maanndalfnsalgales luusdu-TuTaunm ladndmsutiniaaniuuay

Y )
2.4-lanae Tsfluealinde Isanudouaznszay

ﬂUEJ’J'i’IEmﬁWEJ’m’i

31/1snuwuﬁmi‘lumuﬁuwmmﬁﬂmmuﬁﬁﬂﬁﬁﬁlmnwmmamwmcvm
1UNAINGDE ilmmﬂimwnmmaa
Umsdnm 2553

A a & o a [
AVANTVDIYPWNIAINTUNN1INGIAY



DEVELOPMENT OF SUPERVIBRATION-PHOTOCATALYTIC REACTOR FOR
TREATMENT OF LIGNIN AND 2,4-DICHLOROPHENOL IN
PULP AND PAPER MILL WASTEWATER

AuHG Faihinhui A
e Degree of Doctor o losophy Program in Environmental Science

Inte1(1501p11nary Progtam

Qﬁﬂﬁﬂﬂiﬂ&%&%@?ﬂmﬁﬂ

Chulalongkorn University
Academic Year 2010
Copyright of Chulalongkorn University



Thesis Title DEVELOPMENT OF SUPERVIBRATION-PHOTOCATALYTIC
REACTOR FOR TREATMENT OF LIGNIN AND 2.4-
DICHLOROPHENOL IN PULP AND PAPER ML

WASTEWATL

By mya | ogekrua

Iield of Study E o al'Sei ‘

Thesis Advisor Assotiate Professor Chav? tanatamskul, Ph.D.
I e - ‘ d, .

Accepted bygihe Gradiiate Sehg ong niversity in Partial

Fulfillment of the Requirg

ssociate Professor Jin Anolai, Ph.D.)



v

@ A LY @ a ;g 2 % -~ v = o [ o w
Ay neuaio: mawaolgnsaaulos hiusyu-T Tauam Taandmsviua

a

aniuuaz2 4-lanas Isiuealutinde T59aug00aznI2a 1y, (DEVELOPMENT OF
SUPERVIBRATION-PHOTOCATALYTIC REACTOR FOR TREATMENT OF LIGNIN
AND 2.4-DICHLOROPHENOL IN PULP. AND PAPER MILL WASTEWATER)

~ a a o w a @
0. NN IMENIWNEHAN: TALAT. IR TRUTITUENA, 193 i,

@ m A L e 5 o D e y_oa £ 1 Yo
mMyaatedveaantiunazd - lnnaedstiuog lwndoaaedf§is i i lanaa laangnanu laa 145

‘ o
A A

a o % P A ~ e a ot @ 4
dfnsailes Tausdu-Ti Tauaa lagamiiiig waninnszuaums blagan ladns wnumisantuuuy
21 o o = U N D S v = = &
pos st mavesdadun i AueglA8un afo s uauvenide aautureLagInLiveIMTdu
Y oy &y dam ' S Ll ~a = ¥l a o
nagA TG uALYe TR0 a8 ahundntiuigs 24 tanna liiusay ik Taoaluiszdnnmms

@

o @ M g Yy ¥ & = oo - 5
Aaaune 19 [ uaaern 1z e o u®ands e 910 dund

o

CdRn s aunamens velnisonisdevmay
antiunaz2,4-lanas lsiluead ﬁ’J;Uﬁﬂ‘iz‘uTﬂ?lﬂ*11ENﬁ?‘f“ﬁlﬁ@‘ﬂ1ﬂﬂ1§Ej@U'ﬁﬁTU§ﬂﬁuLm$2,4 lanaoliduoa

=

v v Eaoa A 3 LY — L A A i a o g L] H

Fregraindon ¥ lunsnaa®itil@ne usHy mmamma’lwamm dudansizi2,ae-lanaelsWuea Uude
Funsy W’ldll{‘ ﬂi.l“l.l!,m?:l,ll lﬂ”]ﬁﬁ] I5vidled LLﬁyiﬂLﬁU'ﬂSQ%ﬁWINU]HLUE]LLﬂ NITHIY ﬂ1ﬂNﬁﬂﬁ§ﬂ“&ﬂﬁLlﬁl

0w A A ~ e v
NITNIAANUULLAL2, 4-1@’1@8 5w Uﬂﬁhlﬂhﬂﬂﬁtﬂ\fmﬂJﬂ L&']LﬁU“V]ﬂ’If'Llﬂ;UBﬂLl‘UULﬁleuﬂuﬂEJ Lﬁﬁ)i‘"ﬁﬂ'ﬂhl‘{llh
UENLLﬁ\lfJ'JL Loy ﬂma11aamaauﬂqu'lwmwa‘mmmuummmwmw;muummmumm ulszans-
~ i &

munsmaaaniiuaz2,4-lanan 15 dkoa muamnwwmm”ﬂuuaaadﬂnmmymaalama”ﬁu T Towaa 1a

andmsuiaantivnaz2.4-lana lsWida fun ﬂﬂ'lLﬂ“ﬂlaUﬁlﬂllﬂﬂiﬂl,dfmhuﬁ)"ﬁ 5 mmwmadumf 25.2

v a

mW/em'® 1AZAYINAUBINIAUT S0 Hy ﬂ1u1@1amnwmumamma_mﬁﬂ'} A Yszaninmmiaminfantiunesd
Tiidodunseianiimmw 0o meg/l) IR 85.12% 1Ay 70.55% A ane e 420 1 ﬂ'maﬁﬂamg
V098N IMIIRAUG RS 098 L S S s IS U A A M IS U CEREIEAMI MY U 13,9 « 107 min’
W8z 139 mg/l min” @ISR HADTN 120 W1 N5 AT RS DAV INMsEe sdaalaniiu Tay GC-MS Hang
msfiaguaseyRuivesBnilulneg 1wy Tieau lunssuesinduduns 2 4-Thaae TsHuen (0.5 me/) 1An
mae}aﬂamwz,zl-‘lﬂﬂaaisﬂuaaaU'Nﬁumaimﬂlunm 60 117 maiilsnguessasmaRaUfRs e e uTud
wiwazsasimadesgaioiudi 14 dovaan,4- lanae IsA oy 56.3 ¢ 10 min uaz 282 % 10" me/l
min' @WSFHAI 0 30 1A A ETuARInATsBe g 2,4-1aRae 13Tdead g 393 1L 0 Ge-Ms Tdud
Auea 2-naslsiblea uaz 4-nasliduaa mm‘%anﬁ'mmﬂﬁ&iauﬁa102,4-1‘],@%a“lﬁluaa‘lﬁ'gmﬁuaﬁuﬁ’au

dmsududonauntiantu 400 mg/l vaz24-lanaelsduea s mgd d@lgnsaiausnMindnilud nag2,4-1a

¥
AadilsuaadoUssdNan wimIny. 76.21%, 160.75% 1AZ/97.13% 9 1uaeL vaenn 420 MhH wananil
Uszdninmmsmieantiu  d  Laz24-lanasl sylupalunide 15 sudeuasnsza s iy 75.11%,

52.16% L8 94.14% $ua191 Tunanaenu

a a g 4 A aa =
A1 INYIPNANS AR A 0 muﬁa%auﬁm .............. Cﬁ%

ot
]
—_
N
2
)
=
—
o
s
n
"
o)
—_
o
Zn
jad)]
R~
&)
G)
-
]
juead
—_
Y
=5
o
—_
=)
=
=
o
=
:De
Doyl



#4989704920 : MAJOR ENVIRONMENTAL SCIENCI:
KEYWORDS : LIGNIN/ 2. 4-DICHLOROPIHENOL/  SUPERVIBRATION-
PHOTOCATALYTIC REACTOR/ PULP AND PAPLER MILL WASTEWATLER

SUCITANYA THONGKRUA: DEVELOPMENT O SUPERVIBRATION-
PHOTOCATALYTIC REACTOR TFOR FREATMENT OF LIGNIN AND 24-
DICHLOROPHENOL AN PULP AND PAPERMILL. WASTEWATER. THESIS
ADVISOR: ASSOC.PROE.CHAVALIT RATANATAMSKUL, Ph.D., 193 pp.
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developed supervibration-phetocatalyti¢' reactor based on photocatalytic process combined with a
supervibration agitator. The'ellectsiol operating parametcrs as iitial ptl, UViintensity, vibration frequency
and initial concentration on gfcatment ©f lioninand 2.4-DCP. were investigated, focusing on removal
efficiency to determine the optigum Mreatment conditions. I'his work also studicd kinetic reaction for
degradation of lignin and 2.4-DEP and cxtended 1o identify Jb-y—products of lignin and 2,4-DCP degradation.
Wastewater samples used intthe cxperuments consistcduof lignin synthetic wastewater, 2,4-DCP synthetic
wastewater, mixed synthetic wastewater containing lignin and*2.4-DCP and rcal wastewater from pulp and
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CHAPTER1

INTRODUCTION

1.1 Rationale

Pulp and paper industries have continuously expanded to support both
domestic demand and export for many years. A“number of pulp and paper mills in
Thailand were more thans90 plants (Pollution Contrel, Department, Thailand, 2001).
They produce large quantities’ of wastewater about 29-40 m>/ton of pulp (Pollution
Control, Department, Thailand,2000). Tpese liquors are heavily loaded with organic
maters such as biechemieal oxygen demand (BOD). chemical oxygen demand (COD),
chlorinated phenoli€ compounds, susp%zl(lled solids, fatty acids, lignin and its
derivatives, etc (Al jand Sreekrishnan,’ 2001). Lignin and chlorinated phenolic
compounds from pulp and paper mill wastewater are among the main chemical
components of environmental Concern (Kﬁﬁg‘st’zid and Lindstrom, 1984, cited in Ali
and Sreekrishnan, 2001). Lignin, ,ajlong—ch’r:tjﬁf_p_henolic polymer found extensively in
all vascular woody plants, is: buili-up-by ok:i'd’cl.t"i've coupling of three major C¢-Cs
(phenylpropane) units (syringyl, guauacyl and p- -hydroxyphenyl) linked together
through different bonds and which gives the wood structureg~mechanical strength
(Lanzalunga and*Bictii-2000; Leiviskd.-ct.al,-2009). lis stiucinteis very complex and
amorphous polymer as well as high molecular weight. Hence. lignin is highly resistant
to biodegradation /(Ksibi et al., 2003)." Cooking and pulp bleaching processes
discharge lignin as waste contained in black liquor from 10-50% by weight (Ksibi et
al., 2003;'Rdmds (&t al42009) Pulp andipaper mill effluenit, in"Finland was found to
contain'186-293 mg/l of'lignin material (Leiviska et al;.2009; Pessala.et al, 2004). The
untreated wastewater causes a loss.of aesthetic beauty in the receiving body of water
(Pokhrel and, Viraraghavan, 2004). [For finstance,/ the ‘dark [brown) c6lor of [lignin
inhibits the natural process ‘of photosynthesis in streams due to-absorbance of'sunlight
(Sahoo and Gupta, 2005). Furthermore, many authors reported the presence of toxic
species on aquatic organisms, such as growth inhibition and genotoxicity (Ali and
Sreekrishnan, 2001; Dekker, Barbosa, and Sargent, 2002; Yakovleva, Ostrovskaya,
and Novikova, 2004). Whereas, 2,4-dichlorophenol (2,4-DCP) has been produced



from pulp and paper making as a by-product of the chlorine pulp bleaching process
(Gonzélez, Sarria, and Sanchez, 2010; Matafonova et al., 2006; Pera-Titus et al.,
2004). It was found in aeration pond, treating pulp and paper mill wastewater in
Selenga at 2.38 mg/l (Batoev et al., 2005). Previous studies reported the effects to
organisms, such as growth inhibition in microorganism (Matafonova et al., 2006),
growth inhibition (Scragg, Spiller, and Morrison, 2003) and physical changes
(Sahinkaya and Dilek, 2009) in aquatic organisms.and effect on human erythrocytes
(Bukowska et al., 2007). Most wastewater freatments of pulp and paper mill are
typically carried out using biological tréatments but they require long residence time
and can only remove smallsameunts of lignin (Leiviskd et al., 2009; Malaviya and
Rathore, 2007; Sahoo and«Gupta, 2005)and 2,4-DCP (Bayarri, Gonzalez et al., 2007;
Kaigi, Eker, and Uygur,#2005; Uysal and Tiirkman, 2005). Therefore, powerful
advanced oxidation processes arc alternatives for effective treatment.

Photocatalysis istoneg off Advanced Oxidation Processes (AOPs) that involves
the use of titanium idioxide (TiO;) as a:'ca{é-llyst and ultraviolet light (UV) as an
irradiation source.” The UV - light (wav:%-rl_e.ng_ths < 385 nm) absorbed by the
photocatalyst with energy higher than band ._.gall) energy of TiO, excites an electron
from the valence band te the. conduction ba-Ill_-d: prPducing electron-hole pairs (e/h").
During the process, hydroxyl radicals (OH") %% gif:;lerated on the surface of TiO,. Due
to the high oxidation potential<(2.8 V), OH’/are-the principal agents responsible for
the oxidation of“numerous aqueous organic contaminants and.mineralize them into
carbon dioxide ((502), water (H,O) and other small molecules (Bayarri, Gonzalez et
al., 2007; Chen et al., 2004; Gao et al., 2007; Kaneko and Okura, 2002; Zhou and
Smith, 2002). The effects of the form of TiO,, TiO, dosages, initial pH, UV light, and
initial concentration on‘rémoval of lignin (Dahim and Lucia, 2004; Kansal, Singh, and
Sud 2008; Ksibi et'al., 2003; Ma“et al., 2008; Portjanskaja and Preis, 2007; Tanaka,
Calanag,'and Hisanaga, 1999) and 2,4-DCP (Bayarri, Abellan et al., 2007; Bayarri et
al., 2005; Chen et al,, 2004; Kusvuran et al., 2005; Pandiyan et al., 2002)_using
UV/TiO; have been continuously: studied. Gonzalez et al. (2010) reported that an
increase in suspended TiO, from 0 to 20 mg/L caused an increase in the 2,4-DCP
removal initial rate. Effect of UV on 2,4-DCP degradation was studied by Bayarri,
Abellan et al. (2007), UV-ABC radiation could be more efficient than UV-A.
Furthermore, Dahm and Lucia (2004) found that at the highest light intensity level



(445 mW/cm?), lignin removal occurred much faster than that at the lower
illumination intensity. However, it is difficult for TiO, powder to disperse and be
recycled in aqueous solution. TiO, should be coated on some carriers before use (Bao-
xiu, Xiang-zhong, and Peng, 2007).

In this study, the removal of lignin and 2,4-DCP using a newly developed
supervibration-photocatalytic reactor based jon the photocatalytic process combined
with a supervibration agitator were evaluated asia function of initial pH, UV intensity,
vibration frequency and initial concentration,«focusing on removal efficiency to
determine the optimum freatment conditions. Moreover, this work was extended to

identify the intermediates ouby-products of lignin and 2,4-DCP degradation.
1.2 Objectives of Lavestigation

1.2.1 Togstudy the performance of newly developed supervibration-
photocatalytic reactor fou treatment of ligniﬁ and 2.4-DCP in pulp and paper mill

wastewater

1.2.2 To determine the optimum. éperating conditions of supervibration-

—l-—d

photocatalytic reactor —

1.2.3 To identify thé intermediates,;;zr :t!;"}.‘i-products of lignin and 2,4-DCP
degradation by supervibration-photocatalytic rr"e_arct},or .

1.2.4 ToJsstudy the reaction kinetics of lignin and 2,4-DCP degradation by

supervibration—phétocatalytic reactor
1.3 Hypothesis

The newly developed supervibration-photocatalytic reactor can be an effective

system fér/lignin and 2,4-DCP removal from pulp and paper mill wastewater.
1.4 Scope of Research

1.4.1 The experiments were conducted in laboratory scale and batch-mode
operation using 25 liters of supervibration-photocatalytic reactor at laboratory of
Department of Environmental Engineering, Faculty of Engineering, Chulalongkorn

University.



1.4.2 Wastewater samples consisted of 4 types as follow
1.4.2.1 Lignin synthetic wastewater
1.4.2.2 2,4-DCP synthetic wastewater
1.4.2.3 Mixed synthetic wastewater containing lignin and 2,4-DCP

1.4.2.4 Real wastewater from pulp and paper mill
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CHAPTER 11

LITERATURE REVIEW

2.1 Pulp and Paper Making Procs :

2.1.1 Raw materials fo: pulp ' genia, Gloria, and Elizabeth,
2000) : —
—
Fibers, WM Aenale a process. However, only
some wood can get ( itable for pulpi ss Moreover, wood cost
is also consider selet ita pe G | pod for budget reducing. Wood as raw

2, etc., grows in high and
cool area. It grows slowly./The 3 /es. ar and small. Fibers are called long

fibers, which are rough and strong e long about 2-4 mm.

h&----—zmmmmﬁﬁ:f‘ birch and aspen,

etc., grows qui ’f- ‘ her are called shot fibers.
! - [
These fiber chara ristics are shot, fine and low strong fibe !}I Length of fibers is 0.5-

1.5 mm.

