.1. Determination of color acetyl content (Ac%) of the acetylated samples as described

A Bausch and Lomb Spectronic 20 instrument measuring by Chen[15]. In general, the total hydroxyl content of alignin
the absorption at 465 nm comparing it with a platinum—cobalt Sample was acetylated with pyridine-acetic anhydride reagent
standard11] measured the color. The color concentration is (1:1, v/v) followed by saponification of the resulting acetate.

reported as equivalent Platinum—Cobalt Units (PCU). Exper- The resulting acetic acid was stripped by distillation, then
imental errors were-2%. titrated with a standard 0.01 N NaOH solution using phe-

nolphthalein solution as indicator.
2.4.2. Determination of relative molecular mass
distribution 2.6. Experimental errors
Relative molecular-mass distribution of the PCOLs was

determined by gel permeation chromatography using FPCL  All experiments were conducted at least in triplicate. The
system (Pharmacia LKB Biotech, Piscataway, NJ, USA). The experimental errors were then determined in term of accu-
samples were chromatographed on a Superdex G-75 gel col+acy, i.e., the average deviation (AD) of a mean value. It was
umn according to the procedure of Chen e{H2]. Experi- calculated from the average deviation of a single determina-
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tion (a.d.) divided by the square root of the nhumber (n) of 70

determination made: A.D = a.d¥A.
601

501
3. Results and Discussion
401
3.1. Fractionation of the organics in the E-1 effluent

As reported previously, the E-1 effluent contained 921 mg/I
of total chlorine, of which 245mg/l was the organically
bounded chlorine (OCI). Approximately 5% of the OCl were
ether-extractable. Thus, it is evident that the majority of or-
ganically bound chlorine (OCI) was presentin the E-1 effluent 0+
as ether-insoluble high relative molecular mass fraction that
consisted mostly of toxic polychlorinated oxylignins. The
gel permeatlon chromatogram Showe_d that this fraction had Fig. 1. Relative molecular mass of polychlorinated oxylignins, PCOL-
arelative molecular masbi() of approximately 5000 Dalton 1, pcoL-2, PCOL-3 and PCOL-4, determined by gel permeation chro-
[1,2]. matography. — (a) PCOL-1 (6500); --- (b) PCOL-2 (6000); —-

In order to characterize the polychlorinated oxylignins —-— (¢) PCOL-3 (5500);—--—-- — (d) PCOL-4 (3500). Calibration:
(POCLs), the E-1 effluent (201; pH 10.5; organic content; '09Mr=—0.1242x[elution volume (ml)] +5.3317.
3.2g/l) was fractionated by ultrafiltration. The E-1 effluent
was acidified with concentrated sulfuric acid to pH 3. The 3.2. Chemical composition and functional group
acid precipitate was centrifuged off to give crude fraction analysis of the polychlorinated oxylignin (PCOL)

PCOL-1. The supernatant was then fractionated by ultrafil- fractions

tration to give PCOL-2, PCOL-3, PCOL-4 and PCOL-5 frac-

tions. The PCOL-5 contained mostly inorganics and did not  The PCOLs were acetylated with  acetic
be further investigated. The PCOL-1, PCOL-2, PCOL-3 and anhydride—pyridine reagent, then methylated with ethereal
PCOL-4 fractions Wereindividually purified by dissolving in diazomethane as described by C[‘[Qﬁ] The acety|ated,
dioxane-water (96:4, v/v), then precipitating by addition of methylated PCOLs were then subjected to elemental
10 times the volume of d|ethy| ether. The y|6|d of PCOL-1, ana|yses (C, H, O, S, C|) The total hydroxy| contents
PCOL-2, PCOL-3 and PCOL-4 are 12.5, 20, 17 and 20% of the PCOLs were calculated from acetyl content of the
per the organic content in the original E-1 effluent, respec- corresponding acetylated and methylated derivatives, while
tively, and have the relative molecular mass of 6500, 6000, the COOH contents were calculated from the increase in
5500 and 3500, respectivelygble 1 Fig. 1). Purification of  methoxyl contents. The methoxyl group contents were
these fractions prior of to the investigation on decolorization determined by the modified procedure of Viehbock and
and dechlorination was necessary because the inorganic conschwappach as described by Cliig.

taminants would cause difficulties in quarltitative analysisof  The elemental compositions of PCOLs using Cl content
samples and evaluation of the results of Adxcimer laser as unity are summarized ifable 1 The results show that

Relative UV absorption at 280 nm (%)

3 6 9 12 15 18 21 p 27 30

Elution volume (ml)

photolysis. the PCOLs have the C/Cl ratio in the range of 17.72—24.44.

