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The effluents of paper mill contain lignin as major consti-
tuent. Lignin is a bio polymer and it has less affinity to undergo
biodegradation, therefore it persists in water. Model dimer
compounds synthesized from coniferyl acohol, p-coumrylic acid
and sinapyl alcohol. The epoxides of respective alcohols are
obtained by m-chloroperbenzoic acid oxidation on double bonds.
In presence of sodium hydroxide the epoxides are refluxed with
coniferyl acohoal, p-coumrylic acid and sinapy! acohol, respectively
so that dimers are formed. The reaction products are isolated by
flash chromatography. Here an attempt has been madeto subject photo-
catalysis of model compounds using agueous TiO, suspension. For
the experimental setup fabricated, the optimum mass of catalyst
and pH of aqueous media suitable for optimum possible degradation
was investigated. Initially, the absorption characteristics of model
compounds prepared are determined. The influence of the nature
of phenolic units on photo degradation has been investigated by
comparing theinitia degradation rates. The Langmuir-Hinshelwood
kinetics constant parameters evaluated. Kinetics of chemica oxygen
demand and phenolic contents studied and based on the results
path of degradation proposed.
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INTRODUCTION

Water pollution is becoming a serious global problem. Lignins are
present in effluent. They are not decomposed by biodegradation. Therefore
they get accumulated in nature and persist for along time'. Conventional
biological treatment processes are non-destructive for these compounds.

The traditional physico-chemical treatments such as nanofiltration,
ozonization and combustion are some efficient, but have inherent limitations
in applicability?, such as effectiveness and cost. Advanced oxidation processes
have been considered as promising for the remediation of contaminated
water®,
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It is possible to decompose various organic materialsusing an irradiated
TiO, semiconductor®. Herein, an attempt is made to degrade model dimers
of lignin by photocatalysis.

EXPERIMENTAL

The laboratory system consists of a recalculating batch photo reactor
fabricated with pyrex and teflon components. Fig. 1 isthe schematic diagram
of the laboratory system. Water, chemical substance under investigation
and titanium dioxide are continuously recal culated through 500 mL reactor
until the substance concentration is below the detection limit. A constant
flow rate of ca. 1 L/minisawaysused. Small aliquotsweretaken from the
reservoir at reaction time intervals during each run and analyzed for COD
required. UV absorbance at predetermined A of concern compound and
phenolic contents using Lovibond Multidirect at specified wavelength is
prescribed by standard methods for examination of water and wastewater.
In thisway no significant loss of volume occurred during the experiment.
Oxygen is introduced through a flow meter and distributed via a sintered
glasstip to maintain aconstant oxygen concentration (20-30 mL min™®). In
these experiments the pH of the solution was adjusted by adding an appro-
priate amount of buffer solution to suspension®. Irradiation was carried out
withaUV tubelight of UV A range, 36 W, having A range 310-400 nm and
Amax 1S 365 nm.

J
Rleservoir p
sample

Fig. 1. Schematic diagram of the laboratory system

The powered semiconductor catalyst used as supplied, without any pre
treatment. Thetitanium dioxide used was Degussa P-25 (particle size 20 to
30 nm by transmission electron microscopy, surface area53 m? g by BET
methods, crystal structure 83 % anatase and 17 % rutile as determined by
X-ray diffraction analysis. Catalyst loading in all kinetic runswas 1 g L™
to 3.5 g/L, thisvalue has been found to be large enough to make the reactor
opague to UVA radiation.
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Coniferyl alcohol, p-coumrylic acid, sinapyl acohol, m-chloperbenzoic
acid, NaOH, LiAlIH, and dichloromethane are of AR grade procured from
Aldrich.