ﬂ‘lJEJL’JNiGIEJMWEJ’lﬂ‘i
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give good fibers. However, length of fibers does not fix.

Long fibers get a pulp to differ from shot fibers. Long fibers, which are strong

fibers, are used for a high impact paper, such as paper for packaging, paper bags and



corrugate boxes, etc. Shot fibers, fined fibers, get a smooth paper. Consequently, they
are suitable to produce printing and writing paper. In paper making from non-wood, it
has many problems for paper making because it needs a high volume warehouse for
storage. Especially, this plant can not feed raw material fibers all season, such as rice

straw, etc., but only in harvest period. Hence, it is not suitable for paper industry.

2.1.2 Pulp manufacture (Lavignes 1979; United Nations Environment

Programme [UNEP], 1296)

2.1.2.1"'Wood,preparation

In the mill woodyards, the émbarked logs are fed into a giant, revolving
drum barker in whichstheigbark is strippéd’és they tumble against each other and the
steel channeled wall of the drum Bark‘i"s also removed by moving the logs past
streams of high-pressure water in a hydra;’uhc -type barker, or by sets of mechanical
knives. Depending on the type of pulplng process they are going to be used in, the
debarked logs from the barker and/or the, Wpodlands are either sent directly to the
process or to chippers where, by droppmg agamst a revolving disc with heavy, sharp
knives set at an angle. They aie reduced te—small chips approximately one-half to
three-quarters of an inch in-size: These woqd_chlps and the unscreened wood chips
from the woodlands are conveyed to vibrating screens. Oversized chips are removed
and sent to a rec}ﬂ@ér and returned for another pass through the screens. Usually, the
undesirable fine chips and sawdust that are removed at the screens are burned in the
power boiler as fucl. The screened chips are then either transported by air conveyors
to outside chip storage piles or belt-conveyed to huge tanks or silos for storage
according to|the type or species.” Then 'they are ‘transported| from there to smaller

storage bins located in the pulp mill, usually directly over the digesters in which the

wood. is to be processed.



2.1.2.2 Pulp disintegration

These processes remove the majority of lignin and hemicellulose content
from the raw material. The conversion of chips into pulp (wood fibers) is usually
carried out by one of three general methods, namely: mechanical, chemical and
semichemical, depending on the types of wood used and the requirements of the end

product.
2.1 " Mechanical pulping

The sumplest prping method is generally referred to as mechanical
pulping. It differs fsom other pulping melthods in the reduetion of wood to fibers and
is essentially a physical operation in which'the fibers and actually pulled away from
each other by the application of some types of mechanical force. In mechanical
pulping, the fibers are separated mainly:-' by mechanical force in grinders and/or
refiners. The original process was stone gfg;quyyood manufacture where the logs are
pressed against a rotating grindstone. The ‘_pf;pce“ss requires wooden logs and, due to
treatment, the resulting jpulp. has relatively-d._-lg-;v_v strength and low brightness. This
process can produce most pulp df 85—95%.;"£hé!1£)ulp is used in the manufacture of
newsprint and some types .of ‘toilet paperi"_"iihe ‘three most prevalent forms of
mechanical pulping are groundwood, refiner groundwood or-tefiner mechanical and

thermomechanical.
2.1.2.2.2 Chemical pulping

In these types of processes, the wood chips are cooked in chemical
solutions under temperature and pressure until the fibers are separated from their
lignin binder and fall apart without mechanical actiofi."The aim of this tr€atment is to
dissolve and/er soften the main.part of lignin material.that binds the fibers together in
the raw material. There are several chemical pulping processes using one or several
solutions, depending on the type of wood used and the kind of pulp desired. All

processes use aqueous systems under heat and pressure. Pulp yield is in the range 45-



55% for chemical pulp. There are two main types of chemical pulping processes as

the sulfite and the alkaline processes.

(1) Sulfite process

Conventional si

Iping is sensitive to fiber raw materials
with high contents of certain d uses mainly softwood species,

such as spruce, hemlock a liquor consists of sulfurous

acid and a salt of this'a sulfur dioxide. The pulp has
weak fibers and show , sulfate the lowest, with
soda in between ite i$ used inthe ufacture d, writing, high grade

books and other fineipa o;

annual plant, bamboo and hatrdwood. It is a forerunner to the sulfate process and uses
hydroxyl and carbonate 2 Hmp oda pulp is weaker than sulfate

pulp and is used i

T

‘ #The most importafit-chemical process is the sulfate or kraft
TS WA A

under prﬂ;ure in a strong solution of sodium hydroxide (NaOH) and sodium sulfide

(Na,S). Sulfate pulping is the mostersatile roces$-and produces the stfongest pulp,

R 3 SR A A
‘process in the world. The bleached pulp is used in the manufacture of printing paper

and high grade books.



2.1.2.2.3 Semichemical pulping

Another way of making wood pulp combines mechanical and
chemical methods and is called the semichemical process. In semichemical pulping,
the wood is given only a mild chemical treatment, softening or removing just enough
lignin to loosen the fibers, but not enough to separate them. Separation is then
effected by mechanical means. The process wasidcveloped particularly for the pulping
of hardwood and has many variations. Three of the Tmportant methods are the neutral
sulfite, cold soda and'ehemigroundwood processes. Pulp yield is in the range 60-75%
for semichemical pulp. The pulp produces stiff, resilient products and is used in
making corrugatedspaperbeards; ege cartons and similar 1tems.

2.1.2.3 Washing X

After being cooked in the digéstéf, the pulp is washed in a countercurrent
rotary vacuum washer system using three Q}_.foqr stages. Pulp washing is the removal
of washable, spent cooking liquor and intéréellﬁlar matter dissolved by the cooking
liquors during the cooking process. This mﬁstibe accomplished without diluting the
wash liquors any more tharn is ébsolutely ;S;ccé%'jsary, as all these liquors must be
evaporated later in the proeess Of chemical® r_e’cg.pvery. Incomplete washing renders
subsequent bleaching of the pulp difficult and impairs the value of the pulp. Excessive
washing renders récovery of chemicals too costly. Obviously, the maximum amount
of wash liquors must be conserved and none should be allowed to escape as waste.
Washing has beeit"accomplished in the past by hosing dowil the pulp in drain tanks,
by the use of screw presses, by the use of rotary vacuum washers and lately as well as

by the use of continuous diffusion washers. The use of rotary vacuum washers is the

most comimon method.
2:1.2:4 Scréening

Screening is essentially the removal of oversized foreign materials, such
as knots, uncooked wood particles, large slivers, extraneous dirt and other debris from
cooked pulp, etc., either before or after washing, by the use of mechanical separation

from the acceptable pulp fibers. This is normally accomplished by coarse or fine
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screens located between the blow tank and pulp washing operation or after the
washing operation. There are three general types of coarse screens including basket,
inclined plate, and cylinder screens. The fine screens are available as a flat, perforated

type, or as a rotary type.
2.1.2.5 Bleaching

The aim of chemical pulp bleaching 15 to remove and/or brighten the
residual, colored lignin“that remains i the pulp after the cook and to achieve this
without undue loss 1n pulp strength or yield. Lignin rémoval is achieved using
chlorine, hypochierite, ehloging ‘dioxide, oxygen or “ozome. Using oxygen or
particularly peroxiderunder mild conditions brightens pulp without significant lignin
dissolution. There isgconsiderable’ variation in the technique and chemical used
between plants in'the bleaching operatloﬂ dependmg on the fibrous raw materials
from which the pulp has been producedl (wood species, agriculture residues and
grasses, etc.), the pulping process used (sulﬁte sulfate and semichemical, etc.) and the
final use of the bleached pulp (fine paper,: cparse paper, heavy weight, light weight
and dissolving pulp, etc.). After the process the bleachmg agents are removed from
the pulp. Generally an alkali (caustlc soda).—;s used to extract color and bleaching
agents from the pulp. ot T

2.1.3 Papef manufacture (Lavigne, 1979; UNEP, 1996)

Pulp, produced by any of the foregoing or miscellancous processes, is made
into paper, in a mill that“is at the same location as the pulp mill (referred to as an
integrated mill), or'it is dried and“shipped to a paper mill 1ocated remotely from the
pulp mill. Paper mill layouts vary somewhat, based on the pulp used and grades of
paper. produced. Figure 2.1 presents the basic operations_carried on in a_typical paper
mill. They are ‘generally divided info stock preparation, paper machines,,and finishing
operations. The stock preparations can be further divided into stock proportioning or
blending and mechanical treatment. Paper machine operations can also be subdivided

into wet end and dry end.
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STOCK PREPARATION PAPER MACHINE FINISHING
A A !__A_‘
{ )\ !
PURCHASED
;%PMGE DYES & ADDITIVES
HEADBOX
SAVE-ALL SIZE
l PRESSES DRYERS PRESS CALENDER wiINDUP
WIRE AEEL
BROKE
PULP REFINER JORDAN
STORAGE | m
FROM T PAPER TO
PULP wmad CONVERTER
MILL OR USERS
1 4/ 1 v
;LEACHED ] N " - cqrucu
PULP cHEsT EHEST WHITE | FAN
TANK PIT
et
k A\
¢-— <
( )[4 )L ) )
Y Y Y
STOCK PROPORTIONING MECHANICAL TREATMENT WET END DRY END

Figure 2.1 Simplified flow diagram of a typical paper mill (Lavigne; 1979)

I
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2.1.3.1 Stock preparation

Most of pulp cannot be used for papermaking as it comes from the pulp
mill. Therefore, other types of pulp having different characteristics must be purchased
from other pulp mills to give the final qualities needed for the paper to be made. Dye
and additives are also added to achieve the desired color and physical properties of the
sheet. These operations are usually refersedstoas stock proportioning or stock
blending. To impart mechanieal strength to-the«final sheet, the pulp is refined in a
variety of machines, typical of which ate the refiners, jordans, and beaters. Basically,
the operation consists of passing the pulp repeatedly between sharp moving bars that
cut and abrade thedfibers Fhe sets of bars can be adjusted to turn out various lengths
of fibers with rougher or smoother e(iges. This improves. fiber-to-fiber bonding,
making it more unifoum, more density, less porous, or more transparent, depending on
the kind of paper 0 be made: Before going to the paper machines, the resulting pulp is
screened and, in some cases, €lecaned by ﬁassdi'-ng through centrifugal-type cleaners to

remove heavy particles of dirt that have notﬁas_ yet been removed.

—l-—d

2.1.3.2 Paper machines
2.1.3.2. L. Wet'end

The most common major components of the wet end portion of the
paper machines, on which the paper is formed, are a fourdrinier. They consist mainly
of a continuous fifi¢ screen, called a wire, on which the pulp Suspension is spread. The
wet end section varies“in widths in accordance with the size of the machine and
moves at'different speeds as determined by the type of paper being produced. Most of
water drains at the top end of the wire to form a mat of fibers. The wire then passes
over_a series_of vacuum suction boxes which suck more water from the wet mat
throtigh the wire’ The wet paper leayes the fourdrinier machine at a consistency of
about 20 percent (20% fibers and additives, 80% water).

Paperboard, which consists of several layers of paper, is usually
made on a cylinder-type machine instead of a running flat screen. Pulp is pumped to
several vats. In each vat, a cylinder covered with a fine wire screen turns at the same

speed as the rest of the machine. Water passes from the vat through the screen and is
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removed from the center of the cylinder, leaving a mat of paper on the wire screen. A
continuous felt blanket in contact with all cylinders picks up layers of paper, forming
a laminated, layered board. A good grade of pulp is frequently used on the end
cylinders to give the outside of the board a good appearance. The second sheet is
often made of a slightly poorer grade, while the inner layers are normally reclaimed

paper of poor grade.

2.1.3.2.2 Dry.end
)

After leavingsthe wet end section of the paper machines, the wet
paper is sent to thespresseswhere it is supported by endless woolen or synthetic loops
called felts. The paper ontopofthe felts| is then passed between heavy press rolls to
press out as much awater as possible. The paper leaves the press section at
approximately 35% consistency. The rest of the water is then evaporated on steam-
heated rolls located in the dryer Sections tn&iess felts again carry the paper though

and press it against steam-heated rolls on o:ﬁp.qsit_e sides.

)
2.1.3.3 Finishing L

e Aol

The dried paper passes on to the -ﬁhj;shing stage of the process. Most of
paper goes through one or more additional processes, one of which is calendering.
This process consas ngpa};ér between heavy, polishéd ;teel rollers, giving it
a much smoother surface. Some paper is wound in large rolls as it comes from the
calenders. These are later rewound and cut into smaller rolls or sheets as required by
the user. Some paper is produced specially for further processing by converter plants
which make envelopes, milk containers, grocery bags, paper| cups, and many other
consumet products. Paperboard is used for corrugated cartons, folding boxes for
frozen, foods, and many other items. Large quantities of pulp for some types of
papetboard are made up of repulped waste paper from which ik and other imipurities

have been removed.



14

2.2 Pulp and Paper Mill Wastewater

The wastewater of pulp and paper industry is of major concern because large
volumes of wastewater are generated for each metric ton of paper produced,
depending upon the nature of the raw materials, finished products and extents of water
reuse. Pollution Control Department (2000) reported that pulp and paper mills
produce large quantities of effluent about 29440.m’/ton of pulp. Pulp and paper
making involve five basic steps as debarking; pulping, bleaching, washing and paper
and paper products as well as each step can be carried out by a variety of methods.
Thus, the final effluent is a.eombination of wastewater from cach of the five different
unit processes (Aliwand Szeekrishnan, 2001). Qualities of pulp and paper mill effluent

are given in Table 24 ‘

Table 2.1 Qualities'of pulp and papermill effluent

'}
¥

Wastewater quantities |~ COD | BOD Color SS
Processes J ] - S .
(m /ton of pulp) “(mg/l) | (mg/l) | (Pt-Co unit) | (mg/l)
Sugar cane =,
& !_I ._1
semichemical Wi == 5,180 | 2,060 456 2,190
pulping - T
Kraft pulping 40 2,058 460 958 340
Soda pulping 53.9 1,300 400 535 400

Source : Ministry of Industry, Department of Industrial Work, Environmental

Technology Office, 1999

2:2.1 Dissolved water pollutants

They are produced from, the processes can beclassified into easily and slowly
biodegradable material, colored compounds, toxic material and inorganic salts. The
content of easily biodegradable materials is usually measured by the BOD test. The
effluents are heavily loaded with organic matter. These effluents cause considerable

damage to the receiving water, if discharged untreated since they have a high
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biochemical oxygen demand (BOD) and chemical oxygen demand (COD) (Ali and
Sreekrishnan, 2001). A considerable parts of the wood components dissolved or
formed in the pulping and bleaching operation are easily biodegradable, such as low

molecular hemicelluloses, methanol, acetic acid and formic acid, etc. (UNEP, 1983).
2.2.2 Slowly biodegradable materials

Slowly biodegradable materials in the mill effluent mainly consist of high
molecular weight material of carboh‘g/drate, lignin (dark brown color) and its
derivatives from cooking and pulp bleaching processes as well as tannin and fatty acid
from wood extragtives (Al and Sreekrdishnan, 2001). The relative amount can be
estimated by the BOD/COD value ratio-fThe lower ratio indicates the higher amount
of slowly degradable gompeunds (UNEP, 1983).

=

2.2.3 Toxic compounds -‘ i.'

Toxic compound discharg‘es have :b(;;,en “studied intensively in recent years.
Investigations have shown that the spent: Jllc-fuor and the spent liquor condensate
contain the components havihg ;nost acutelr_zj;im(')jfzic to fish and bacteria. From the
bleach plant, the chlorination. and-alkali stég'e_ﬁ-'efﬂuents are the most toxic (UNEP,
1983) containing chlorinated phenolic compounds from cllorine pulp bleaching
process (Williél}iST:f m&eﬂ as lignin and its defiva‘;ive, resin acid, fatty

acid and tannin from wood extractives (Ali and Sreekrishnan, 2001).
2.2.4 The solid materials

The solid materials in the discharges to receiving water include fibers and
fiber fragments, bark and wood particles, solid inorganic salts and mineral fillers.
Theyiare measured as suspended solids (SS): The larger particles mainly, deposit close
to the point of discharge but the fine particles are carried long distance by making

turbid water (UNEP, 1983).
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2.2.5 Black liquor

The separated liquor is very dark and is known as black liquor that had solid
content in range of 25-30%. These solids consist of lignin in range of 25-45% by solid
weight (Alen, Sari, and McKeough, 1995; Sjostrom, 1981; Wallberg, Jonsson, and

com ts in black liquor are shown in Table 2.2.
]} ' i i // ors to 60-65% of solids. At this

, : ih}é solved or@unds from the wood (lignin

and carbohydrate) a allo the urned in recovery furnace.
After burning, thega' sbstanc bottom of furnace as a

molten smelt of Nas

“to the liquor as make-up

and is reduced to NagS arbon issolv: 3, In, er, this mixture (called green

Table 2.2 Black liquor onen‘g; J;-i J#d

‘I .-"l.l ..'1 ?

r
d:g‘

Lignin e
Aliphatic carbox& c acids l&

Other compounds 3-5%

Inorganic co oun{_

s 11 1)) wamwmm
Sulfur 4/ 3-5%

am&mmuwmam d

This group, along with lignin, its derivatives and chlorinated organic
substances from cooking and pulp bleaching processes, are among the main chemical

components of environmental concern (Kringstad and Lindstrom, 1984, cited in Ali



17

and Sreekrishnan, 2001). The various types of wastewater are produced from different
unit processes. As a result, no single specific technology can be applied to the
treatment of effluents from all the mills since process diversities may preclude its
acceptability (Ali and Sreekrishnan, 2001). Consequently, the knowledge of possible
contaminants present in the wastewater, their origins, degree of toxicity and available

treatment technologies becomes so essential.
2.3 Lignin
2.3.1 Generalpropeities of lignin

Lignin is a_polymer found exteﬁsively in all vasecular woody plants, mostly
between the cells, butalso within the cells and in the cell walls, constitutes 1/4 to 1/3
total dry weight of trees. It makes vegetables firm and crunchy. It is a phenolic
polymer, which is/ built up by oxidati-‘\}e coupling of three major Cg¢-Cs
(phenylpropane) units @s Syringyl (S), Gp_aig_cyl (G) and p-Hydroxyphenyl (H)
produced from sinapyl @ alcohol; conifgrYI ‘alcohol - and p-coumaryl alcohol,

respectively (as shown in Figure 2.2). T_lll,-réq dimensional polymers haveing in

common a phenylpropane structurc is a benzeﬁ:i: ring with a tail of three carbons,
which form a randomized. strueture in a tridimeﬁsional network inside the cell wall.
Differential lignin had also difference of S, G and H unit compositions (Hofrichter
and Steinbiichel, 2001).