Table 1

Molecular formulae of polychlorinated oxylignin (PCOL) preparations based on chlorine as unity

Preparations Molecular formulae based on chlorine as unity Functional group content (mole/Cl) Relative moleculdf)mass (
OCHg COOH Total OH

PCOL-1 Go4.44H25.67014.6350.09Cl (OCHa)1.22 (COOH) .04 (OH)z.22 6500

PCOL-2 Go1.52H25.98013.5450.06Cl (OCHs)o.01 (COOH) .49 (OH)2.26 6000

PCOL-3 G2.268H22.07013.7180.11Cl (OCHs)o.01 (COOH).41 (OH)2.24 5500

PCOL-4 G7.72H21.3%010.1580.10Cl (OCHgs)1.43 (COOH) .90 (OH)2.22 3500

pcoL? C14H1508Cl; C14H1009CI ND ND ND ND

E-1-1° Ci13.8H9.809.1Cl (OCHs)1.77 ND ND >25000

E-1-2 C13.1Hg.509 3ClI ND ND ND 25000 10000

E-1-2@ Ci14.3H10.7012.4Cl ND ND ND 10000— 1000

E-1-# C14H17.306 2Cl ND ND ND <1000

E-2-1° C118H132068CI (OCHs)2.96 ND ND <1000

ND = not determined.
& Adopted from Bennett et g7].
b Adopted from Lindstbm andOsterber8].
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Table 2

Co-units of polychlorinated oxylignin (PCOL) fractions

Fraction G-unit formulae Functional group content (mole)C Co-unit weight Relative molecular masil()
COOH Total OH

PCOL-1 GHg 5305.250.04Clo.39(OCHz)o.47 0.36 1.25 229.6 6500

PCOL-2 GH10.1505 5250.04Clo.44(0OCHg)o 4 0.65 0.99 252.09 6000

PCOL-3 GHs.1505.450.05Clo.42(0CHs)0.38 0.59 0.94 247 5500

PCOL-4 GHo.4104.8250.06Clo.55(0CH;s)0.79 0.5 1.23 252.48 3500

Kraft Lignin? CoH7.9802.2850.08(0CHg)o.77 0.3 1.6 179.09 ND

ND = not determined.
a Adopted from Wang et a[10].

These values are considerably higher than the reported valpart of it could conceivably occurred in the kraft pulping.
ues, the C/Cl ratios of 13-14 for the POCLs from the E-1 Among the POCL fractions, PCOL-1 has the lowest COOH
effluent obtained with alkaline extraction of acidic chlorine content but the highest OH content. This is in agreement with
bleaching by Bennett et 4lL6] and Lindstbm andOsterberg the fact that the solubility of PCOL-1 in water is the lowest
[10]. However, they are appreciably lower than the C/Cl ratio among the PCOL fractions.

of 118 found for the PCOL from the E-2 effluent obtained
by alkaline extraction of chlorine dioxide bleaching efflu-
ent[10]. In addition, the PCOLs have the O/ClI ratio in the
range of 10.15-14.63, which increase with increasing rela-
tive molecular mass\;). These values are also higher than
the values for the O/CI ratios of 8-9 and 6-[19,16], but
appreciably lower than the O/Cl ratio of 68 found for PCOL
from E-2 effluen{10]. Thus, itis evident that the higher C/CI

glnd Oh/.C| raftfllos found dvx_/ertre].cgused.by Fhe factlthat dﬂiz So/l responsible for the color of the effluent. In the AE93 nm)
eaching effluent used in this investigation employe <70 excimer irradiation of @-saturated PCOL-2 solution with

chlorine dioxide substitution in the acidic chlorine bleaching ,o, H,O, per POCL-2 at 20C, the degradation of the chro-

e . . D
Sti)g?.'t-rth's |_m|:rllles :}Tat. theblusedh_of 15'2/& c_hlonne d|0X|c_Je mophoric structures was monitored by measuring their Co—Pt
substitution in the chiorine bieaching results in an apprecia- .., nit The decolorization proceeded faster in alkaline

ble decrease in the formation of organically bound chlorine solution (pH 10.5) than in neutral solution (pH Big. 2).