Synthesis of dimers: The chemicals coniferyl alcohol, p-coumrylic
acid, singpy! dcohol, m-chloro perbenzoic acid, NaOH, LiAlH, used without
any further purification. Thefirst step of reaction conducted in three necked
flask with sealed stirrer unit, a250 mL dropping funnel and adouble surface
condenser are fitted to it. The guard tubes containing calcium chloride
attached to the open ends of condenser and dropping funnel. A funnel with
avery short wide stem placed by removing dropping funnel and introduced
powder lithium auminium hydride into flask through it. Dried ether used
to transfer the last traces into the flask. Replace the dropping funnel and
guard tube. While stirring a solution of 10 g of p-coumrylic acid in dry
ether isadded to an ethereal solution of lithium aluminium hydride at such
a rate that the reaction mixture boils gently. When the reaction mixture
becomes viscous, then 50 mL of anhydrous ether added to facilitate stirring.
Continued the stirring for 15 min after all solution from dropping funnel is
added. The excess lithium auminium hydride is decomposed by the addition
of 75 mL of water. The reaction product is filtered through sintered glass
funnel and dried ethereal solution with magnesium sulphate and distilled
off ether with rotary evaporator. Colourless viscous residueis solidifieson
cooling. Dissolved the sludge that Ieft in thefilter funnel in 20 % sulphuric
acid, extracted the resulting solution with six 10 mL portions of ether,
again ether is removed by means of rotary evaporator, on cooling alcohol
get crystallized. In the second step 5 g of p-coumryl alcohol prepared is
dissolved in 5 mL of dichloromethane and 5.6 g of m-chloro perbenzoic
acid is dissolved in 5 mL of dichloromethane and stir the mixture at 0 °C
for 24 h, filtered, washed with 10 % NaHCO; and dried over anhydrous
sodium sulphate and then distilled the dried dichloromethane solution
through an efficient fractionating column. 2.5 g of epoxide of p-coumryl
alcohol is added to 2.5 g of p-coumryl acohol dissolved in 10 M NaOH.
The mixture is refluxed for 4 h. The contents are cooled and crystallized
then subjected to flash chromatography described®. Silica gel 60 (40-230
mesh) was used as column, solvent mixture of acetate/light petroleum (b.p.
30 to 60 °C) used as eluant. The flow rate maintained as 2 + 0.1 in/min.
Same procedure adopted as above to prepare dimer model compounds of
coniferyl alcohol or sinapyl acohol.

For al the prepared compound IR, UV, *H NMR (200 Hz), *C NMR
gpectrataken for conformation of structure. All batch equilibrium experiments
were conducted in the dark. Measurements were made on suspensions prepared
by mixing 20 mL solution of variousinitial concentrations of model compounds
at pH 5-6 and fixed amount of catalyst. A TiO, concentration of 1-5g L™
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was used in adsorption dark experiments. Preliminary experiments suggest
that the adsorption gets saturation in 40 to 50 min, so beforeirradiation the
reactants mixture kept in dark for 50 min before subjecting to photocatalys's.
The equilibrium concentrations are determined using HPL C after centrifu-
gation and filtration, through Millipore filters (0.45 mm diameter), of the
suspension. The number of organic compound mol ecul es adsorbed per gram
of TiO, (n%in mol g*) is calculated as follows':

N% =V x AC/W (1)
where AC is difference between theinitial concentration, (Ci) and equilibrium

concentration, (Cg), V the volume (0.02 L) and W is the weight of TiO,
(0.02 g).

RESULTSAND DISCUSSION

Epoxide given by p-coumryl alcohol (I11), 4-[3-(hydroxymethyl)-
oxiran-2-yl]phenol: '"H NMR signals: 7.35d, 6.84d, 3.15d, 3.7m, 5.36 s.
BC NMR environments: ¢; 157.97, ¢, and ¢s 116.34, ¢z and ¢s 125.1, ¢,
129.4, ¢;' 64.2, ¢5' 59, €4’ 60. Amax IS 281 nm.

Epoxide given by p-coniferly alcohol (111), 4-[3-(hydroxyl methyl)-
oxiran-2-yl]-2-methoxyphenol: '"H NMR signal: 7.1d, 6.9d, 6.96 s, 3.79
s,3.07s,3.68m, 4.47s,3.79s. ®*C NMR: ¢; 145.9, ¢, 148, c;3 107, ¢, 129.4,
C5117.3, cs 115.7 ¢;' 62.8, C5' 58.4, ¢4 60.4. Amax iS 287 NM.