The basic structure of lignin differs to some cxtent between softwood and
hardwood. In structure is known as a guaiacyl unit which contains but a single
methoxyl group on the‘phenylpropane ring; hardwood lignin, on the other hand, is a
copolymer or mixture of guaiaeyl and syringyl lignin. The latter contains two
methoxyl groups per phenylpropane nucleus. The ratio of guaiacyl to syringyl units
varies from 4:1 to 1:2 among different hardwood (as ‘shown in Figure 2:2) (Parham,
1983). In their natural unprocessed form, they areé so.complex that none'of them has
¢ver been completely described and have molecular weights that my reach 15,000 or

more (McCardy, 2004: online). The example of softwood lignin structure is presented

in Figure 2.3.
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Figure 2.3 Prominent structure in softwood lignin (Adler, 1977)
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Lignin quantity in wood, which is different wood types and get differentially a
range of quantity. For the example, Eucalyptus has lignin content of 29.5%, whereas
Jack pine contains lignin content as 26.7%. However, lignin is amorphous polymer
and complex to discover a true structure. Beside aromatic structure, other lignin
structures also consisted of hydroxyl, methoxyl and carbonyl groups, so different
types of lignin also differ in these functional groups. Moreover, difference of lignin
structure depends on many factors, such as#source and extraction cause of its
difference, etc. Therefore, lignin has many types‘and also can be nomenclatured by
source, such as wheat straw lignin, it can be called by extraction method, such as
native lignin (protolignin),.milled wood lignin, sulfite Tignin and kraft lignin, ect.
(Sjostrom, 1981).

2.3.2 Lignin ingpulpsand paper mill wastewater
Lignin i8 dis¢harged from C(ijOkidf-lg and pulp bleaching processes and is

contained in black™ liquor as waste fromf-l_(l)-b_'_()% by weight (Ksibi et al., 2003).
Chanwit Srikaew (2001) reported, that conéei;ltrétion of lignin in pulp and paper mill
effluents from secondary sedimentation tal;ﬂ;- §v’_er_e 32-64 mg/l. Pulp and paper mill
effluent in Finland was found to-contain 186;%93!lj;ng/l of lignin material (Leiviska et
al., 2009; Pessala et al., 2004). Lignin is Vei'*y;eC)mplex and amorphous polymer as
well as high melecular weight. Hence, lignin is highly resistant to biodegradaition
(Ksibi et al., 200:3). Lignin resists attack by most microorganisms, and anaerobic
processes tend not to attack the aromatic rings at all. Previous researches have proved
that lignin is highly resistant to biodegradation that need long reaction time as follow

Johansson et al. (2000). inyestigated microbial degradation of lignin (4.4-12.2
mg/l) using white-rot fungus P. chrysosporium and chlorine dioxide and found that
the fraction of lignin mineralized in the study was small. When used chlorine dioxide
ofrl vg/l,-lignin, respired, after 7-day; of, incubation, wath Py ehrysosporium,was around
3.5%.

Sugiura, Hirai, and Nishida (2003) studied lignin removal using a novel lignin
peroxidase (YK-LiP) isolated from white-rot fungus Phanerochaete sordida YK-624.
0.1 mM of 4-Ethoxy-3-methoxyphenylglylycerol-p-guaiacyl ether (dimer I) and 0.1

mM of guaiacylglycerol-f-guaiacyl ether (dimer II) were used as lignin. The results
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were found that 1.3 nkat of YK-LiP degraded 93% of dimmer I and 1 nkat of YK-LiP
degraded all of dimmer II within 24 h.

Pimchanok Tengcharoen (2003) investigated lignin (7.5 g/l) removal by
Basidiomycota fungus. The carbon source was 0.5% sucrose and the nitrogen source
was 0.1% sodium nitrate. After 8 days of cultivation, the maximum reduction of
lignin was 75.81%.

Wu, Xiao, and Yu (2005) studied remeovalof lignin (4.6 g/l) in black liquor
from pulp and paper mill in China by whlte rot*fungi.on a porous plastic media. The
lignin removal was 54% for S22 and 52% for P. ostreatus on 4 day. For L. edodes,
lignin removal efficicncy. of 65% was achieved on 10 day and removal efficiency of
lignin was 49% with' 7. versicolor on 13'day.

Bohlin, Luadquists and Jonsson '1(2008) investigated degradation of a lignin
model compound of the arylglyce‘rbl B-ajfyi; ether type (0.5 mM) by white-rot fungi
and reported that'T. versicolor coyldfrem(')-‘\"/e lignin at 57-72% after 4 day, whereas P.
chrysosporium can degrade lignin at 44—92% after 22 day.

Ko et al. (2009) studied biodegfad_atiqn of lignin under sulfate reducing
conditions. The inoculumiwas obtamed und_p'r anaerobic condition from a simulated
landfill column reactor. Klason lignin decreasac},.shghtly, 11.6% of 3.49 mg/l/day,
from the 97" day to the 156th day, and 12% O’F_’;— 03 mg/l/day, from the 181 day to the
280™ day. = i <

Most WaStewater treatments of pulp and paper mill are typically carried out

using biologicalk treatments but they can only remove small*amounts of lignin and
require long residence time (Letviska et al.; 2009). Commertcial lignin is currently
produced as a coiproduct the paper industry, separated fr(;)m trees by a chemical
pulpingsptogess: Sulfite~ligniny(lignosulfonate)sis: product-of sulfitepulping process.
This lignin preduct.is soluble in water.[Sulfate lignin (alkaline lignin/r kraft lignin) is
obtained from kraft pulping process (alkaline pulping process). Sulfate lignin smells
slightlydike ¥2nillin, i$ solublerin alkdline Aqtieots solution(pH * 8)y [t/iSyingolible in

wateriand can be precipitated with'acids'(Winning, 2001).
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2.3.3 Effects of lignin on the environment

2.3.3.1 Color in pulp and paper mill wastewater is largely due to lignin
and lignin derivatives and polymerized tannins which are mostly discharged from the
cooking, pulp bleaching and recovery sections. Lignin and its derivatives have been
found to offer resistance to degradation due to the presence of carbon-to-carbon
biphenyl linkages. The double bonds conjugated with an aromatic ring, quinone
methides and quinone groups are responsible for'the color of its solution (Sankaran
and Vand Lundwig, 1971). Color is ot considered to be a major problem, being
classified as a non-conventienalpollutant. However, it has now been realized that the
discharge of colored effluent rom pulp and paper mills is not only a loss of aesthetic
beauty or visual pollutionsbut also has other ramifications in receiving body since
there is a marked change in the/algal and aquatic plant productivity or inhibits the
natural processes of photosynthesis in streams caused by the reduced light penetration
into water. They may also affect quality‘:.lofd“-drinking water (Ali and Sreekrishnan,
2001; Sahoo and Guptay;2005; [_JN_EP, 1983}

F
2.33.2 In the case of toxici‘-:};jqf lignin and its derivatives, living

organisms may absorb slowly biodegradable;c;grlriiiounds which may cause biological
effects (UNEP, 1983). Previous studies havej')réy_.pd;that lignin and its derivatives are
quite toxic as follow

A stﬁdy by Roald, 1977 (Ali and Sreekrishnan, 2001) showed that the
growth rate of young rainbow trout exposed to a concentration of >160 mg/l of
lignosulfonate was lower than that of control fish.

Dekker“et“als (2002) reported effect of lignin-related aromatic acid on
fungal (Boatryosphaeris sp.) growth. A trend for inhibition of growth.was based upon
chemicalstructural features.

Lignin was proved.to,be, toxic to aquatic organisms (Daphnaia magna
and Vibrio fischeri) by Pessalaietial. (2004). The caleulated ECs valug for lignin in
bleaching effluent would be 34 mg/l and for commercial alkali lignin, its ECsy value
was 11 mg/l.

Yakovleva et al. (2004) found that both toxicity and mutagenic activity

of lignin substances on Baikal endemic mollusks and corn depended on the
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physicochemical characteristics of lignin, the test organisms and experimental
conditions. The results provided evidence that lignin substances discharged into water

body created a genetic hazard to Baikal mollusks and corn.

2.42,4-DCP

2,4-DCP is © ol by substitution in the

phenol ring with 22 ' 0l " or white solid that has a
for 2.4 is C¢H4CL,O and its
0f 2,4-DCP are 210 and 45

'C, respectively. It can'be solubl i ¢ 01, zene, carbon tetrachloride and ethyl

strong medicina

the environment, it is
S pro ,\ 7 -.1'. are shown in Table 2.3
(Ministry of Econo  and. 3:,>_ emi - ances Council, 2002) and
Figure 2.4 shows st rmula of 2.4 |

Figure 2.4 Structure formula of 2,4ﬁich10rophenol (Ministry of Economyj Trade and

R AR TR Y
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Table 2.3 The properties of 2,4-DCP

Parameters Values/Properties

Product identification

Chemical name 2,4- chhloro phenol (2,4-DCP)

Synonyms 4,6-D q orop //4 -Hydroxy-1,3-dichorobenzene

CAS number
I-,"'“ﬁ. O

Molecular weight ll"“" : —

Toxicity s ?i 1.‘ . |

Physical and che

Molecular formula

properties : \
Appearance [ ellow solid
Odor |
Melting point
Boiling point
Flash point

Specific gravity

Vapor pressure

Biodegradability

Stability | | Stable unde

Solubility in Wager | 4.

Solubility in orgﬁc

solvents

hloride, eﬁnol, benzene and
ethyl ether (aqueous alkali)

someﬂlumwm B il Sehgscome,
o Vi Bl NI NBIIRYA N L

xygen in natural water under midday sunlight (assuming a singlet oxygen

concentration of 4 x 107*) using experimentally determined rate constants was 62
hours (Scally and Hoigne, 1987). The half-life for 2,4-DCP in sediment was estimated
to be approximately 116 days in July and 47 days in November (Mackay, Shiu, and
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Ma, 1997, cited in Kieher, Hengraprom, and Knuteson, 1998: online). A study by Liu
and Pacepavicius (1990) using a pentachlorophenol-degrading bacterial culture found
that half-life of 2,4-DCP in aerobic and anaerobic conditions were 125 and 430 hours,

respectively.
2.4.2 2,4-DCP in pulp and paper milliwastewater

2,4-DCP is one of chlorinated phenelicseompounds that is among the most
abundant recalcitrant wastes produced 'f)y the pulp and paper industry. It has been
produced from pulp and paper making as a by-product of the chlorine pulp bleaching
process to remove-eoloreddignin COllStitl}entS and to obtain white paper (Pera-Titus et
al., 2004; Williams et al., 1996). 2,4-Dd‘P was found in aeration pond, treating pulp
and paper mill wastewateyin Seclenga at 2138 mg/l (Batoey et al., 2005). Biological
treatments can oaly remove small amouﬁ‘fs of 2.,4-DCP and require long residence
time due to its toxicity (Bayarri, Gonzalez-' et al 2007; Kaigi et al., 2005; Uysal and
Tirkman, 2005). Previous studles hav_e_.. proved that 2,4-DCP is toxic to
biodegradation that need long reactlon time'; a}‘s follow

Leuenberger et al. (1985) reported ;re'ﬁment of 2,4-DCP in wastewater
effluents of a Swiss pulp m111 by actlvate’dz'iudge and found that process could
remove 2,4-DCP (7.1 pg/l) at 27% within 12 h.

Atuanya,. Purohit, and Chakrabarti (2000) studied réatment of 2,4-DCP
synthetic wastéwater using up-flow anaerobic sludge blanket«(UASB) and aerobic
suspended growth (ASG) reactor and found that 2,4-DCP (0.05-0.1 g/1) was degraded
to the extent of 52%. and 78% in UASB and ASG reactor, respectively, at organic
loading rdtes: of 0:18 kg/ni’/day aften retefition times of 26.4ch im*the presence of
glucose (0.35'mg/l)

Yang, Wu, and Kong (2002) investigated .biodegradation of 2,4-DCP by
marine ‘diatoul Skelétonema ‘costatum. Exporential phase §. costatum cells were
inoculated into /2 mediun of 100 ml to a cell density of 5 %*10* cells/ml and 2,4-
DCP was added to a final concentration of 6 mg/l. The removal of 2,4-DCP over a 10
day period in the control medium and diatom culture was 45.8% and 65%,
respectively, whereas the addition of 75 pM of GSH enhanced the removal of 2,4-
DCP to 73.7% in 10 days.



25

Xiangchun et al. (2003) studied biodegradation of 2,4-DCP (6.86-102.38 mg/1)
using a novel air-life bioreactor, with a honeycomb-like ceramic column packed in the
inner draft tube as the carrier for immobilization of microbial cells (Achromobacter
sp. isolated from activated sludge). The reactor could remove 2,4-DCP between 84%
and 100% after 110 h.

Quan et al. (2004) reported removal of 2,4-DCP in activated sludge through
bioaugmentation. Synthetic wastewater contained 2.4-DCP at 24.7-28.3 mg/l. The
system could remove 2:4=DCP with a capacity 0£954% after 24 h.

Uysal and Tiirkman(2005) inV;stigated biodegradation of 2,4-DCP by JBR
425 rhamnolipid biosusfactant in activated sludge bioreactor. 2,4-DCP removal
efficiency was 99.7-99.8% after 40-46 days when the initial concentration of 2,4-
DCP ranged 30 and 100¢mg/l. The removal efficiency of 2,4-DCP decreased up to
32.9% after 47-54 days, when the conceﬁtratlon of 2,4-DCP was increased from 100
to 150 mg/l. 1

Sahinkaya and Dilek (2006) repoi"rted that sequencing batch reactor (RBC)
could treat 110 mg/1 0£2,4-DCP with completedi degradation after 22 h and dominant
species in the acclimated mixed culture Wg‘tg Pseudomonas sp. and Pseudomonas
Stutzeri. e ::l,",.

Wang et al. (2007) studled 2.,4- DCP“blodegradatlon in a sequencing batch
reactor (SBR).-Sludge was obtained from actlvated sludge of municipal wastewater
treatment plant in China-Fhe-syithetic-wastewatei-was-iicieased stepwise from 50 to
100 mg/1 of 2,4-DCP for 25 days to the end of the operation and contained 1,000 mg/I

of glucose. The removal efficiency was 94% afier 50 days.
2.4 .3(Toxicity of 2,4-DCR

In natural environment comditions, toxicity to microorganisms, 1 mg/l of
2,4-DCP 'was _necessary ‘o, inhibit bactetial population /growth “‘and‘icduced total
biomass and“production of*marine zooplankton in Dutch coastal water (Kuiper and
Hantsveit, 1984). Matafonova et al (2006) reported that higher concentration of
2,4-DCP were inhibitory to cell growth of Bacillus sp. Isolated from an aeration pond

in the Baikalak pulp and paper mill (Russia).
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For toxicity to aquatic organisms, the examples, Gersich and Milazzo (1988)
reported that survival, reproduction and growth were all reduced in Daphnia magna
exposed to 1.48 mg/l of 2,4-DCP in long-term (21 days) static renewal tests. 10-30
mg/l of 2,4-DCP inhibited the initial growth of algae Chlorella VT-1 with an LDs, of
22.5 mg/l (both respiration and photosynthesis) investigated by Scragg, Spiller, and
Morrison (2003). Furthermore, . Zhang ‘et al (2004) found that the activity of
glutathione in freshwater fish (Carassius aurass)was inhibited when exposed 0.005-
1.0 mg/l of 2,4-DCP for 40 days. Sahipkaya and.biek (2009) also found that the
presence of 2,4-DCP caused some physi-;logical changes in the cell of algae Chlorella
vulgaris.