(OCl) in the bleaching. Moreover, an addition of FD, to the Q-saturated PCOL-2

. Th? elemental compos_ltlons of PCOLs are also summa- solution at pH 10.5 increased the decolorization appreciable
rized in term of G-unit using that of kraft lignin as com-

parison {Table 3. The use of G-Cs units (phenylpropane
units) in expressing the composition of lignin preparations 2500
is a common practice in lignin chemistry for sake of com-

parison in spite the fact that most of the PCOLs do not have

3.3. ArF (193 nm) excimer photolysis of
polychlorinated oxylignin (PCOL) fractions

3.3.1. Decolorization of polychlorinated oxylignin
(PCOL) fractions

The PCOL fractions contain not only organically bound
chlorine (OCI), but also chromophoric structures, which are

a complete @g-unit. The relative frequencies of organically 2000
bound chlorine (OCI) in the different relative molecular mass 7;5
fractions of PCOLs show that the CHCatio is in the rang- ; 1500
ing of 0.39-0.55 CI/g, no appreciable differencé&dble 2. S
PCOL-1 has the lowest OCI content while PCOL-4 the high- E 1001
est, 0.39 Cl/@ versus 0.55 Cl/g. In addition, the PCOLs S

have a relatively low total hydroxyl group content, in the
range of 0.94-1.25 OHK; as compared to 1.5 OHgGor 500 1
kraft lignin [17,18] In general, the COOH group content of
the PCOLs is in the range of 0.36—0.65 COOb}/bnsider-
ably higher than that of kraft lignin, 0.3 COOH/CMost of 0 30 60 90 120 150 10 210 240
the COOH groups in PCOLs were probably produced via ox- ArF* excimer laser irradiation time (min)

idative cleavage of aromatic rings by chlorine in the chlorina- T T T T 1
tion stage of bleaching process. The methoxyl group content 10 “ Ot 40
of the PCOLs is in the range of 0.38-0.47 O$l€p, except Number of photons absorbed (x 10™)

for PCOL-4 (0'79 OCH/CQ)’ appremably lower than that of Fig. 2. The effect of pH on the decolorization of PCOL-2 ip-€aturated

kraft lignin, 0-_77 OCH/Co. T_he observed loss of methoxyl  sqjyion at 20 by ArF" (193 nm) excimer laser photolysis]-0- at pH
content most likely occurred in thexGtage, althoughasmall 7. .m-m- at pH 10.5.
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. i i . i Fig. 4. Effect of pH on the dechlorination of POCL-1 ip-®Gaturated solu-
0 10 20 30 40 tion at 20°C with addition of 2% hydrogen peroxide per POCL-1 by ArF
(2193 nm) excimer laser photolysi-0- at pH 7; 4-4- at pH 10.5% gen-

-20
Number of photons absorbed (x 10°) eration of chloride ions at pH 10.5.

Fig. 3. Effect of the concentration of hydrogen peroxide on the decoloriza-

tion of PCOL-2 at pH 105 in @saturated solution at 2@ by ArF’ Moreover, the degradatl_on of the chromophorlc structures
(193 nm) excimer laser photolysis]-T- without addition of HO,; -B- would lead to decrease in the chromophoric structures sus-
B- with addition of 2% H0, per POCL-2/8 with addition of 8% HO; ceptible to the degradation by the ArExcimer laser-HO,

per POCL-2. photolysis.