Epoxide given by p-sinaply alcohol (I111), 4-[3-(Hydroxyl methyl)-
oxiran-2-yl]-2,6-dimethoxy phenol: '"H NMR signals: 6.64 s, 3.8, 3.0
m, 3.67m, 4.09 s, 3.85 s. *C NMR environments: ¢; 134.6, ¢, and c; 148.4,
csand ¢s 101.8, ¢4 136.7, ;' 61.3, C5' 57.8, C4' 60.5. Amax IS 288 nm.

Dimer formed p-coumryl alcohol (1V), 4-{3-(Hydroxyl methyl)-5-
[(1E)-3-hydroxyprop-1-en-1-yl]-2,3-dihydr o-1-benzofur an-2-yl}phenol
(Model dimer1): *H NMR signals: 7.33d, 6.84 d, 5.52 d, 3.52m, 3.9 m,
43s,6.8d,7.2d,7.49s, 6.54d, 6.12m, 4.37 d. *C NMR environments:
C,87.4,C354.6,C, 130, Cs 128.1, Cs 129.4, C; 123.7, C5 109.8, Cs 160.6,
C:'130.9, C;' 128, C5'63.3, C," 134.5, C," and C" 127.3, C5" and Cs" 116,
C," 158.6, C," 64.4. Amac 15305 nm.

Dimer formed p-coniferly alcohoal (1V), 4-{3-(Hydroxyl methyl )-5-
[(1E)-3-hydroxyl prop-1-en-1-yl]-7-methoxy-2,3-dihydro-1-benzo furan-
2-yl}-2-methoxy phenol. (M odel dimer2): *"H NMR signal: 3.55m, 3.8,
AB type3.97m,4.19d,5.16s,5.56d,6.23m, 6.5d,6.8d,6.87d,6.94 s,
6.97 s, 7.03s. ®*C NMR: C; 53.7, C of methoxyl 55.9, C5" 62.8, C of hydroxyl
methyl 63.7, C, 87.8, C5' 110.2, C; 111, Cs and C¢' 1155, Cs' 119, C,"
127.8, C," and C, 130, C,' 133, Cs 144.5, C,' 146.7, Cy and C;' 147.8-148.
Amax 1S 312 nm.

Dimer formed p-coumryl alcohol (V), 4,4'-Tetrahydro-1H,3H-
furo[3,4-c]furan-1,4-diyldiphenol. (Model dimer 3): *H NMR signal: 3.09
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m, 3.92d, 4.22d,4.66d, 6.64d, 7.22d, 8.11s. ®*C NMR: C;and C; 55, C,
and Ce 645, C4 and Cg 867, Cll C13 C17 Clg 1161, Clo C14 Cle Czo 1283, Cg
Cls 1338, C12 and C13 157.7. }Mmax iS282 nm.

Dimer formed p-coniferly alcohol (V), 4,4 -Tetr ahydro-1H,3H-furo-
[3,4-c]furan-1,4-diylbis(2-methoxyphenol), (Model dimer4): *H NMR:
3.08m,3.8m, 3.83s,4.31d,6.78d,6.83d,6.98s, 7.48 s. ®°C NMR: C;
and C; 49.5, C of methoxyl 55.8, C, and Cs 68.4, C, 814, C5' and C3"
1098, Cs' and Ce" 1149, Cs and C" 1188, (oN and C)" 1297, (%) and C"
145.8, C,' and C," 147.3. Amax 1S 287 nm.