In the casé of toxiCityto animals1 a 2-year carcinogenicity study on 2,4-DCP,
male rats exposed 250 mg/kgbody Weigh_t to induce mean body weights were reduced
and mean food consumiption was alse réd{l'.ced (United State Department of Health
and Human Services, Natignal T_oxicologs; Programme [NTP], 1988). Boutwell and
Bosch (1959) studied the tumour-promoﬁign .‘action of 2,4-DCP for 24 weeks and
found that 2,4-DCP had a tumour—promoting-;action in mice. Moreover, Amer and Aly
(2001) studied genotoxic effect of A2,4-DCP: in Swiss mice and found that 180 mg/kg
body weight of 2,4-DCP'indu¢ed a significant ,':p-vmelf_centage of chromosome aberrations
and sperm head abnormalitieé. T

In addition, the genéral rpopulation-jr-r'-lt}:i}'/: ‘be exposed.to 2,4-DCP through
ingestion of food_contammated with_the compounds_to_cause' burning sensation,
abdominal paifs”laboured breathing, convulsions, tremor, weakness and shock or
collapse (International Program on Chemical Safety (IPCS) and the Commission of
the European Coﬁmunities (CEC), 2004: online). Furthelimore, Bukowska et al.
(2007) also studied the“effectiof2,4:DCPson humanjerythroeytessand reported that
2,4-DCP induced an inéiease in'the conceniration- and time- deépetident 6-carboxy-
2’,7’-dichlorodihydrofluorescein diacetate (H,DCFDA) in erythrocytes and confirmed
itsitoxic effecl of 2,4“DCPen human erythrocytes!
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2.5 Principles of Photocatalysis

Heterogeneous photocatalytic process is one of the Advanced Oxidation
Processes (AOPs). This process involves the use of TiO, as a catalyst and ultraviolet

light (UV) as irradiation source for degradation of pollutants in water.

2

2.5.1 The nature of li

Usually, lig
near-ultraviolet, a model, electromagnetic
radiation is char ) and a velocity (c). The

three quantities ar

(h
whereas A and v may cover/a wide rar ge | and the value of ¢ is constant
(2.998 x 10° ms" in vacuum R -17_" it for ) and v are meter and hertz,

respectively. The el

radiation from y-rays to radigwa F g,h§t ngu eir wavelength (or frequency)

as shown in Figure 2.5 (R bin, 2007: online). Ultraviolet light (UV) occurs at
= ity LA ..n"

‘,.a"t"\ r—‘. V"

700 nm. In s;- with the region_ranging from 100 to
1000 nm (3 x 16 -- 7 ‘

N

wavelength between ight occurs between 400 and

— Increasmg Frequency (v)
02 " 108 10‘ m2 10“ v{Hz)

huj T
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Increasmg Wavelength () —

NNYAY

Visible spactmm

Increasing Wavelength (M) in nm —>

Figure 2.5 Spectrum of electromagnetic radiation (Rubin, 2007)
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In the quantum model, a beam of radiation is regarded as a stream of photons
or quanta. A photon has no mass but it has a specific energy (E) related to the

frequency of the radiation (v) by the Planck relation as follow
E = hv , (2)

where h is Planck ’s constant (6.63 x 107F Jis)f Esom equation (1) and (2), it follows
that the photon energy is .99 x 10°'® anq 1.99¢10- 4, respectively, for light of 100
and 1000 nm. This picture of light as rJnade up of individual photons is essential to
photochemistry (Scandolasand.Balzani, 1989).

Ultraviolet™ lighty* better know1|1 as UV,is onc energy region of the
electromagnetic spectrums In this spectrum UV lies between visible light and X-rays.
UV is invisible to humans/but may be seen by some animals and insects. The shorter
the wavelength, the greater ghe €nergy is p{odp_ced, hence UV has less energy than the
X-rays region and more than visible 1ight.{?hé UV region is made up of three major
areas including UV A, UV B, and UV C aé-fiq__lloyv

2 J!" -~

UV A (long wave or black hght) waveleng}h rang of 400-315 nm

UV B (medium wave) Wavelength rang of 315-280 nm

UV C (short wave): anelength rang e)f 280-200.nm.

Vacuum OV has wavelength less than 200 nm. It is absorbed strongly by air
and is used in a Vécuum (Wikipedia, 2008: online). UV light, which has wavelength
shorter than 380 nm, is applied in photocatalysis for organi;: degradation because it
has energy more than band.gap of TiO,. The selar,radiation, that reaches the earth’s
surface; abouts 10% is UV light (Cunningham, | Cunningham,| and Saigo, 2007).

Consequently, UV lamps are used as the excitation light source.
2.5.2 Photocatalyst
Semiconductors used as a photocatalyst should be an oxide or sulfide of

metals, such as TiO,, CdS, ZnO and ZnS, etc., because electron of metal in valence

band (VB) can move to conduction band (CB) by appropriated energy of light, which
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is higher or equal to the band gap (Robertson, 1996). The common properties of
several semiconductors are shown in Table 2.4.

TiO, is a popular photocatalyst because the band gap is considerably high
around 3.2 eV. It can be activated in the near ultraviolet light (~ 380 nm). Other types
of semiconductors that can be used as a photocatalyst, such as ZnO or CdS, etc., may
not be applicable because a toxic Zn°" is found (De Lasa, Dogu, and Ravella, 1992).
CdS also has the toxicity problem because of.€dS photocorrosion (Reutergardh and
langphasuk, 1997), whereas TiO, is more stableé and insoluble in aqueous solution
than ZnO and CdS. It'is shown that TiO'; does not lose its activity, when is reused (De
Lasa et al., 1992). Apart {rem highly corrosive resistance, furthermore it is non toxic
substance, relativerincxpensiveness and high level of activity (Kaneko and Okura,
2002). There are threc crystalling forn’|1s of TiO, as anatase, rutile and brookite.
Anatase is the prefegred form used as 2 catalyst and catalyst support. Moreover,
anatase typically has a higher surface area than rutile and is ebserved to be active and

1

stable over long irradiation time (Cheng, T'éai, and Lee; 1995).

Table 2.4 Band positions of some,common semiconductor photocatalyst
¥ Al

-2 dd

Semiconductors Valence? -Conductanﬂg}é— | Band gap Band gap
band (eV)=1{= :“band (e\j/j"."-.-q = (eV) wavelength (nm)
TiO, +3.1 =@ 32 _ 380
SnO, L4l 4l 303 ey 318
ZnO +3.0 -0.2 3.2 390
ZnS T 114 23 37 336
WO; 3.0 +0.2 2.8 443
Cds +2.1 -0.4 2.5 497
CdSe +1.6 -0.1 1.7 730
GaAs +1.0 -0.4 14 887
GaP +1.3 0.1 2.3 540

Source : Robertson, 1996
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2.5.3 Mechanism of photocatalytic reaction

The mechanism of photocatalysis is based on the activation of a
semiconductor (TiO;) by light (UV). TiO, can act as sensitizers for light-reduced
redox processes because of their electronic structure, which is characterized by a
filled valence band and an empty conduction band (Nair, Luo, and Heller, 1993).
When a photon with an energy (A < 385 nm) of hyv matches or exceeds the band gap
energy (Ey) of TiO,, an glectron (e'cp) is excitedfrom the valence band (VB) into the
conduction band (CB) leaving a hole: (h've) in the valence band (equation (3))
occurring electron-hole pairS on the surface of TiO, (Figure 2.6, (A)) (Chen et al.,
2004). These charge cagsiers can migratf: rapidly to the surface of catalyst particles
where they are ultimately trapped and poised to undergo redox chemistry with
suitable substrates. The valence band ho,lse"‘.(h+VB ) 18 shown to be powerful oxidant
(Harvey, Rudham; and Watd, 1983), Wheféasdfthe conduction band electron (e'¢cg) can

act as reductants (Balineraann, Henglein, and Spannel, 1984).

Figure 2.6 The schematic diagram of initial charge transfer pathway for TiO,
phetocatalytic degradation-of organic-pollutants(Chen et-al.,.2004)

The oxidation reaction is more important in photocatalytic degradation
because it is the main reaction for organic pollutant degradation. There are two
possible mechanisms as direct hole oxidation and hydroxyl radical (OH") oxidation

(Ilisz and Dombi, 1999). For the direct hole oxidation, the photohole slightly reacts
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directly with the adsorbed organic molecules to produce organic radical cation (Figure
2.6, (B)). While, the photohole reacts with adsorbed water or surface hydroxyl group
(OH") to produce hydroxyl radical species (OH") (Figure 2.6, (C)). The hydroxyl
radical (OH") is formed on the surface of TiO, as follow equation (4)-(5) (De Lasa et
al., 1992).

TiO, + hv — > hiyh # it 3)
hivg + Tmm—,  OH ==l 4)
h've +eOH . . FOH' )

In the absence of suitable clectron and hole secavengers, the stored energy is
dissipated within a few maneseconds b}% recombination (Boer, 1990). If a suitable
scavenger or surfage defect state=is *a:}.ailable to trap the electron or hole,
recombination S prevented ‘and subsaéluqnt redox reaction may occur. The
recombination between glectron and hole'lﬁmlulst be avoided because it inhibits the
oxidation reaction. Adding some ¢lectron séavengers, such as oxygen molecule, etc.,
can delay the recombination since it can tria_P_ the conduction band electron out from
the positive hole and transform .1ato superoxideipé_}dical anion (0,") (Figure 2.6, (D))
and lead to the additional formation of hydré;(:ﬂ radical (OH") as follow equation (6)-
(8) (Litter, 1999). Further}ﬁ(;fe, as reportec.l'.l.)'}-l-_b-e‘ Lasa et al- (1992), it has been
pointed out that Beth-HoO-and-Os-aie-esseitial-species-ii-the*photocatalytic process.
Other oxidants Such as polyoxometalates can also trap conduction band electrons

(Figure 2.6, (E)).

e'CB " 02 i 02._ (6)
02.— +=2H,O0 '———> 2H50, (7)
H202 —> 2OH. (8)

This hydroxyl radical (OH") has high oxidation potential (2.8 V), so fiormally
hydroxyl radical (OH’) oxidation tends to be the main mechanism in the
photocatalytic oxidation. It can react rapidly and non-selectively with most organic
compounds on the catalyzing surface and mineralizes them to carbon dioxide (CO,),

water (H,O) and other inorganic compounds (De Lasa et al., 1992).
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2.6 The Langmuir-Hinshelwood Kinetics

Heterogeneous photocatalysis onto TiO,, a reaction occuring on a surface may

usually be regarded as involving five consecutive steps following

(1) Diffusion of reactants to

Usually, steg 3 are very fast, ¢ determining steps in any
heterogeneous reactig cly fo*in Ve .' 2), ( 4) (Pichat and Herrmann,
1989). The Lang ' wood ,~ s initial : cveloped to quantitatively
describe gaseous-solid reaetions. This medel w cen mployed to describe solid-
' | | A / 0 ». The reactions occur
on a surface of TiO, n , cl eactiol 7 ) () /I min™) is proportional to

the fraction of surface cove >d by the substrs »(me 7 g) as follow

Considering Lanﬂ:ir’s e
ﬂUﬂ’JWﬂﬁWﬂ’]ﬂ“ﬁ)
QW’]MTTWW’]’JVIEJ‘TQEJ

Smce k is the true rate constant (mg/l min’ ") which takes into account several
parameters, such as the catalyst’s mass, efficient photon flow and O, layer, etc. K is
the constant of adsorption equilibrium of the substrate onto the TiO, particles (I/mg).
In photocatalytic studies, the value of K is obtained empirically through a kinetic
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study in the presence of light and is better than that obtained in the darkness, starting
from Langmuir’s isotherm. C is the concentration of the organic substrate (mg/l) at

any time t. Integration of equation (11) yields equation (12) as

1n(ccj+ S (12)

where Cy is the initial.concentrz t substrate (mg/l) and t is the
irradiation time (min-. at10m( _ order, when the concentration C

rate will be maximal as

.
(13)

Equation (12) ¢

concentration is ve
(14)

When the solution is highly diluted C:becomes << 1, the denominator of

equation (11) is, neg ted and the react an-apparent first order

. .
reaction as follow

(15)

where moﬁt}% ij '}fﬂ%\ (min™). Thus,
equation can e simplified to a first order reaction en Cy 1s very small, in

which case one has

AR f.Nﬂ‘iﬁlJ UANINYAY

1n(7j = kKt =k, 1. (16)
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By plotting In(Cy/C) versus t, the apparent rate constant (k,,) can be determined from
the slope of the curve obtained (equation (16)) and the initial degradation rate (ro)
(mg/l min™) can be represented aspresented in equation (17)(Konstantinou and
Albanis, 2004; Kumar, Porkodi and, Rocha, 2008; Valente, Padilha, and Florentino,
20006).

r, =k, C, (17)

2.7 The Related Research
2.7.1 Treatment@of lignin'by photocatalytic process (UV/TiO,)

Tanaka et alt (1999) demonstrat’e& using ligninsulfonic acid sodium salt
(coniferous wood lignin) as lignin for ph(;‘;ocgltalyzed degradation in the degradation
experiment 0.1 to 2.0 g of TiO, (andtase), \“;g_hich was suspended in 300 ml of 0.003 to
0.03% aqueous solution of ligiin'in'a cylihafical reaction vessel. A 100 W (A < 310
nm) super-high pressure mercuny lamp wés-‘b.laced in the center of the vessel. The
degradation rate decreased ‘as:‘the- amount of ':Tif.iOz increased. Whereas, the time
required for the complete transformation wa_é?hor_tened by the increase in the amount
of TiO,. These eontradictory results may be dué- to ’the large degorption of lignin upon
illumination. ThE resuli-from-FFiR-and-NiviR-measurement-siowed that the aromatic
ring degrades faster than the aliphatic chain. In GPC, a peak is centered around 2630
of molecular weight. By illumination, the peak shifted toward lower molecular and
decreasing in the peak area, indicating that lignin molecule was depolymerized. In the
transformation process; lignin was polymetized in the beginning and then converted
to smaller' molecule‘successively.“Aliphatic intermediates, such as formic acid, acetic
acid, glycolic acid and formaldehyde, etc., were formed from the early stage of
degradation.

Ksibiet'al. (2003) investigated the treatment of lignin from alfalfa black liquor
digestion by the photocatalytic degradation (UV/TiO, (suspended)) of lignin effluent,
which was obtained by the precipitation of black liquor from pulp and paper mill in

Tunisia. The degradations were carried out at 293 'K using 1,000 ml of lignin solution

and 1 g of TiO, (Degussa P-25). Pyrex reactor open to air was utilized for all
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experiments with a plunging tube containing a Philips HPK 125 W lamp. The results
were found that photolysis reduced lignin at pH 8.2 about 3.3% within 420 min.
Whereas, photocatalysis can remove lignin about 56% using 90 mg/l of lignin
solution in the same time and can deteriorate chromophors groups of lignin. The COD
removal by photocatalytic degradation of lignin solution could be achieved when
lignin is used at low concentration. The COD removal reached 81% for the lignin
initial concentration of 39.4 mg/l in 420 minsUnder the condition of lignin initial
concentration of 90 mg/l, initial pH of 8.2 and L.gof Ti0,, the reduction in the optical
density with time from OD5g, as 0.94 t070.28 in420"min'with a capacity of 70.%. This
gradual reduction of the imtensity of the absorption proved that deterioration of
chromophors groups of the lignin occurred. The products of lignin photocatalytic
degradation were amalysed by GC-MS; Such as coniferylic alcohol, syringaldehyde,
vanillin and palmaitic a¢id, etc. X

Chang etgal. (2004) explored on applying the photochemical UV/TiO,
oxidation process toifreat the synthetic 1:ign}'h-containing wastewater for dissolved
organic carbon (DOC), €olor of lignin (ADMI) and reducing A254 (the absorption at
the wavelength of 254 nm). The working V(:)l.l;lmﬁlt of reactor was 400 cm’. The reactor
was completely mixed with magnetic stirring.f;lﬁ(_l sprrounded by 16 vertical UV lamps
at out put energy of 35 W. The exidation preeesls was carried out with addition of 1
g/l of TiO, (Degussa P25)-at five different pH‘.'}éxiels (3,5, 7,9 and 11). The process
was then repeated at pH 7 using five different T10, dosages (1+5: 10, 20 and 30 g/1) to
obtain the optimalﬁ Ti0, dosage. The combined UV/TiO; treatment can achieve better
removal of DOC and color than the UV treatment alone. More color removal
efficiencies were observed with samples of lower pH levels. The ultimate color
removal_efficiencies were 99% (pH 3), 92%(pH 5), 64% (pH.7), 42% (pH 9) and
21% (pH 11) with 1 g/1 of TiO, within 960 min. At the optimum dosage of 10 g/l of
TiO, at pH 7, the removal efficiency of both color and DOC was close to 88% within
960 min.as well as.10.g/l of T10, was.the optimum dosage for.maximum.reduction of
A254. Underoptimum dosage of 10 g/l.of Ti0,, the fitst order rate constant for color,
DOC and A254 were 0.0018, 0.0016 and 0.0015 min™, respectively.