(Fig. 3. The reduction of color increased with increasing 3.3.2. Kinetics of dechlorination of polychlorinated
concentration of HO,. The color removal was inappreciable  0xylignin (PCOL) fractions
in the absence of $0,, the color reduction of only approx- 33*21 Effect of pHInitially, PCOL-1 was irradiated with
imately 160 units at the 60 min irradiation of Arlexcimer ~ ArF (193nm) laser radiation at pH 7 and 10.5 with 2%
laser radiation. With the additions of 2% and 8%C3 per H20, in O-saturated solution at 2@ to verify the cor-
PCOL-2, the color reduction increased to approximately 720 rectness of the optimum conditions determined by the results
and 1490 units at the irradiation time of 60 min, respectively. of model compound experimenis,2]. The dechlorination
The degradation of chromophores occurred on the'ArF  reactions of the PCOLs were first order reactions; first order
(193 nm photon) excimer laser irradiation in two distinct With respect to the total organically bound chlorine (TOCI),
phases. In the first phase (initial 60 min), the color of the first order overall, as evidenced by a linear relationship be-
PCOL-2 decreased rapidly and then leveled off. This indi- tween—In[TOCI]/[TOCl]o and excimer laser radiation ir-
cates that the bulk of the chromophores were degraded inradiation timet. As in the model compound experiments
the first phase. The generation of organic acids by the photo-[2], the dechlorination rate of PCOL-1 was indeed appre-
oxidation of PCOL-2 preparation could slow down the reac- ciably faster at pH 10.5 than at pH 7, the rate constant of
tion rate for the removal of chromophoric structures in second 0.983x 107#s™! versus 0.73% 10~*s~* (Table 3 Fig. 4).
phase, since pH of the reaction mixture could decrease withAt pH 10.5, the rate for the formation of chloride anions
increasing formation of carboxylic acid groups. The pH of (CI7) was a slightly slower than the dechlorination rate, the
reaction mixture decreased from the initial 10.5-8.6 at the rate constant of 0.938 10~*s™* versus 0.98% 10~*s™™.
end of the irradiation. In addition, the decrease in pH would
result in slowing down the oxidative degradations promoted 3.3.2.2. Effect of hydrogen peroxid€he PCOL-2 was then
by base, i.e., decrease in ionization of the phenolic groups.irradiated with ArF (193 nm) excimer laser radiation at pH

Table 3
Dechlorination reaction rate constants of polychlorinated oxylignin (PCOL) fractions-sa@rated solution at 2€ by ArF (193 nm) laser photolysis
Fraction pH Oxidant per substrate k(571 Coefficient of determinatiorR¢)
PCOL-1 70 2% H0O, 0.733x 104 0.9944

105 2% H,02 0.983x 1074 0.9922

10.5 2% H0O2 0.933x 10742 0.9677
PCOL-2 105 None 0.833% 10~* 0.9915

10.5 2% H0O, 1.083x 104 0.9904
PCOL-4 105 2% H,02 0.8x 104 0.9897

Initial concentration: 450 mg substrate/|.
2 Rate constant for the formation of chloride ions.
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Fig. 5. The effect of hydrogen peroxide on the dechlorination of POCL-2 at
pH 10.5 in GQ-saturated solution at 2@ by ArF (193 nm) excimer laser
photolysis. EJ-0J- ArF* (193 nm) excimer laser photolysis onlyll-B- with
addition of 2% HO, per POCL-2.

10.5 in O-saturated solution with and without addition of
2% HyO, per PCOL-2 by weight at 20C. The addition of
2% H,O, per substrate appreciably accelerated the dechlo-
rination rate, the rate constant increased from 0.838~*
to 1.083x 10~4s~1 (Table 3 Fig. 5). However, the effect of
H2>02 on the dechlorination rate was not discernable in the
initial stage of the laser photolysis up to 30 min correspond-
ing to 5x 102°193 nm photons absorbed. In the later stage,
H>0, promoted appreciably the dechlorination of PCOL-2.
In alkaline solution, HO, undergoes photolysis under the
reaction condition to produce hydroxyl radials (HQwhich
in turn abstract hydrogen atoms from®b to produce hy-
droperoxyl radicals (HOQ [19]. Thus, the resulting active
oxygen radical species, such as hydroxyl and hydroperoxyl
(HO® and HOO) radicals, promote the dechlorination reac-
tion. First of all, the hydroxyl radicals (HQ extracted an
electron from phenoxide anions to produce phenoxyl radi-
cals that in turn gavertho andpara (C-2, C-4, C-6) radi-
cal species via mesomerism. Coupling of hydroxyl radicals
(HO*®) with these radical species could result in removal of

Table 4
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chloride anion (Ct) with concomitant formation of the cor-
responding quinones if these positions were substituted by
chlorine.