Dimer formed p-sinaply alcohol (V), 4,4'-Tetrahydro-1H,3H-furo
[3,4-c]furan-1,4-diylbis (2,6-dimethoxyphenol). (Model dimer5): 'H
NMR: 3.08, 3.87 s, A,B type 3.96 m, 4.32 and 4.32, 5.52 s, 6.59 s. °C
NMR: C; and C; 54.4, C of methoxyl 56.3, C, and Cs 70.4, C, and C6 86,
Cs'Cs'C5" Cs" 103.6,C,s' C,"132.2, C,' C;" 135.1, C;' C6' C," Cg" 147.9. Amax
is288 nm.

Dimer formed p-sinaply alcohol (1V) is not isolated. Only (V) is ap-
pears to be forming under the reaction condition adopted. Further VI type
of compound too not isolated in HPLC analysis of products formed after
2nd stage of reaction scheme when p-coumryl acohol or coniferly acohal.

Non-cyclic dimer of p-coumryl alcohol (V1) formed by B-O-ether
bond (Model dimer 6): *H NMR signals: 3.55 m, 4.17 d, 4.4 t, 4.94 d,
5.29 s, A,B type signal 6.26 m, 6.5 d, 6.77 d, 6.9 d, 7.31 m. *C NMR
signas. C, 61, C5" 63.9, C, 72.49, C; 83.39, C; and Cs 113, C;' and C¢'
115.99, C," 126.7, C; and Cs 127.68, Cs' and Cs' 129.27, C," 130.8, C,4
130.7, C4' 133, C;' 157.16, C; 158.77. Ama iS 302 nm.

Non-cyclic dimer of p-coniferly alcohol (V1) formed by B-O-ether
bond (M odel dimer 7): *H NMR signals: A,B typeat 3.57 m, 3.8s,4.18d,
428 m, 4.89d,5.08 s, A;B typeat 6.25m, 6.49d, 6.74 d, 6.84 d, 6.99 d,
7.09 s. °C NMR signals: C of methoxyl groups 56, C, 61.2, C5" 62.82, C,,
72.89, C 86.65, Cs and Cs' 109.89, Cs' 114.8, Cs 118.21, Cs and Cs' 120.2,
C," 128.78, C," 129.88, C, 131.58, C, 133.42, C,' 145.53, C,' 146.83, C,
147.9, C; 151. Ama is 308 nm. On signeryl acohol only 1V compound is
formed probably due to methoxy groups at 2 and 6 positions attacking of
phenoxide group of phenol on epoxide at neither o or 3 positionsis seems
to be hindered. The dimer formed by attacking at o position of epoxide
seemed to have favourble conformation to give cyclizaition product 111.
Though dimer formation through 3-O- bond is possible the corresponding
benzo furan derivative VI is not forming.

4-{ 2-(Hydroxyl methyl)-5-[(1E)-3-hydroxy! prop-1-en-1-yl]-2,3-di
hydro-1-benzofuran-3-yl} phenol (V1) is not formed during second stage
of scheme of synthesis probably attacking of phenol functional group at C,
of epoxide that favours and stabilized by phenyl group. On analyzing *C
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where R; = R; = H for p-coumry! agohol
R; = -OCHjs, R, = H for coniferly alcohol and R; = R, = -OCHj5 for sinaply alcohol
Scheme-|

NMR data obtained for dimer peak at 87 ppm suggests that |V structure
may assign to dimer. As methyl proton of biphenyl group would give its
peak in the range of 44-47. Further if VI1 isthe structure of dimer formed
it might have given 12 kinds of proton signals, where 13 signals are showing
in '"H NMR of dimer. Therefore doublet at 5.52 & and multiplet at 3.49 §
are assigned to proton of a (C;) i.e. benzyl alcohol part of structure and 8

(Cro), respectively.
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The important consideration in photocatalytic reactions is the adsorption
of organic compounds on the surface of the catalyst particles. It has been
often reported that adsorption of the organic compound is a perquisite in
photo degradation of organic compounds’. In order to evaluate the role of
adsorption the dark adsorption isotherm for the model compounds was
measured at different initial concentrations and mass of catalysts’. After
allowing compl ete adsorption the equilibrium concentration was measured.
On plotting log Ce against logx/m where x isthe mass of adsorbed species
and m is the mass of catalyst. All are found to be following Freundlich
adsorption isotherms’ at a concentration of below 10* mol/L at pH of 12.
The intercept (log K) and slop (1/n) values obtained from graph are given
in the Table-1.