Dahm and Lucia (2004) studied the photodegradation of dissolved lignin in a
water medium resulting from TiO, photocatalysis rections that were conducted in a

batch system. Rutile TiO, was used in all reactions. Approximately 0.02 g of REPAP
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lignin was placed in 15 ml of 0.05 M NaOH for 3 min. The lignin samples were
magnetically stirred throughout irradiation with 64-128 W corresponded to a light
intensity range of 223-445 mW/cm®. However, it was determined that irradiation in
the absence of the catalyst allowed for only a 4.6% reduction in the dissolved lignin
concentration (0.02 g) after 2 hours. 82% decrease in the total lignin concentration
was obtained with a 10 mg/l loading of TiO and UV intensity of 445 mW/cm?, after
2 hours. An optimal TiO, leading of 10 mg/l was.determined, and it was found that
higher illumination intensities correlated well"wath higher initial degradation rates and
total lignin degradation. At the highest lf'ght illumination power of 445 mW/cm?, there
was a 40% destruction of lignindn 5 min, while at the lower levels of light intensity, it
required up to 1 heur.

Portjanskajasand Preis(2.007) exa‘mined the photocatalytic oxidation (PCO) of
UV-irradiated aqueous solution containing lignin on TiO, for the influence of ferrous
ions. The UV light source, Philips TL.D I5 W/05 low-pressure luminescent mercury
UV lamp with the emission maximuin at 360 nm and providing irradiation of about
0.7 mW/cm®. A ‘mechanically agitated w1th __magnetic stirrers were used in the
experiments. The syntheti¢ lignin sélution w;@s prepared in concentration of 100 mg/1
at around pH 8. TiO; as Degussa P-25 was -:@Etzacl};_gd to the surface of the glass plate
(spraying and submersion). The addition of 'Ffzj;,j.up to 2.8 mg/l, to the acidic lignin
solution leads to the drastic.~for ‘about 25%:‘-'i'ﬁe'r’ease in PCO efficiency. A futher
increase in ferrou§ 1on concentration resulted in a decrease ‘i PCO efficiencies of
lignin. The highest photocatalytic oxidation efficiency for lignia, up to 9.2 mg/W.h,
was observed in neutral and slightly basic media and the acidic media was most
favourable for lignin adsorption although are not the best for photocatalytic oxidation.
The ligninssolution was PCO-treated for the lignin concentration reduced to 50% after
24 hours in neutral media (pH 8): Also, the difference in the PCO performance with a
different attachment mode of titanium dioxide on the catalyst support was observed.
Sprayed~catalyst exhibited«l S«times higher efficiency, than, the=one=attached by
submersion.

Ma et al. (2008) investigated photocatalytic degradation of synthetic lignin
using TiO, (Degussa P-25) and Pt/Ti0O,. Sixteen near ultra-violet lamps (Rayonet
Model RPR-200) with the main emission light wavelength around 253.7 nm were

provided as the light source for the UV irradiation experiments. The initial
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concentration of dissolved organic carbon (DOC) in lignin solution was 251 mg/l. The
influent of pH (3, 7 and 11), catalyst dosage (1, 5, and 10 g/l) and illumination on
lignin degradation was studied. The results showed that application of UV irradiation
alone has almost no effect on the reduction of DOC and color based on American Dye
Manufacture Institute value (ADMI). However, the addition of TiO, and Pt/TiO,
reduced the original DOC by more than 40% within 30 min. Either TiO, or Pt/TiO,
enhanced the reaction constant much more in the acidic region than in the alkali
region. In addition, toosmuch catalyst addition-has netincreased the DOC and ADMI
reduction proportionally. The Pt-dopedt-. Ti0; removed 55-69% of ADMI when the
dosage of Pt/TiO, increased from 1 to 10 g/l. Additional of 1 g/l of TiO, was
appropriate to achieve maximum ADMI ‘removal, additional increase of TiO, dosages
to 5 and 10 g/l didmot significantly reduced the ADMI. TiO, dosages exceeding 2g/1
caused a shadow effect that/inhibited the formation of more OH" hence did not
improve ADMI removal. The rate constiﬁt f)-f pseudo-first order kinetics increased
from 4.1 x 10° min" (pH L) to 4.0 x f(_)'zrmin'1 (pH 3), if 10 mg/l Pt/TiO, was
applied. The investigation alse indicatedft'l_l_at.-.the photocatalytic degradation rates
could be enhanced 1-6 times faster after dopi_ll:t_giTioz with Pt in different pH cases.
Kansal et al. (2008) studicd the photqcafgl_ytic degradation of lignin obtained
from wheat straw kraft digestion by ujng,- TiO, (Titania P-25) and ZnO
semiconductors, The photochemical was cafr'ié'.ci out ifi'double wall reactor vessels in
the UV chamberequipped with five tubes each of 30 W (Philips) Constant stirring of
solution was ensured by using magnetic stirrers. TiO, and Zn©O were fixed on to an
inert support (pumice stone). The experiments were carried Qut by varying the catalyst
dose (0.5-2.0 g/l), pH_of solution (pH 3-11), oxidant concentration as sodium
hypochlorite(3.06- % 107 Mt6115231x810:°M) and initidl Concéntrafion of lignin (10-
100 mg/l)., The result was found that™18% ‘of lignin was adsorbed to ZnO whereas
10% lignin adsorption was observed with TiO; after 5 min. The degradation of lignin
was favorable.atypH I'l. Optimum values of catalyst dose and. oxidant eoncentration
were found to be 1 g/l and 2.2 x 10° M, respectively using lignin initial concentration
of 100 mg/I at pH 10. Lignin removal efficiency of UV/TiO, was about 30% after 5
hours when using 100 mg/I of lignin initial concentration and 1 g/l of TiO, at pH 9.7.
Under optimum condition (catalyst dose 1 g/I, pH 11 and oxidant concentration 12.2 x

10° M), the effective degradation could be achieved when lower concentration of
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lignin was used. The complete destruction of lignin was achieved in 45 min with 10

mg/l initial concentration solution.
2.7.2 Treatment of 2,4-DCP by photocatalytic process (UV/TiO,)

Pandiyan et al. (2002) investigated destruction of 2,4-DCP using
photochemical methods. Three kinds of methods were used as direct UV irradiation,
UV irradiation with 4 g/l of TiO> and UV hghtawith TiO, (catalysts) and 0.03 M of
ClO4 (oxidants). A 1T00W immersioft UV lamp equipped with a quartz well and
voltage regulator was cmployed for UV degradation. T mM of initial 2,4-DCP
concentration wasstreated.at all experim?nts. The results were found that the reaction
rates in decreasing order werg UV/TiOz)CIO'4>UV/Ti02>UV before the 90 min and
UV/Ti0,>UV/T10,/CIO >U Vi after the QO’ qmin. Initially, degradation of compound
was rapid, then gsteadily declined: Photocatalytic degradation of 2,4-DCP was
accelerated in the presence of TiOz catlhlyé;t as indicated by the first order rate
constants calculated from the experlmental data were 2.58 x 10” min™ for direct UV
irradiation and 3.87 %10~ min for UV/TlOszhe pH value of the irradiation solution
decreased from 6.5 to 2.7 and the by- producls of 2,4-DCP degradation detected
corresponded to chlorophenol and phenol——==_

Bayarri et al. (2005)-explored the ijiib;[o’catalytic treatment of 2,4-DCP by
using UV/TiQ,(suspended anatase, Degussa P25). The soutee/ of radiation was a
Xenon lamp (PHIIIPS XOF —15—0137;71500 W) with a spectrufn very close to the solar
one in the UV range. The 2,4-DCP solution was prepared to a concentration of 125
ppm, loaded to th'é‘ reservoir tank from 0.5 to 1.5 liters. Different amounts of TiO,
from 0 to.2 g/l were added to the system with different initial pH (2,.5.5, 7.5 and 11).
The results were ‘found,that the/ removal efficiency of 2,4-DCP was increase with
increasing of TiO, loading at pH 5.5, a fast degradation can be observed for initial
time-and-later.on it deereased due to for higher.times, 2:4-DCP had, to.compete with
intermediatesyfor the TiO, sites: After 6 'h of irradiation with 0.5 g TiQ3 /1, a 90% of
2,4-DCP had disappeared and for the same time, 2,4-DCP degradation was over 99%
using 2 g/l of TiO,. The intermediate analyzed were 4-chlorophenol and phenol. In all
the case using 0.5 g/l of TiO,, the pH decreased along the time. The pH of maximum



39

removal of 2,4-DCP was 2. For pH greater than 5.5, the final 2,4-DCP removal was
decreased.

Kusvuran et al. (2005) examined photocatalytic degradation of 2,4-DCP by
UV/TiO; (anatase). The light source was the mercury vapour UV lamp (UVP-CPQ-
7871) with emitted its maxima radiation at 365 nm. The experiments were carried out
in a 250 ml cylindrical glass reactor with magnetic stirrer, which contain 0.5 g/l of
TiO,. The 2,4-DCP solutions were prepared ai0.1=0.5 mM of initial concentration at
pH 3. Degradation rate.decreased as a adsoiption cemstant increased. Pseudo-first
order kinetic rate constants of 2,4-DC-i) were decreased from 0.0259 (0.1mM) to
0.0061 min™ (0.5 mM) with inereasing initial concentration. Furthermore, degradation
rate constant (k) and adserption equilibri}lm constant (K) were calculated as k 0.0031
mMmin™ and K 30652 mM" . J_

Bayarri, Abelldn et ald (2007) studigd the effect of each type of radiation as
UV-A (300 nm).and UV-ABC (235 nm) Tfor 2,4-DCP degradation by UV/TiO,. The
source of radiation was a xenon lamp (PﬁLI_LfPS XOP-15-OF, 1000 W). Solution of
2,4-DCP were prepared from 100-120 mg/l, -lpaded i the reservoir tank (1 liters) with
0.5 g/l of TiO, (Degussa P25). The. results ‘agn_gonstrated that UV-ABC radiation was
more effective than UVEA. The 2.4-DCP pho'tég?talysis and the TOC removal was
about 20% higher with UV-ABC than Withgﬁx\t/-:A. For the 2,4-DCP photolysis, the
observed degradation was about 60% by usih'é'-UV-ABC, and about 10% when using
UV-A radiation.-If both UV-ABC and UV-A processes are cempared, photocatalytic
process is always much faster than the photolytic degradation 0f2,4-DCP.

Gonzalez et al. (2010) investigated degradation of 2,- CP, 2,4-DCP, 2,4,6-TCP
and PCP using UV/TiO,. Advanced oxidation process was carried out in a batch
processrusing as catalyst anatase”TiQ3 in preseénce of UV=ina100.ml solution of 15
mg/l of each CP..All AOPs were.carried out in a Pyrex glass vessel magnetically
agitated and irradiated with four,sUV light lamps (Lexmana, at intensity of 25
mWient®) jplaced, 10 em awayfrom fiie vessel and  installed inside of‘al aluniinium
box. The effect of TiO, amount on CP degradation was determined at™5, 107and 20
mg/l of TiO, (Degussa). The process was carried out during 180 min at room
temperature and 150 rpm of magnetic stirrer. During the AOPs, the removal initial
rate increased in the following order 2-CP>2,4,6-TCP>2,4-DCP>PCP and the
obtained degradation rang from 82% to 24%. For 2,4-DCP, it was observed for all
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case that an increase in catalyst (0-20 mg/l) cause an increase in the removal initial
rate from 0.0180 to 0.0361 mg/1.h, after 180 min at initial pH 4.5. When using 10 mg/1
and 20 mg/l of TiO, at pH 4.5, 2,4-DCP removal efficiency was around 60% and

75%, respectively in the same time.

4

AUEINENINYINS
QRN ITUUMIN AL



CHAPTER III

METHODOLOGY

‘ ” ere analytical grade. Aqueous

solutions were prepa_re N us tra puﬁﬁﬂi water with a resistivity of

182 MQ cm™ from P -

3.1 Chemicals

All chemical sub

VChA - S ——

3.1.1 Supervibzatio

Ill Mﬂ\\' *a\ Company

Aldrich

Phosphori :

Hydrogen peit i Aldrich
Hydrofluo A Aldrich
Sulfuric acid LAB-SCAN

i ; ’ o
3.1.2 pH adjustment - Gah

Namele /s 7/ AR Company

Sulfuric acid ' /. LAB-SCAN
Sodium i ‘.tfl CARLO ERBA
)
measurement
_ ‘Hne . u Formula ___Company
a Aldrich

U

3.1.3 Lig

mhn-Clocalteu ] reagent CARLO ERBA
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3.1.4 Identification of by-products of lignin degradation

Name Formula Company
Hydrochloric acid (37%) HCl LAB-SCAN
Ethyl acetate (A.R.) CH3;COOCH,CHj; LAB-SCAN

[=NSi(CHs3)3;]OSi(CHj3); Aldrich

N,O-bis(trimethylsilyl)

trifluoroacetamide

(BSTFA) (299%

Trimethylchlo ‘
(TMCS) (2990 1
Chlorof i LAB-SCAN
3.1.5 Co

Company
Potassi ! - Panreac
Cobaltous ¢hloride i ! CoCly 6! Univar
Hydrochldric acid : ’:_ o ( LAB-SCAN
Sodium hydroxide 0 CARLO ERBA
31624DCPmeas cment H-,.-’

S 7 Company
;? " Aldrich
Methanol(HPL LAB-SCAN
Acetoni l > (HPLC grade) CH3N LAB-SCAN
Sylfuric acu!' (96%) o/ HS0, LAB-SCAN

Sodium sulfate Na,SO, CARLO ERBA
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3.2 Experimental Instruments

3.2.1 Supervibration-photocatalytic reactor 25 liters
3.2.2 HDPE cylindrical tank with cover 28 liters: Nalgene
3.2.3 Clock timer
3.2.4 Brown glass bottle
3.2.5 pH meter: HO '*

3.2.6 Plastic rectangu ,, i 20 11ter{lf//‘

3.2.7 Vacuum pump and microfilter ur@
3.2.8 UltrasOic clean€fs@CREST "

3.2.9 Analysi€al baldh e
3.2.10 Spatula
3.2.11 Magneti
3.2.12 Glass rod

3.2.13 Desiccator .
3.2.14 Voldmetrie |

3.2.17 Dlspensmg bott --
3.2.18 Measurln 'f".g{.o. n_!i kot

X

3.2.20 .'tvj.: m KTELL
3.2.21 Glﬁmic nd 110 : Whatman

3.2.22 Buchner funnel 47 mm, 110 mm and suction 250 ml, 1000 ml

ﬁi@%wmwwm

5 Disposal syringe 3 ml: NIPRO

q wREmaine s

3.2.28 Micropipette 10 ml and pipette tip 10 ml: Rainin
3.2.29 An 85 um polyacrylate (PA) fiber and a SPME fiber holder: Supelco
3.2.30 UV-Visible spectrophotometer: Model Helios Alpha, Thermo Electron
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3.2.31 High performance liquid chromatography (HPLC): Varian Prostar with
Auto sampler Model 400, pump Model 230, Varian HPLC column C 18 (4.6 mm
internal diameter x 250 mm) holder with guard column and UV-Visible detector
Model 325
3.2.32 Gas chromatography-mass, spectrometer (GC-MS): Agilent 6890 N
Network GC system with ZB-5MS capillary column (30 m x 0.25 mm internal
diameter, 0.25 pm film thickness) (Phenomenex)and HP-5 capillary column (30 m x
0.25 mm internal diameter, 0.25 pm film thiekness) (J & W Scientific), interfaced
with Agilent 5973 N Neiwork Mass Selective detector

3.3 Experimental Set-Up |

The experiments jwere conducte(L in laboratory scale. The supervibration-
photocatalytic reactor,developed.in this study, is based on the photocatalytic process
combined with a supervibration agitator in"lgrder to provide faster reaction and higher
efficiency of degradation rate. The schéﬁiat'i'c diagrams of the supervibration-
photocatalytic reactor in¢luding an agitatéd{tank, a supervibration agitator and an
ultraviolet light source and the supervibrationf-'dgiltétor containing an eccentric motor, a
shaft and multistage blade are shown F1@%3 .--1. All experiments were carried out
in batch-mode eperation usmg a rectangula-r'.r-'e;a-c*t;)r‘ of 26.3 »:36.2 x 26.3 cm’ with
25 liters capacity,made-of -stainless-steel=—Fhe-supervibraiton Cqliiipment consists of a
set of four multistage blades with each size of 5 em x 8 em x| mm. Micro-structured
TiO, film with thickness of approximately 1 pm as photocatalyst coated on the
surface of the multistage blade (titaniumy plate) was produced by low-voltage
electrochemical anodization method“of titanium plate, ‘described“by Xie and Li.
(2006). The plate oxidation was conducted in a dual-€lectrode reaction chamber, in
which the titanium plate was used @as the anode and.asstainless steel plateiof the same
size/ was used! ds the cathode. Both electrodes! were submerged in;a'mixture of
glectrolyte solution (H2SO4 (1.0 M)-H3PO4 (0.3 M)-H,0, (0.6 M)-HF (0.03 M)) and a
direct-current source was used to provide electric current (150-200 V) between

electrodes.
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| Ultraviolet light

26.3 cm

AUt AyineIns
awwaﬁ uﬁwqwﬂwaﬂ

Figure 3.1 The schematic diagrams of the supervibration-photocatalytic reactor (a)

and the supervibration agitator (b)
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TiO, film produced by electrolytic oxidation shows good adhesion to the support

(Yerokhin et al., 1999), whereas TiO, film, attached mechanically, may be unstable
(Portjanskaja and Preis, 2007). The illumination was provided using four low-pressure
6 W mercury lamps (Philip TUV-G6TS, 254 nm), which were attached at the top

cover of the agitated vessel. The vertical vibration generated from eccentric motor is

transferred to the multistage blade | haft and the generated vibrational

is agitator generates a powerful

3-dimensional agitating flow in the tank ow rate produced by the

supervibration agitator is highe 0% he conventional rotary pump

of color under theB)timu reatm S was also inﬁtigated.