3.3.2.3. Effect of relative molecular masBhe alkaline so-
lutions of PCOL-1, PCOL-2 and PCOL-4 at pH 10.5 were
subjected to ArF (193 nm) excimer laser photolysis with
2% H,O, per PCOL in Q-saturated solution at 2@. The
PCOL-3 was not available because of the shortage of the
preparation. The decrease in the total organically bound chlo-
rine (TOCI) of the reaction mixture was monitored by quanti-
tative analysis. Chloroform, chlorinated acetic acid and other
volatile materials that might have been formed in the excimer
laser photolysis were not determined. In general, the total or-
ganically bound chlorine (TOCI) in the substrates decreased
with the corresponding generation of chloride anions {ClI
(Table 4 as in the case of the AfFexcimer laser photolysis
of PCOL-1 Fig. 4.

The dechlorination rates of the different fractions, PCOL-
1, PCOL-2 and PCOL-4, were compared in order to eluci-
date the effect of relative molecular mab). The PCOL-1,
PCOL-2 and PCOL-4 had thé, of 6500, 6000 and 3500, re-
spectively. The dechlorination rate of PCOL-2 was the fastest,
followed by that of PCOL-1, and that of PCOL-4 was the
slowest, rate constants of 1.083, 0.983 andx01® 4s™1,
respectively Table 3 Fig. 6). Thus, The dechlorination rate
constants of PCOLs decreased with decreasing the relative
molecular mass\{y), but with increasing organically bound
chlorine (OCI) content/g unit. The dechlorination rates of
the PCOL fractions were found to be, in general, slower than
the rates found for the model compounds under the same reac-
tion conditions. For example, to achieve 50% dechlorination
in the PCOL fractions, approximately 120 min irradiation of
ArF" (193 nm) eximer laser radiation was required. In con-
trast, less than 30 min irradiation of ArF193 nm) eximer
laser radiation was required to obtain the same degree of
dechlorination in the model compounds under the same re-
action condition$1,2]. The chlorine anions (Cl) generated
at the 30 min irradiation of ArFexcimer laser radiation and
the quantum yield for the generation of chloride anions from
the PCOL fractions were summarizedliable 4 Itis evident

Quantum yields for generation of chloride ions from polychlorinated oxylignin fractions at 30 min irradiation 6f(29B nm) excimer laser radiation in

O,-saturated solution at 2@

Fractions pH Oxidant [TOCH(mol I71) [TOCl]30 (Mol%) Chloride ions generated Quantum yiefg) (
mol9%* mol =2
PCOL-1 7.0 2% HO, 0.000764 87.63 12.37 0.0000945 ~0.02
10.5 2% B0, 0.000764 83.78 16.22 0.0001239 ~0.027
105 2% B0, 0.000764 N/A 15.48 0.0001181 ~0.026
PCOL-2 105 None 0.000839 86.07 13293 0.0001169 ~0.025
105 2% B0, 0.000839 82.28 17.72 0.0001487 ~0.031
PCOL-4 10.5 2% KO, 0.001029 86.59 13.41 0.000138 ~0.029

Initial concentration: 450 mg substrate/l. N/A=not applicable.
a Calculated from{100— [TOCI]30} in mol%.
b Determined directly the chloride ions generated in the reaction mixture.
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Number of photons absorbed (x 10°7) tion: 900 mg/l with 2% hydrogen peroxide in.Gaturated solution{) con-

centration: 450 mg/l with 2% hydrogen peroxide in-8aturated solution,

Fig. 6. The dechlorination of PCOL-1, PCOL-2 and PCOL-4 at pH 10.5in ([ ) Concentration: 450 mg/l with 8% hydrogen peroxide is-iturated
O,-saturated solution at 2@ with 2% hydrogen peroxide per substrate by  gglution.