TABLE-1
Apparent rate constant Apparent equlibrium constant
Model dimer 1 0.58 1.29
Model dimer 2 0.76 1.62
Model dimer 3 0.52 1.36
Model dimer 4 0.66 1.49
Model dimer 5 0.79 158
Model dimer 6 0.82 174
Model dimer 7 0.90 1.83

Effect of UV radiation without catalyst: Aqueous and ethanolic
solution of the compound was exposed to UV radiation for 3 hin the absence
of TiO,. It was naticed that the compound is quite stable under UV radiation.

Effect of TiO,with out UV radiation: Aqueousand ethanolic solution
of the compound was kept in darkness for 3 h in the presence of TiO.. It
was noticed that the compound is quite stable under this conditions.

Effect of initial concentration: Experiments carried out with varying
initial concentrations of compound. At the natural pH of the solution the
rate of degradation increased with an increase in [compound)], and remain
constant for beyond certain level, indicative of Langmuir kinetics. Thisis
confirmed by the linear plots of 1/rate vs. 1/[compound], with an intercept
on the ordinate (Figs. 2-8), in agreement with the equation®.

Rate = k'K[compound], / 1 + K[compound]o
Hence
Lrate = 1/k'K[compound]o + 1/Kk'

where k' = a proportionality constant and K = equilibrium constant. The
values of k' and K obtained from the intercept and slope of this plot are k'
mol dm? s* and K dm?® mol* respectively™.
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Effect of amount of catalyst: The effect of varying the amount of
catalyst isstudied (Fig. 9). Experiments performed with various amount of
catalyst powder (1-5 g/L) and constant compound concentration (0.0001
mol dm®) showed the rate increased with an increase in the amount of
catalyst and remained almost constant above a certain level.

Effect of pH: Therole of the pH on therate of photolytic degradation
was studied in the pH range. Thisisindicative of the significant role of the
surface property of the photocatalyst (Figs. 10-12). The acid base property
of the metal oxide surface has a considerableinfluence on the photocatal ytic
activity™ with varying pH. the effect of pH can be explained on the basis of
zero point of charge of TiO,. The adsorption of H,O molecules at the surface
metal sitesisfollowed by the dissociation of OH groupsleading to chemicdly
equivalent metal hydroxyl groups. Due to the amphoteric behavior of most
metal hydroxides, the following two equlibria must be considered™

M-OH + H" — M-OH," K1
M-OH — M-O + H* K;

The zero point of charge (pHz.) of metal oxide particle is defined as
the pH at which the concentrations of protonated and deprotonated surface
groups are equal**.

PHzpe = ¥2 (K1 + pK2)

The metal oxide surface is predominantly positively charged below

pH_c and negatively charged above, the pH,, of TiO- is 3.5-6.7.
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M echanism of photodegr adation: Inthese experiments agueous disper-
sion of the above substrates 0.0001 M, of 1000 mL of each model compound
subjected to photocatalysis at pH 7 and 2.5 g of catalyst. After irradiation
of UV light for 2h UV spectrum of sampletaken here below the superimposed
spectraof model dimer 1 and spectrataken after 2 h subjection of catalysis
is showing drastic change in absorption peak appearing. Similar shift of
spectrum changes observed in the case of model dimer 3 too. Thisis an
indication of degradation products, further to propose the probable path of
photocatalysis variation of COD and phenolic contents with respective to
time during photocatalysisis studied.