AUEIETIINE NS

Synthetlc Wastewater was prepared in laboratory 1nclud1ng lignin

TRIRTLCIL TR
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3.4.1.2 Experimental methods for synthetic wastewater

The synthetic wastewater at all concentrations was prepared using 15.2
MQ cm™ de-ionized water and then pH was adjusted with NaOH (1 N) and H,SO, (1
N). The temperature of synthetic wastewater was kept at room temperature (30 C).

Sampling point was set at a center o

taken at 15, 30, 60, 90, 1 \.\ ( 1 f reaction time for lignin and
color analysis on a UV=Visible spectrophoto -DCP analysis on HPLC.

Treatment efficiencies o 1igDCP by supervibration-

photocatalytic reactor were'studicd under dif erent initial pH, UV intensity, vibration

er in tank. The effluent samples were

frequency and initiz iccafration as resented in Table 3.1 and experimental
conditions are shown ind ablef 32, “The re; on | es lignin and 2,4-DCP
photocatalytic degradation were ‘! us ang inshelwood model. The

by-products of lig
of photodegradatiox r iofs usi € ermore, under the optimum

treatment conditions, reh

Table 3.1 The experimen ta F

Values

The effect of ir iti
The effect of UV | 2.6, 25.2
The effect of Viﬁion frequency (Hz 0, 20,& 40, 50

The effect of initial IJ,lgmn concentration (m%} 100, 200, 300, 400

S

ARIAIN TN NI INGINY




Table 3.2 Experimental conditions of synthetic wastewater
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Synthetic wastewater | Experiments Initial Initial pH uv Vibration
samples concentration intensity frequency
(mg/1) (mW/cm?) (Hz)
400, 6.3 30
e A i
‘ | 0O | 6.3 30
Ny /7
W72 / 63 30
6.3 30
/ % 0 30
0 k 12.6 30
P /!lﬁ‘& 0
wastewater ’ - \\\ .
% i ' ~ Optimum 20
from exp.2 40
50
Optimum Optimum
from exp.2 | from exp.3
Optimum
25.2
from exp.3
6.3 30
6.3 30
£ ) 6.3 30
SEE 30
. 63 30
|
Optimum _ 0 30
from exp.6 12.6 30
2,4-DCP synthetic  |.__s= 5
r| ¥ ' al
' g timu 20
M ‘ from exp.6 | from exp.7 40
from exp.6 from exp.7 | from exp.8
2.5
Optimum from Optimum Optimum
10 25.2
exp.9 from exp.6 from exp.8




49

Table 3.2 Experimental conditions of synthetic wastewater (continuous)

Synthetic wastewater | Experiments Lignin : 2,4- Initial pH uv Vibration
samples DCP ratio intensity | frequency
(mW/cm?) (Hz)
5 6.3 30
6 6.3 30
7 6.3 30

6.3 30
6.3 30

Mixed synthetic
0 30

wastewater
S 12.6 30
containing ligni
0
and 2,4-DCP Optimum

20
from

E ﬂ“ '\ 1‘ exp.12 0

5, AN .
)\

Optimum

252 from

exp.13

i .!ﬁ""-‘ -".l"" :
3.4.2 Experlmental li i,‘rq; .-"¢
—77,! .

The expeitments in this part were cal 2 ‘ stewater, in order to
study the perfor :" C rez i treatment of lignin

and 2,4-DCP, -"II obtain the optimum operating conditions. Moreover, removal

efficiency of color u‘ﬂﬂhe optimum treatn@ conditions was also investigated.

fl UH1Mﬂ§WHWﬂi
W) RSASRAR N R B

the characteristics of pulp and paper mill wastewater used in the experiments.
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Table 3.3 The characteristics of pulp and paper mill wastewater

Parameters Values*
pH 5.97-6.38
SS (mg/1) 3,581-3,954

TDS (mg/1)

BOD (mg/l) -

3.4.24

2218-290 mg/l of lignin and 111-152 pg/l

of 2,4-DCP were supplied from the Ip and paper mill located at Kanchanaburi
province in Thailand and coﬁﬁmﬂlﬁ integrated wastewater pond before treatment
i ereais s

system. The L'Sﬁples were collected in A . (Before treatment, the

microfiber ﬁltersﬂi
pH was adjuste L
wastewater was kepfatﬂ)m temperature (3ﬁ_£) The effluent samples were taken at

uZ% W@ w Fj @ id color analysis
ible spectrophotometer and P analysis on

The performances of ﬁlperwbratlon-pﬁ)catalytlc reactor onlignin and

PP 13 Sl I B L e

Wibration frequency which are given in Table 3.4 and experimental conditions are

*J sing 0.45 um glass

, ) | Fﬁn the samples, and then
ith NaOH (1 N) and H,SO4 (1 N). Fhe temperature of real

presented in Table 3.5. Furthermore, under the optimum treatment conditions,

removal efficiency of color was also investigated.
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Table 3.4 The experimental factors of real wastewater

Factors Values
The effect of initial pH 5,6,7,8,9
0,6.3,12.6,25.2

The effect of UV intensity (mW/cm®

The effect of vibration frequency (H E ' 10,20, 30, 40, 50
NN /
—
W —
Table 3.5 Experime f real wasf

Wastewater sample W- eWe \ Nl H uv Vibration
' r 4 : ntr » | intensity | frequency

-k (mWemd) | (Hz)

| w— AR 6.3 30

E > v ‘ 6.3 30

L ﬁ_. w N T 6.3 30

ro ke | 63 30

:I"_'?, . 6.3 30

Pulp and paper mill 5 i ' L ,.Rgf}; timum 0 30

wastewater = Cer | from exp.1 12.6 30

n;; 3 -

_Optimum 20

6m exp.2 40

: 50
A Optimu@ 555 Optimum
concentratlon from exp.1 from exp.3

3.5 Analﬂical Methods

A ﬁaﬂil‘iﬁld UAIINYA Y

For synthetic wastewater, lignin concentration was analyzed by UV-Visible
spectrophotometer, Model Helios Alpha, with detection wavelength of 280 nm (Ksibi
et al., 2003; Pessala et al., 2004; Portjanskaja et al., 2009). Before analysis, the
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effluent samples of synthetic wastewater were diluted by distilled water as 2 times for
initial concentration of 100 mg/l, 3 times for initial concentration of 200 mg/1, 4 times
for initial concentration of 300 mg/1 and 5 times for initial concentration of 400 mg/1.
Lignin analysis was described in Appendix A.

For real wastewater from pulp and paper mill, lignin concentration was
analyzed by UV-Visible spectrophotometer, Model Helios Alpha, with detection
wavelength of 700 nm (Eaton et al., 2005)_.as _described in Appendix A. Before
analysis, the effluent samples were diluted 4 times by distilled water, and then the
solutions were filtered with 0.45 pm nylon membrane filter, 47 mm to remove fine

particulates from the samples.

3.5.2 Measurement'of color

Color of lignin gynthetie wastewater and real wastewater were determined by
UV-Visible spectrophotometer, Model Heﬁos Alpha, Thermo Electron with detection
wavelength of 465 nm (Eaton et .al., 2005) as described in Appendix A. Before
analysis, the effluent samples of real wastewater from pulp and paper mill were
diluted 2 times by distilled water and pH Wa:s__ adj_}l_sted to 7.0 with H,SO4 and NaOH,
and then the solutions were filtéred with gl’a’s§ }nicroﬁber filter, GF/C, 47 mm to

remove suspended solids fion the samples.
3.5.3 Measurement of 2,4-DCP

2,4-DCP concentration was detected by HPLC. Firstly, the effluent samples
and standard, selutions werg filtered through. 0:45,um nylon syringe filter, 13 mm.
Next, the residual samples and standard selutions were detected by HPLC Varian
Prostar with Auto sampler Model 400, pump Model 230, Varian HPLC column C 18
(446 pmma=internal idiameter=x 250 ymm)jhelderwithguard, columnyandsUV:-Visible
detector Model 325. The wavelengthlof detector wa§ 280 nam..A mixture of.25% of
acetonitrile, 30% of methanol and 45% of ultra pure de-ionized (18.2 MQ cm™") water
adjusted at pH 3 with H,SO4 was used as a mobile phase with flow rate of 1 ml/min
(Somshy Kinakul, 2002). Before introduced to HPLC, the mobile phase was filtered
through 0.45 pm PTFE membrane filter, 47 mm using vacuum degassing. The
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retention time for 2,4-DCP detection is around 7.5 min. 2,4-DCP analysis was

described in Appendix A.
3.5.4 Identification of by-products of photocatalytic degradation
3.5.4.1 Identification of by-products of lignin degradation

The by-products of lignin degradation in synthetic wastewater by
supervibration-photocatalytic reactor w’éie identified using GC-MS. The identification
was analyzed as N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) and Trimethyl-
chlorosilane (TMES) demvatives by GCaMS analysis. The GC-MS corresponds to the
compounds extragted with fethyl acetlate from the acidified supernatant. The
interpretation of mass spectra’ was 'bases;oh. the GC-MS library as well as on mass

=

spectra of model éompotnds. |
The samples of hgnm syntihetlc wastewater from irradiated solution
(80 ml) were acidified at pH. 2. by HCI (1 N) and extracted with ethyl acetate
(3 x 40 ml) then dried under nitrogen gas. —BpTFA (100 pl) and TMCS (100 pl) were
added to the organic extract. The solution. was trqq,ted at 60 'C under nitrogen current
for 5 h. The residue was redlssolved m chlorab_rm (1 ml) and analyzed by GC-MS.
GC-MS analysis was performéd With an Agilent. 6890 N Network GC

system, interfacgd with an Agilent 5973 N Network -Mass Selectlve detector. The

analytical colufnfi connecting to the system was ZB-5MS capillary GC column (30 m
x 0.25 mm internal diameter, 0.25 pm film thickness) from Phenomenex (Part. No.
7HG-GO010-11). Theshelium gas was used as carrier gas with the flow rate of
1 ml/min; Thie tolamn’ témperatire] program, wis'| 80°°C’ (holdfor 4-iin); 80-280 C
(7 'C/min, hold fors'min) (Ksibi etal., 2003):

3.54.2 Identification of by-products of 2,4-DCP degradation

The by-products of 2,4-DCP degradation in synthetic wastewater were
detected by GC-MS using solid-phase microextraction (SPME) for sample extraction.

The effluent samples of 25 ml were adjusted to pH 2 using hydrochloric
acid (HCI) and saturated with sodium sulfate (Na,SO4) (7.5 mg). An 85 pm
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polyacrylate (PA) fiber (Supelco Cat. No. 57304) and a SPME fiber holder (Supelco
Cat.No. 57330) were used for sample extraction. The vial capacity was 50 ml,
handing 25 ml of samples. The stirring velocity was controlled at 750 rpm at room
temperature (30 'C). The optimum extraction conditions were immersion sampling at

um PA coated fiber, saturated salt condition

room temperature for 60 min, with an 8

and sample pH 2. A Yy
After the extractior - fiber #vad i ced in the injection at 250 'C
for 3 min with the splitwalve closed. GC-M , isswas performed with an Agilent

6890 N Network el a ‘ed »- h-an Agilent 5973 Network Mass
Selective detector. The R internal diameter, 0.25
um film thickne ) from / f ti \ ). The carrier gas was
helium at flow rate'of 0.8 1III“\\\ . itially set at 40 'C hold

for 4 min and thea" programmed at 220 C \ : of 10 'C/min (Agilent
Technologies,l", 00 : ; \

ﬂ‘lJEJ’JVIEJVI‘ﬁWEJ’]ﬂi
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CHAPTER 1V

RESULTS AND DISCUSSIONS

4.1 Treatment of Lignin Synthetic It water

lytic reactor based on the

study the reaction kig ‘ da ion and identify the by-
products occurred rom lighin degradation. Trea ﬁ01en01es of lignin by
supervibration-ph tiglreac 0 e studied : er different initial pH (5, 6, 7, 8

in synthetic wastewater was

as 5, 6, 7, 8 and 9. Synthetic

investigated under five dlff@_— ua' 7 ¢!

moat ,.-a*_.-' d
wastewater p{i]ared in the expenmen ’ lignin solution. The

photocatalytic pie d-out ;ﬁ sity of 6.3 mW/cm®

and vibration the-decrease of lignin and

y photocatalytic degradation. For the optimum initial pH as pH 5,

lignin concentration.fvﬂecreased from 40@g/1 to 279.86 mg/l (C/Cy = 0.70) after

420 mi 14- &1@ n&] mﬂ &j m'jeﬂ ﬁre 30.03% (pH
5), 26. % (P 9) within 420

min. The results indicate that the lignin removal effieiencies were increased with the
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removal efficien
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lignin remaining (C/C,)

lignin removal (%)
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lignin remaining (a) and removal efficiency (b) (initial lignin concentration

=400 mg/l, UV intensity = 6.3 mW/cm?, vibration frequency = 30 Hz)



57

The kinetic expression in terms of Langmuir-Hinshelwood (Konstantinou and
Albanis, 2004; Kumar et al., 2008; Valente et al., 2006) describing photocatalytic

degradation of lignin and a first order reaction is induced as
C
ln(?oj = kKt =kt (18)

where Cy is the initial lignin concentrati_(_.)n (mg/l)-and C 1s lignin concentration (mg/1)
at any time t (min). k is.the'tfruc rate constant (mg/l min) and K is the constant of
adsorption equilibrium(I/mg): ks is the apparent rate constant of first order reaction
(min™). By plotting 1a(€,/Q) versus time, the apparent rate constant (kap) can be
determined fromuthe slope of the curve (;_btfl_ined (equation (18)) as shown in Figure
4.2 and the initial dggradation rate (ry) (mé{ll min ') can be represented as presented in
equation (19).

Pl (= (19)

e L
Ak
The apparent rate constant of* first order reacﬁéoli!j(i{ap) and the initial degradation rate
(ro) of Langmuir-Hinshelwood Kinetic- for hgnu_r, ~degradation at various initial pH
obtained from the experimental data show that at the optimum.initial pH (pH 5), the
highest kg, as 2.2 X 10° min "' and the highest ro as 0.88 mg/l min' after 120 min were
achieved. When initial pH decreased from 9, 8, 7 and 6 to 5, the apparent rate constant
of first order reaction (kap) were increased from 1.1 x 102, 1.2 x 102, 1.9 x 107 and
2.1 x 102t0.2.2 x 10%-min’',.respectively.and.the initial.degradation rate (ro) were
increased from' 044, 0.48, 0.76 and 0.84 te 0.88' mg/l min’l, respectively after the
same time' (as shown in Table 4.1). This phenomenon followed the same trend as
lighifiremovaly, Severalresearchers (Chang et al’;,2004; Ma etiall ,»2008:*Portjanskaja
and Preis, 2007) obtained similartesuits'in'which'more lignin‘removal were ebserved
with samples of lower pH level thus, the acidic conditions favor the lignin
decomposition. This result was also similar in degradation of other compounds as azo

dye acid red 14 (Wang et al., 2008). This increase in lignin removal might be because,
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under acidic conditions, a superoxide radical (O,") will react with a hydrogen ion (H")

and produce a perhydroxyl radical

0.3

0.25 - | -

In (C,/C)

Figure 4.2 Linear tran 'o m ‘ y ' gr adation at various initial
pH ' | \ |
Table 4.1 k,p and 1o of fist ord -:;,"'-‘ ic for o degr: lation at various initial pH

Coefficient (R?)
0.8459
0.7366
0.874
0.7024
0.8152

Note: rea ion time = 120 min

RAINIMIMIANINGE! .

gives rise to the OH' as presented in equation (20)-(23) (De Lasa et al., 1992).