ArF" (193 nm) excimer laser photolysisA—a— PCOL-1; H-B- PCOL-2;
—4—4-POCL-4. amount of oxidants, such as 2%®b in O,-saturated solu-
tion, the ArF (193 nm) excimer laser photolysis resulted in

that the quantum yields for the chloride anion{forma- appreciable degradation of the PCOL-2. o
tion from the PCOL fractions were much smaller than the ~ On irradiation of ArF (193 nm) excimer laser radiation
values observed for model compour{ds2]. This could be up to 600 min, the PCOL-2 re_adlly underwent oxidative pho-
attributed to the organically bound chlorine (OCI) content, todegradation at pH 10.5 with 6%28, per substrate in
the complex chemical structure as well as the chemical envi- Oz-Saturated solution at 2€. The fragments with relative
ronment of organically bound chlorine in the PCOL fractions, Melecular massM) of 6000 was degraded into fragments
with M, of 1500, the peak of which is rather sharp and sym-

3.3.3. Degradation of polychlorinated oxylignin (PCOL) metric. _Thel_\/lr 6000 peak decreased with the c*orres_ponding
fractions increasing in the newl, 1500 peak, as the ArFexcimer

The degradation of PCOLs by ArR193nm) laser pho-  1aSer photolysis proceedesig. 8). ,
tolysis was preliminarily studied by monitoring change inthe !N the cases of PCOL-1, PCOL-3 and PCOL-4, the profile
intensity of the peak corresponding to lignin fragments hav- forthe change inthe molecular distribution pattern is different
ing the relative molecular masMif) of 6000 in the POCL-
2 solutions with concentrations of 900 and 450 mg/l. The
degradation of PCOC-2 with concentration of 450 mg/l was
negligible at pH 10.5 in fsaturated solution at 2@ up to
600 min irradiation of ArF (193 nm) laser radiatiorF{g. 7).
However, approximately 18, 26 and 29% of Me6000 frag-
ments underwent degradation, producing fragments Mjth
of 1500 at pH 10.5 in @saturated solution with 2%4®O, per
substrate at 20C on 240, 360 and 600 min irradiation of ArF
(193 nm) laser radiation, respectively. Although the degrada-
tion rate increased with increasing concentration of substrate,
the rate for the solution with concentration of 900 mg/l was
faster than that with concentration of 450 mg/l only by ap- 0
proximately 1.1-1.2 hold, 80% versus 71.4% at the 600 min
irradiation. In addition, when the concentration of®$ was
increased from 2% to 8% per POCL-2, then the percentage ofFig. 8. Degradation of PCOL-2 by AFF(193nm) excimer laser pho-
M; 6000 fragments undergoing degradation were increasedtolysis at pH 10.5 with 8% hydrogen peroxide per substrate jn O
to approximately 53, 62 and 71%, respectively. Evidently, satgrgted solution. Concentration of PCOL-2: 450 r.ngll.'—_ (a)' before ir-
the results indicate that the Arfexcimer laser photolysis radiation Mr 6000 (largestMy 1500 (none)l; --- (b) irradiation time of

) . . 360min M, 6000 (smaller) and!; 1,500 (larger)—-—-— (c)irradiation

alone does not bring about appreciable degradation of thetime of 600 min M, 6000 (smallest) ant1, 1500 (larger)]. Calibration:
high molecular mass fractions. However, addition of a small logM; =—0.1242x [elution volume (ml)] +5.3317.