Thereis agradua decrease in chemical oxygen required in mg/L for
al model dimers. Whereas phenolic contents of all model dimer showed a
gradual decrease initially, the unexpected increase found in case of model
dimer 1, 2, 6 and 7 but for model dimer 3, 4 and 5 the behaviour is as
expected. To explain the results obtained the following degradation path is
proposed (Scheme-11).
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Scheme-11: Degaradation mechanism

Conclusion

Without under going polymerization that gives ahigh molecular weight
molecules by epoxidation followed by reaction with parent alcohol (i.e.
from which the epoxideis prepared) gives dimerswhich are building blocks
of lignin. So thisinitial study of degradation of model lignin dimers may

hel pful

in applications of advanced oxidation process to treat effluents of

paper mills coyer board manufacturers, textile mills and tanneries.

ACKNOWLEDGEMENTS

The authorswish to convey special thanksto K.V.S.G. Murali Krishna

Assoc.

Prof., Department of Civil Engineering, JNTU College of Engi-

neering, Kakinada. The authors also wish to thank Prof. Sri Thagarajan,



22

Murali Krishnaet al. Asian J. Chem.

Prof. M. Nageswra Rao, Centrefor Environmental Education and Research,
NITTTR, Taramani, Chennai, Director, Center Tobaco Research Insistute,
ICAR, Rgjahmundry and the Superintending Engineer, Hydrology Project
Circle, Surface Water Department of Andhra Pradesh, Prof E.Rajanarender

Kakatiya University.
REFERENCES

1. Avranas, |. Poulios, C. Kypri, D. Jannakoudakis and G. Kyriakou, Appl. Catal. B:
Environ., 2, 289 (1993).

2. R.M.Alberici and W.F. Jardim, Water Res., 28, 1845 (1994).

3. K.E. O'Sheaand C. Cardona, J. Photochem. Photobiol. A: Chem., 91, 67 (1995).

4. M.S. Dieckmann and K.A. Gray, Water Res., 30, 1169 (1996).

5. A.B. Prevot, M. Vincenti, A. Bianciotto and E. Pramauro, Appl. Catal. B: Environm.,
22, 149 (1999).

6. A.E.H.Machado, A.M. Furuyama, S.Z. Falone, R. Ruggiero, D. daSilvaPerez and A.
Castellan, Chemosphere, 40, 115 (2000).

7. J.B. DeHeredig, J. Torregrosa, JR. Dominguez and J.A. Peres, J. Hazardous Mater.,
83, 255 (2001).

8. A.Marinas, C. Guillard, JM. Marinas, A. Fernandez-Alba, A. Aguéraand Jean-Marie
Herrmann, Catalysis B: Environ., 34, 241 (2001).

9. S Parrg, J. Olivero and C. Pulgarin, Appl. Catal. B: Environ., 36, 75 (2002).

10. M. Saquib and M. Muneer, Dyes Pigments, 53, 237 (2002).

11. J Wiszniowski, D. Robert, J. Surmacz-Gorska, K. Miksch and J.-V. Weber, J. Photochem.
Photobiol. A: Chem., 152, 267 (2002).

12. S. Parra, J. Olivero, L. Pacheco and C. Pulgarin, Appl. Catal. B: Environ., 43, 293
(2003).

13. C.SA.Antunes, M. Bietti, M. Salamone and N. Scione, J. Photochem. Photobiol. A:
Chem.,, 163, 453 (2004).

14. X.Zhu, X. Feng, C.Yuan, X. Cao and J. Li, J. Mol. Catal. A: Chem., 214, 293 (2004).

(Received: 7 May 2007; Accepted: 8 August 2008) AJC-6735

2008 THIRD ASIA-PACIFIC WINTER CONFERENCE ON
PLASMA SPECTROCHEMISTRY (2008 APWC)

16 — 21 NOVEMBER 2008
TSUKUBA, JAPAN

Contact:

Prof. Naoki Furuta, Department of Applied Chemistry,

Faculty of Science and Engineering, Chuo University,

1-13-27 Kasuga, Bunkyo, Tokyo 112-8551, Japan

E-mail: nfuruta@chem.chuo-u.ac.jp;

Website: http://envsun.chem.chuou.ac.jp/plasma/2008apwc.htm).