0,” + HY —> HO, (20)
HOz. + HOz. H,O, + O, (21)
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H,O0, + ¢ — HO + OH (22)
H,0, + O, — > HO + OH + 0O, (23)

On the other hand, the point of zero charge (pzc) of the TiO; is at pH 5.6-6.4 (Bayarri
et al., 2005), its surface is positively charged in acidic media (pH < pzc) and
negatively charged in alkaline (pH > pzc). Molecules of lignin are negative charge in
alkaline solution, being repellied from the Ti105 surface; which causes to reduce their
adsorption. Also the aceumulation of cajbonate and-bicarbonate ions, OH’ scavenger,

could be the reason of decreased efficiency at alkaline pH (Portjanskaja and Preis,

2007).

L

|
4.1.2 Effeet'of UV ingensity on degradation of lignin in synthetic wastewater

=
=

The process was repeated at/a constant of optimum initial pH (pH 5) and
vibration frequency of 30 Hz using diffgrent UV intensities of 0, 6.3 and 12.6
mW/em® to study effect of UV intensit'y-'i.-brrl degradation of lignin in synthetic
wastewater. The experimental data Jdepicted:}jﬁfigure 4.3 indicate that a higher rate of
photocatalytic oxidation” could. be observed at ;max“'_ahigher UV intensity for 420 min.
Under UV intensity of 12.6 mW/cm2 as?tﬁe best lignin removal, the initial
concentration (400 mg/l) of :Hgnin was redii.c-é:i__:t(; 211.79 mg/l (C/Cy = 0.53) with
removal efficieney.of 47.05% after 420 min. Lignin removal efficiencies of the
system with 0,63 and 12.6 mW/cm® were 8.33%, 30.03% and47.05%, respectively,
in the same time. The reactor could slightly remove lignin under the absence of UV
intensity since some_molecules of lignin might be adsorbed on the inner or outer of
TiO, film surfa¢eFigured 4 shows ithe plottingrof In(€/C)versus time under various
UV intensity:to obtain 'slope ofithe curve ‘as thelapparent rate constant (k,,). The
apparent rate constant of first order'reaction (k,p) and the initial degradation rate (r)
of Langmuir-tlinshelwood-kinetic for lignin-rémoval after| 120 min at.different UV
intensity show that under UV-intensity of 12.6 mW/cm?®," the highest Kap aS 3.2 x

107 min™ and the highest ro as 1.28 mg/l min" were achieved.
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lignin remaining (C/C)

UV 0 mW/cm?2

UV 6.3 mW/cm?2
V 12.6 mW/cm?

0 mW/cm?
UV 6.3 mW/cm?
UV 12.6 mW/cm?

Wl

lignin removal (%)

A
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wastewater: lignin remaining (a) and removal efficiency

120 180 240

concentration = 400 mg/l, initial pH = 5, vibration frequency = 30 Hz)
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The apparent rate constant of first order reaction (kip) of lignin degradation were
increased from 0.7 x 10~ and 2.2 x 10 to 3.2 x 10~ min™ and the initial degradation
rate (ro) were increased from 0.28 and 0.88 to 1.28 mg/l min"', when UV intensity

increased from 0 and 6.3 to 12.6 mW/cm?, respectively (as listed in Table 4.2). This

phenomenon followed the same trend 2

ignin removal.

150

Figure 4.4 Linear transfc egradation at various UV

intensity

Table 4.2 k,, and- —“""“"""""""""""'"—-1——"— twarious UV

1

1nte S

UV intensity g = Kap (min™) (mg/l min™) Coefficient (R?)
42l NLUNTNLNNS
q‘) 7 ' " Y o07212
6.3 22x10° | 088 0.8459

Note: reaction time = 120 min
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The results indicate that an increase in UV intensity could enhance lignin removal and
removal efficiency of lignin was significantly influenced by UV intensity. This is
because when UV intensity is higher, the photonic flux irradiation and illumination
energy increase and higher rate of electron-hole pair production occurs. Thus, the rate
of OH" and the O, production increase, which would allow the degradation to be
faster. In addition, reaction temperaturé might increase with increasing in UV
intensity. Previous research indicated = that incieasing the reaction temperature
increased the rate of all reactions occurrinigs=in the system (Zeltner, Hill, and
Anderson, 1993; Hofstadler et al., 19945-: Related results were previously observed by
Dahm and Lucia (2004)._Fhe photodegradation of dissolved lignin in a water medium
resulting from Ti0O, phetocatalysis rect}ons was studied. The lignin samples were
magnetically stirred througheut irradiation with 64-128 W corresponded to a light
intensity range of 4223-445 mW/cmj.: The tesults demonstrated that higher
illumination intenSities Correlated well wfth l}igher initial degradation rates and total
lignin degradation. At the highest light illu:r'niriation power of 445 mW/cm®, there was
a 40% destruction of lignin in,5, min, whii-é:__at_..the lower levels of light intensity, it

required up to 1 hour o

—l-_d
> A

4.1.3 Effect of vibration—frequency on ﬁegradation of lignin in synthetic

wastewater - = e e

400 mg/l of dighin solutions were prepared for the expetument under different
vibration frequencies as 0, 20, 30, 40 and 50 Hz at the optimum initial pH (pH 5) and
optimum UV intensity (12.6 mW/cm?) to investigate effect of vibration frequency on
degradation of lignin in.synthetic wastewater. Figure 4.5 shows.the decrease of lignin
and removal efficiency, which indicated the influence of vibratien frequency on
photocatalysis under the conditions used here. Although there was an absence of
vibration-frequency (0-Hz),.the.system ,could remove lignin.at,29.66%.1n 420 min
because of photocatalytic degradation«(UV/Ti0;). When infroducing ‘the wvibration
frequency into the system, it was able to remove more lignin. The removal
efficiencies of lignin were 43.35% (20 Hz), 47.05% (30 Hz) and 47.78% (40 Hz) in
the same time. For the optimum vibration frequency as 50 Hz, lignin concentration

decreased from 400 mg/l to 206.90 mg/l (C/Cy = 0.52), which corresponds to a
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destructive efficiency of 48.28%. Figure 4.6 shows the plotting of In(Cy/C) versus
time under various vibration frequency to obtain slope of the curve as the apparent
rate constant (k,,). The apparent rate constant of first order reaction (k,,) and the
initial degradation rate (ro) of Langmuir-Hinshelwood kinetic followed the same trend
as lignin removal. When vibration frequency increased from 0, 20, 30 and 40 to 50
Hz, the apparent rate constant of i st o ﬁ tion (kgp) of lignin degradation were

9 x 107 d3.4 x 10° to 3.5 x 10° min™,

respectively and the i eased from 1.04, 1.16, 1.28

i i} .
and 1.36 to 1.4 mg/l mi 3 1Ve! in as presented in Table 4.3.

because, in the i ibratiol freg i he powerful 3-dimensional

agitating flow in uik s higher. Therefore, the contact between lignin and

degradation cou prey esearch for treatment of lignin using

UV/TiO; process

mg/l of initial lignin concentration at

pH around 8.0. Therefore, th «e-:-f-"--r— I gitator in the present study has higher
e ] —
val than that of previous . Thi

performance in.lignin removal t
ﬂuld ﬂOW I'at Pro duced by the supervibration aeitator1s-hreh ;',. an that prOduced by

7 X

y [
AUEINENINYINS
RIAINTUURIINY QY

may be because the

magnetic stirrets
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Vibration Coefficient (R?)

frequency (Hz)

0.921
o0 T =51 080l

0.8147
0.7886
0.7375

RREATRIHRVINHI Y b

The initial lignin concentration was also a variable parameter to be studied in
effluence on degradation of lignin in synthetic wastewater. Figure 4.7 illustrates lignin

removal for different initial lignin concentrations of 100, 200, 300 and 400 mg/l.
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When optimum initial pH (pH 5), optimum UV intensity (12.6 mW/cm?) and
optimum vibration frequency (50 Hz) were kept constant, lignin concentration
decreased from 100 mg/l initially to 39.36 mg/l (C/Cy = 0.39) with a capacity up to
60.64% after 420 min. The removal efficiencies of lignin for the initial lignin
concentration of 200 mg/1, 300 mg/1 and 400 mg/l were 53.16%, 50.05% and 48.28%,
respectively after the same time. Figure 4.8 shows the plotting of In(Cy/C) versus time
under various initial lignin conecentration to obtainslope of the curve as the apparent
rate constant (k,,). When the initial lignin concentration increased from 100, 200 and
300 to 400 mg/l, the apparent rate constant of first order reaction (kap) of Langmuir-
Hinshelwood kinetic weresdecieased from 4 x 10'3, 3.7 x 10° and 3.6 x 10 to 3.5 x
10° min™, respectively after. 420 min, thereas the initial degradation rate (ro) were
increased from 0.440.74 and/1.08/to 1.4 J_mg/l min ', respectively after the same time
as shown in Table 44. The only k; had ’t.he same trend as removal efficiency of
lignin. The ry inereased'with Cy (the initiaT concentration), since in the product k,,Co,
the increase in concgntration was more si gﬂiﬁéant than the variation in k,, values. The
results indicate that the appatent:rate constant (kop) of lignin degradation were
decreased with the increase in the initial‘f‘lj"ggin coneentration. Ksibi et al. (2003)
obtained similar results. The.degradations were éaj_:ried out 1,000 ml of lignin solution
and 1 g of TiO, (Degussa P-25). The %OD removal of lignin solution by
photocatalytic degradatiorulrr “could be achlevea when lignin is used at low
concentration.” The-COD-iemoval-icached-81% foi-the-lignininitial concentration of
39.4 mg/l in 420 _min. Furthermore, Kansal et al. (2008) also obtained similar result
from Ti0,/ZnO photocatalysed degradation of lignin and reported that the percentage
degradation of lignin* solution depends on the, initial concentration of the substrate.
The effective degtadation could be achicved when lower Concentration of lignin was
used. When the'initial lignin concentration became higher, it had an‘inhibitory effect
on the photodegradation. This phénomena can be, explained by thegincrease of
incidental | phetonie flux irradiating the catalyst in dilute lignin ‘solutien, since the
photonic flux'irradiation on"TiO; increases in a diluted lignin solution, thus the'rate of
hydroxyl radical (OH") and superoxide radical (O,") production increases which

would allow the degradation to be faster.
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On the other hand, under a high lignin concentration, saturation coverage of lignin on
the surface of TiO, occurs (Pandiyan et al., 2002) or a higher initial lignin
concentration yields a higher concentration of adsorbed intermediates according to

more compete with intermediates for TiO, sites (Bayarri et al., 2005).

In (C,/C)

150

Figure 4.8 Linear transforn for ligni adation in various initial
concentratio

In this work, the ra ion constant (K) were calculated

using the Langm L_‘ ing rate and initial

concentrations: V_

i
Aug AT EMERNS

This equﬂon can be rearranged 1nt2 linear form:

QRIAINTUANINYINY

r, kK'C,

-dC

24)

where 1/1y is the dependent variable and 1/Cy is the independent variable. By plotting

1/ry versus 1/Cy, 1/kK can be obtained from the slope of the line and 1/k can be
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obtained from the point at which the line crosses the y-axis (Valente et al., 2006). The
linearization of the curve in Figure 4.9, plotting 1/r versus 1/Cy, from 100 to 400 mg/1
of lignin concentration describe a linear behavior with linear coefficient R* = 0.9994

and the rate constant (k) and adsorption constant (K) are shown in Table 4.4.

=237.11x +0.138
0.9994

0.012
dhd sl
¥ )
Figure 4.9 Linear transform 1/ry v

/‘ -

F ‘Ef A4 ,

Table 4.4 kg, and 1o of first ordeik ¢ fo

concentration .« - o
Initial
K

concentration

25.2

mW/cm?

Note: reaction time = 120 min
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Additional experiment with an increase in UV intensity to 25.2 mW/cm?,
initial pH 5, vibration frequency of 50 Hz was carried out to improve system
performance. The results were found that lignin concentration decreased from 100
mg/l initially to 14.89 mg/l (C/Cy = 0.15) with a removal efficiency up to 85.12%

within 420 min as shown in Figure 4.7. The apparent rate constant of first order

reaction (ksp) and the initial degradat o) of Langmuir-Hinshelwood kinetic
ively, after 120 min as listed in

Table 4.4. The results.in intensity as 25.2 mW/cm?

significantly enhancemm \ ce th ﬂreas UV intensity can promote
the hydroxyl radic-' D ate ' i
mance of | Ipers s 8 -__. otocatalytic reactor on

intensity of 25.2 mW/cm” anc n freque 50 Hz. The result was found that

color was decreasedifrom 207. 5 PECOo umi \ - Pt-Co unit after 420 min with
removal efficiency of 0 and 4.11. For the related
research studied by e treatment of lignin from

alfalfa black liquor digesti ! 'v_ atalytie degradation. Under the conditions
] pH of 8.2 and 1 g of TiO,, the
0.94 to 0.28 in 420 min with

of lignin initial concentratio
. . . il 7—. ) :i- o
reduction in the optical derfs‘lg’{;v ti

a capacity of 70 ‘L ¢

that deterioration W
E .
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Figure 4.11 Col iggiin synghotic wastewater 2 caction time: 0 min (a) and
420 mi itz in concentrat n 100" o/l, initial pH
| ‘ uency =50 Hz)

ors dation

The by-products of lignin 1?5'- 15' raﬁn-photocatalytic reactor were
also investigated. The ident ;-  r sing GC-MS. The photocatalytic
degradation ’ba i L aff ent conditions of pH
5, UV inte !_g*,;j“—‘——""“f::’* f" cy of 50 Hz. The
chromatographic il al gl mda T' ¢ of some initial peaks
(initial reaction tmne) in the sample increased but other “j disappeared after 420

min. However, new/Signals were detected ifi the same time. From total by-products
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Table 4.5 Fragmentation pattern of by-products from lignin degradation identified by
GC-MS

Retention
Compounds _ ) m/z (% abundance)
tlme (min)

,

2,6-Dimethyl-5 methylphenyl 283 (14.6); 282 (30.2); 281
100); 280 (21.4); 266 (7.9);
49 (6.3); 204 (17.2); 191

; 120 (8.5); 106 (19.7);

aminopyridine-3,4-dicarbe x

'{L\ 1); 84 (12.7); 44
: \1 (19.8)
1-Methyl-2-phenylifidoles” & 7 7 .2); 209 (11); 208

uc 207 (100); 206 (48);
04 (39.7); 191 (6.8); 178
1.6); 165 (29.3); 139 (7.2);
0.1); 85 (9.1); 44

15.8); 32 (36.1)

381 (18.9); 237 (17.9); 209
(20.9); 208 (52.4); 207 (100);
03 (25.3); 192 (97.7); 191

| (37.5): 166/(31.7); 96 (32.3);

)i 73 (18.7); 44 (22.8);

2-Ethylacridine

2-Methylbenzalﬂnyde 574 | 207 (7.6); 121 (9.9); 120
92 (9.3); 91

ﬂuﬂ’;wﬂmwmmﬂm ;

(8.7); 65 (14.4); 63 (8.6); 51

ARN89N T8 I TRESY
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Table 4.5 Fragmentation pattern of by-products from lignin degradation identified by
GC-MS (continuous)

Retention

Compounds m/z (% abundance)

time (min)

325 (16.1); 283 (15.1); 282
(29); 281 (100); 280 (29.1);
6 (25.4); 264 (18.9); 133
")- 73 (8.5); 44 (11.9); 32

7H-Dibenzo[b,g]carbazole,
7-methyl- '

Glaucine , ' Hé*\i!‘ﬁ 6.5); 356 (20.3); 355

\\u 354 (63.9); 340 (46);
A \ 7) 312 (38.6); 297

283 (21.4); 281 (31);
\ \\\ 4.3); 207 (18.1); 193
2)’, 3(17.6); 32 (13.4)
\» 83 (18.3); 282 (76.3); 281
100); 280 (23); 266 (45.4);
264 (33.9); 207 (16.2); 148
) | .6); 141 (12.5); 140 (37.2);
e 139(2044),73 (16.7); 44
R Ll
2,4-Dimethylbenzaldehyde 207 ( [fi ); 135 (8.4); 134 (83);
133 (100); 105 (46.1); 103

79 (10.9);

ﬂuﬂqwamsw@ﬁﬁ%m®

39 (4.5); 32 (8.7)

9T a\mﬁmummmﬁgm

(18.2); 109 (12.8); 108 (8.4);
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the first peak was detected at retention time 3.90 min as 2,6-dimethyl-5-
methylphenylaminopyridine-3,4-dicarboxyimide; the peak at retention time 4.95 min
was 1-methyl-2-phenylindole; the peak at 5.24 min was identified as 2-ethylacridine;
the peak at retention time 5.74 min could be attributed to 2-methylbenzaldehyde; the

peak at retention time 6.01 min was detected as 7H-dibenzo[b,g]carbazole, 7-methyl-;

characteristic peaks with [ agmentation a ;207 (8.5 (11.7); 152 (98.5); 151
(100);137 (5); 123 1094(1 4): 81 (12,8 3.7): 65 (6.5); 53 (6.6);
44 21; 43 (7.4) andl 324664/ The presence of vanillin fiom lignin photocatalytic
. - | \'{(“0‘ ‘Figure 4.13 presents the

structure formulas V ‘ ' & of 1 de n\.\ je analysis of residue
; 1s 2-methylbenzaldehyde, 2.4-

dimethylbenzaldeyde ' | hydroxy { _‘ 1ethoxybenza hyde (vanillin). Moreover,

i r 1
other by-products det t been observed.
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4.2 Treatment of 2,4-DCP Synthetic Wastewater

The experiments in this part were carried out with 2,4-DCP synthetic
wastewaters in order to study the performance of supervibration-photocatalytic
reactor for treatment of 2,4-DCP to obtain the optimum operating conditions, study
the reaction kinetics of 2,4-DCP photocatalytic degradation and identify the by-
products occurred from 2,4-DCP degradation. Ircatment efficiencies of 2,4-DCP by
supervibration-photocatalytic reactor were studiedinder different initial pH (5, 6, 7, 8
and 9), UV intensity (0, 6.3, 12.6 and 2-3.2 mW/cmz), vibration frequency (0, 20, 30,
40 and 50 Hz) and initial 2¢4-DCP concentration (0.5, 1, 2.5 and 5 mg/1).

l
4.2.1 Effecgof initial pH o0 degradation of 2,4-DCP in synthetic wastewater

The effect of initiallpH on degraaatign of 2.4-DCP in synthetic wastewater
was studied under various initial pH of scklutibn. 2.4-DCP synthetic wastewater of 5
mg/l was prepared in the experiment and trrje'e}ted-‘ under five different initial pH levels
as 5, 6, 7, 8 and 9. The photocatalytic profg;ess was carried out with a constant UV
intensity of 6.3 mW/cm® and Vibration freqi;;ri(:jx of 30 Hz. Figure 4.14 illustrates
effect of initial pH on 2,4-DCP degradationﬁ;—ipervibration-photocatalytic reactor.
The ultimate 2,4-DCP.removal efﬁciencies','!.\is?ére"66.14% (pH 6), 63.62% (pH 7),
60.87% (pH 8) aqd 59.71% (pH 9) within 420 min. For'the'optizhum initial pH at 5,
2,4-DCP conceniration was reduced from 5 mg/l to 1.30 mg/l (C/Cy, = 0.26) with a
capacity of 73.99% after the same time. The results indicate that the 2,4-DCP removal
efficiencies were increased with the decrease in the initial pH.