70

601 /(ﬂ)

501
401
301

201

Relative UV absorption at 280 nm (%)

18 21 24 27 30
Elution volume (ml)




T.-y. Xie et al. / Journal of Photochemistry and Photobiology A: Chemistry 172 (2005) 231-240

70

604

504

401

304

Relative UV absorption at 280 nm (%)

0 3 6 9 12 15 18 21 P 27 30
Elution volume (ml)

Fig. 9. Degradation of PCOL-1 by AfR193 nm) excimer laser photoly-
sis at pH 10.5 with 8% hydrogen peroxide per substrate jrs&@urated
solution. Concentration of PCOL-1: 450 mg/l. — (a) before irradiation
(M, 6500);----- (b) irradiation time of 360 min i, 7,000). Calibration:
logM; =—0.1242x [elution volume (ml)] +5.3317.
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Fig. 11. Degradation of PCOL-4 by AtR193 nm) excimer laser photol-
ysis at pH 10.5 with 8% hydrogen peroxide per substratedrs@urated
solution. Concentration of PCOL-4: 450mg/l. — (a) before irradiation
(M; 3500);----- (b) irradiation time of 360 min NI, 3000) Calibration:
logM; = —0.1242x [elution volume (ml)] +5.3317.

from that of PCOL-2 under the same reaction conditions. At ¢leavage by Arf (193 nm) excimer laser photolysis to pro-

360 min irradiation of ArF (193 nm) excimer laser radiation,

duce POCL fragments withl, of approximately 1500 from

theM, 6500 peak in the PCOL-1 was disappeared completely the initial. M, 6000 fragments. In contrast the PCOL-3 and

with appearance of the fragments with of 7000 §ig. 9),

PCOL-4 probably contain peripheral units wih of approx-

probably caused by recombination among the resulting de-jmately 1500 and 500 respectively, which should be suscepti-

graded radical fragments. In contrast, Me5500 and 3500

ble to elimination with oxidative cleavage on ArEL93 nm)

peaks inthe PCOL-3 and PCOL-4 were completely degradedeycimer laser photolysis, producing the fragments Wittof

into the fragment withM, of 4000 andM, of 3000, respec-
tively (Figs. 10 and 1 Thus, the photochemical degrada-
tion pattern of PCOL-1 is different from those of PCOL-2,

approximately 4000 and 3000, respectively. Conceivably, the
skeletal feature for chemical structure of PCOL-1 should be
similar to that of PCOL-2. However, the units that should be

PCOL-3 and PCOL-4. The difference in the degradation be- sysceptible to oxidative cleavage in PCOL-1 should be read-
havior among PCOL-1, PCOL-2 PCOL-3 and PCOL-4 COU|d_ ily to produce radical fragments by the photolysis, which
be caused by differences in skeletal feature of their chemi- shoyld immediately undergo radical recombination to pro-

cal structures. Conceivably, PCOL-2 should have been con-qyce the fragments withl, of approximately 7000, but not
taining uniform units that should be susceptible to oxidative that of PCOL-2.
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Fig. 10. Degradation of PCOL-3 by Af{193 nm) excimer laser photol-
ysis at pH 10.5 with 8% hydrogen peroxide per substrate drs@urated
solution. Concentration of PCOL-3: 450 mg/l. — (a) before irradiation
(M; 5500);----- (b) irradiation time of 360 min I, 4000). Calibration:
logM; =—0.1242x [elution volume (ml)] +5.3317.

4. Conclusions

Ultrafiltration technique is very effective in the fraction-
ation of E-1 effluent into polychlorinated oxylignin (PCOL)
fractions PCOL-1, PCOL-2, PCOL-3 and PCOL-4 with rel-
ative molecular masa\;) of 6500, 6000, 5500 and 3500,
respectively. The chemical Compositions of the PCOL frac-
tions indicate that the use of 15.2% chlorine dioxide substitu-
tion in the chlorine bleaching stage results in an appreciable
decrease in the total organically bound chlorine content in
the E-1 effluent.

The irradiation of ArF (193 nm) excimer laser radiation
in Oy-saturated solution alone is effective in the dechlorina-
tion of POCL fractions, but not in the decolorization. How-
ever, addition of oxidants in £saturated solution, such as
H205, is necessary to improve both degradation and decol-
orization of PCOLs by ArF excimer laser photolysis. The
PCOLs undergo effectively decolorization and dechlorina-
tion at pH 10.5 in the presence o£8, in O-saturated so-
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