The kinetic, expression.in terms of Langmuir-Hinshelwood (Konstantinou and
Albanis, 2004y Kumar et al,, 2008; Valente et al., 2006) describing photocatalytic

degradation of 2,4-DCP and a first order reaction is induced as
5,
ln(?‘)) =kKt=k,t (26)

where Cy is the initial 2,4-DCP concentration (mg/l) and C is 2,4-DCP concentration

(mg/1) at any time t (min). k is the true rate constant (mg/l min™") and K is the constant
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of adsorption equilibrium (I/mg). k., is the apparent rate constant of first order
reaction (min™). By plotting In(Cy/C) versus time, the apparent rate constant (k,p) can
be determined from the slope of the curve obtained (equation (24)) as shown in Figure

4.15 and the initial degradation rate (o) (mg/1 min™) can be represented as presented

in equation (25).
” (27)
L—
The apparent rate cor ) ' ‘ e initial degradation rate
(r9) of Langmuir-Hin 7 Linerié q P photodeg) adatlon after 120 min in
Table 4.6 shows that atoptimun nitial H highest k,p as 8 x 10” min

N \
and the highest 1y @ chievec initial pH decreased

from 9, 8, 7 and 6 parel] "’ 1t Of order reaction (k,,) were
increased from 5.5 > 1075 6. E X410 d 7.7 x 107 to 8 x 10° min’,
respectively and the" it ‘ ; On 1 » \ u ased from 27.5 x 107, 31 x
107, 35.5 x 10° and 3. %107 to : H' mg m , respectively after 120 min (as
shown in Table 4.6). This phenom: i he \ 1e trend as 2,4-DCP removal.

.
20,7 s
~

P

P
7 X

Sy

pH9

ammmmum’mmaﬂ

Flgure 4.15 Linear transform In(Cy/C) vs. time for 2,4-DCP degradation at various
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Bayarri et al. (2005) and Pandiyan et al. (2002) obtained similar results in which 2,4-
DCP removal was higher under acidic conditions. The role of pH as important
parameter in the photocatalytic reaction influences the surface charge propertied and
the adsorption behavior of TiO, (Gaya and Abdullah, 2008). The TiO, point of zero
charge (pzc) is between pH 5.6 and 6.4. Therefore, depending on the pH, the TiO,
surface is charged positively f

significant effect on the ad -.4, \‘ |

molecule of 2,4-DCPuis --um,_,,‘ n the uni

egatively (pH > pzc) that has a

10,. It can be assumed that the

egative charge form under

acidic pH values and then, it.ean be more w onto the TiO, surface,
whereas for alkaline coaditions, 2.4- d TiO, surface are mostly charged

negatively so ca 1St g8 ey a// be " s. On the other hand,

under acidic conditions, a superoxide radical 3 Cc a hydrogen ion (H")
. ¥ 5
and produce a perhydroxylia . ) : ly, the HO," can form hydrogen
peroxide (H,0,),hichdn tirn gives sise fo t ~. (De Lasa et al., 1992).
_ AL
Table 4.6 kg, and 1o of , [irs ‘ti.""‘ , dation at various initial pH
/ e \
Ii'?‘ra -1‘ i %
pH T 1 min") Coefficient (R?)
5 P —— 107 0.8845
'>‘<.n- # .’d.f_.# ¥
6 3 0.7389
.
7 - 2 : 0.7566
8 0.8685
9 - 55x 10 27.5x 107 0.8661
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4.2.2 Effect of UV intensity on degradation of 2,4-DCP in synthetic

wastewater

The effect of UV intensity on 2,4-DCP degradation by supervibration-
photocatalytic reactor was studied using different UV intensities as 0, 6.3 and 12.6
mW/cm?®. The experiment was repeated at & constant of optimum initial pH 5 and
vibration frequency of 30 Hz. The results depicted in Figure 4.16 indicate that the
efficiencies of 2,4-DCP photocatalytic oxidatien were higher with a higher UV
intensity for 420 min. The initial 2,4—15‘CP concentration as 5 mg/l was reduced to
1.04 mg/1 (C/Cp ="0:21) after420 min using UV intensity of 12.6 mW/cm?. 2,4-DCP
removal efficiencies of the reactor with d6.3 and 12.6 mW/em’ of UV intensity were
73.99% and 79.14%; respectively, where‘as the absence of UV light induced low 2,4-
DCP removal as 24.78%.4 1t /might be duie to the photocatalytic degradation not
occurring, but some molecules of 2,4-DCP might be adsorbed on the inner or outer of
surface of TiO, filmy Figure 4. I7 shows I'ihel'-plotting of In(Cy/C) versus time under
various UV intensity to obtain slope of the curye as the apparent rate constant (kyp).
The apparent rate constant of first order react.lon (kap) and the initial degradation rate
(ro) of Langmmr—Hmshelwood klnetlc for 2 jI--I;CP removal after 120 min at different
UV intensity show that under UV intensity (’)11?’12 6 mW/cm?, the highest kapas 9.5 x

107 min™ and the highest 1, as 475 x 107 mg/‘l"mln were achieved. The apparent

rate constant of ﬂrg order reaction (k) of 2.4-DCP degradationdvere increased from
2.6 x 107 and'8 X 10° t0 9.5 x 10~ min" and the initial degradation rate (ro) were
increased from 13 x 10~ and 40 x 107 to 47.5 x 10™ mg/l min’l, when UV intensity
increased from 0 and 6.3 to 12.6 mW/cn’, respectively (as listed in Table 4.7). This
phenonienon followed/the same trend as 2,4-DCP reinoval. The résults indicate that
an increase 1~ UV" intensity ‘could significantly“enhance’ 2,4-DCP removal. The
considerably more effectiveness of 12.6 mW/cm’.radiation was attributed to the
shorter penetiation capability '0f higher energy’ photon, so there were tuorelelectron-
hole pairs and OH’ "available” for the ‘target compound as 2,4-DCP." In ‘addition,
reaction temperature might increase with increasing in UV intensity. Previous
research indicated that increasing the reaction temperature increased the rate of all
reactions occurring in the system (Zeltner, Hill, and Anderson, 1993; Hofstadler et al.,

1994).
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reaction is mass transfer limited (De Lasa et al., 1992). Furthermore, Bayarri, Abellan

et al. (2007) studied the effect of each type of radiation as UV-A (300 nm) and UV-
ABC (235 nm) for 2,4-DCP degradation by UV/TiO,. The source of radiation was a
xenon lamp (PHILIPS XOP-15-OF, 1000 W). Solution of 2,4-DCP were prepared
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from 100-120 mg/l, loaded in the reservoir tank (1 liters) with 0.5 g/l of TiO,
(Degussa P25). The results demonstrated that UV-ABC radiation was more effective
than UV-A. The 2,4-DCP photocatalysis and the TOC removal was about 20% higher
with UV-ABC than with UV-A.

4.2.3 Effect of vibration frequency on degradation of 2,4-DCP in synthetic

wastewater

The 2,4-DCP solutions were pre'I")ared at the same concentration of 5 mg/1 for
the study on effect of vibsation frequency on degradation of 2,4-DCP in synthetic
wastewater underWarious' vibration frequencies as 0, 20,30, 40 and 50 Hz at a
constant of optimuwm initial pH 5 and op‘éimum UV intensity of 12.6 mW/cm?®. Figure
4.18 demonstrates thefdeciease 0f2,4-DCP, which indicated the effect of vibration
frequency on photocatalysis under the COIlethl’lS used here. The removal efficiencies
of 2,4-DCP were 73:98% (20 Hz),.79. 14% (30 Hz) and 83.06% (40 Hz). For the
optimum vibration frequency as 50 Hz, 2 4 DCP concentration decreased from 5 mg/1
to 0.72 mg/l (C/Cy = 0.14) within: 420 mm, Wthh corresponds to a destructive
efficiency of 85.68%. Although there was an. absence of vibration frequency (0 Hz),
the reactor could remove 24-DEP at 61—;"70% for the same time because of
photocatalytic degradation (UV/LiO;). Figufe' ';1419‘ shows the plotting of In(Cy/C)
versus time under various vibration frequency to obtain slope of the curve as the
apparent rate cons;[ant (kap). The apparent rate constant of first.oider reaction (k,p) and
the initial degradation rate (o) of Langmuir-Hinshelwood kinetic were followed the
same trend as 2,4-DCP removal. When vibration frequency increased from 0, 20, 30
and 40 tor50, Hz, the apparent, rate constant.of-first erder-reaetions(k,,) of 2,4-DCP
degradation were increaged from 6.3 X 10'3, 8.2 x 10'3, 9.5 x 107 @nd 9.9 x 10 to
10.2 x 10® min™", respectively and the initial degradation rate (r;) were increased from
BIESER 07 K 107 47754%) 10 0and49.57% 107 060 51 " 103 mg/ min™,
respectively ‘after 120 min“as presented in Table 4.8. 2,4-DCP removal ‘effieiencies
were increased with the increase in vibration frequency. This may be because, in the
condition of higher vibration frequency, the powerful 3-dimensional agitating flow in
the reaction tank is higher. Therefore, the good contact between 2,4-DCP and TiO,

can be enhanced, then higher decomposition rate can be obtained.
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DCP degradation by UV/TiO, and magnetic stirrers under conditions as 25 mW/cm®
of UV intensity, 10 mg/l of suspended TiO; and 15 mg/1 of initial concentration at pH
4.5. 2,4-DCP removal efficiency was about 60% after 180 min, whereas the

supervibration-photocatalytic reactor in present work using supervibration agitator,
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treating 5 mg/l of 2,4-DCP under initial pH 5, UV intensity of 12.6 mW/cm® and
vibration frequency of 50 Hz, could remove 2,4-DCP up to 70.34% in the same time.
Therefore, a supervibration-photocatalytic reactor has higher performance in 2,4-DCP
removal and faster reaction rate than that of previous research works. This is because
the fluid flow rate produced by the supervibration agitator is superior to that was

produced by magnetic stirrers.

4.2.4 Effect of initial 2,4-DCP concentsation on degradation of 2,4-DCP in

synthetic wastewater 4

The initial.2;4-DCP concentratiordl was also studied as a variable parameter to
investigate the effegtrof initial 2,4:DCP |t:oncentration on degradation of 2,4-DCP in
synthetic wastewater JFigure 4.20 presents 2,4-DCP. removal under different initial
2,4-DCP concentrations as 0.5, 1,72.5 and 5 mg/l. When optimum initial pH 5,
optimum UV intensity of/12.6 W /e a,nd Jt-)ptimum vibration frequency of 50 Hz
were kept constant, 2,4-DCP cgnc_entratioﬁj@e;cg@ased from 0.5 mg/1 at initial to 0.04
mg/l (C/Cy = 0.09) with the efﬁéiency ul.)’ i‘,o 91.20% after 420 min. The removal
efficiencies of 2,4-DCP for the initial 2,4—D:CJi15;Epncentration of 1 mg/l, 2.5 mg/l and 5
mg/l were 90.20%, 86.12% and é5.68%, resfgj’e-éf]ii/ely in the same time. Figure 4.21
shows the plotting of 1a(Cy/C) VGI‘SUS"J“'t‘i_H;lQi ~under various initial 2,4-DCP
concentration to-obtain slope of the curve as the apparent rate constant (kap). Table 4.9
shows that Wheri tEVMEC(i)ncentration increased‘from 0.5,1and2.5t0 5
mg/1, the apparent rate constant of first order reaction (Kap) of Langmuir-Hinshelwood
kinetic were decréﬁsed from 15.1 x 107, 12.9 x 107 and 11.9 x 10 to 10.2 x 10
min™', respectively after '120..min,, whereas. the, initial degradation. rate (r) were
increased from 7.6 x 10'3, 129 x 107 and 29.8 x 10° to 51 x¢10? mg/l min'l,
respectively after the same time..The only k,, had the same trend as removal
efficieheyio0f24-DCPI Therg increased with (€ /(therinitial Concentration)ysined in the
product k.;Co, the increase fin conéentration was more significant than the'variation in

Kap values.
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In this work, i ' , adsor; 7 onstant (K) were calculated
using the Langm i Iwood, model, ering ' ollowing rate and initial

concentrations:

(28)
This equation‘ |
m 11 1 1
— =t 29
r, kK C, u (29)

AURYIEITNYINT

where 1 1s the dependent Varlable and 1/Cy is the independent variable. By plotting

i P kit X Tt

nearlzatlon of the curve in Figure 4.22, plotting 1/ry versus 1/Cy, from 0.5 to 5 mg/1

of 2,4-DCP concentration describe a linear behavior with linear coefficient R? =

0.9947 and the rate constant (k) and adsorption constant (K) are shown in Table 4.9.
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K
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0.5
1 3
-
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"M@ 9 NeINS U

mg/l min™) (I/mg)

149.21 x 10°

Note : re ion time = 120 min
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The apparent rate constant (k,,) of 2,4-DCP degradation were decreased with the
increase in the initial concentration. When the initial 2,4-DCP concentration becomes
higher, the adsorption of 2,4-DCP molecules on the surface of TiO; is rate limiting.

Photoreactive site on TiO, surface is decreased because of adsorption of both 2,4-
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DCP and its intermediates. The similar result was observed by Kusvuran et al. (2005).
They examined photocatalytic degradation of 2,4-DCP by UV/TiO, (anatase). The
experiments were carried out in a 250 ml cylindrical glass reactor with magnetic
stirrer, which contain 0.5 g/l of TiO, and maxima radiation at 365 nm. The 2,4-DCP
solutions were prepared at 0.1-0.5 mM of initial concentration at pH 3. The results
was found that pseudo-first-order kineti¢ rate constants of 2,4-DCP removal were
decreased with the increase in the initial conccntration. Pseudo-first order kinetic rate
constants of 2,4-DCP. were decreased from 0.0259 (0.1 mM) to 0.0061 min™ (0.5
mM) with increasing initial concentrati(;;l.

Additional experiment.with an increase in UV intensity to 25.2 mW/cm?,
initial pH 5, vibration fiequency of 50 Hz and initial 2,4-DCP concentration of 0.5
mg/l was carried out to improve System Serformance. The results were found that 2,4-
DCP degradation wagicompleted within 66 min as shown in Figure 4.20. The apparent
rate constant of first order reaction (kagi and the iitial degradation rate (ro) of
Langmuir-Hinshelwood Kinefic wer¢ 56.3{"L_>< 10° min! and 28.2 x 107 mg/l min™,
respectively, after 30 min as listed in Table-4-.;9. The results indicate that an increase in
UV intensity as 25.2° mW/cm® signiﬁcantix‘_ enhanced 2,4-DCP removal since the
increase in UV intensity cai, promote the hydl:qul radical (OH") formation in the

photocatalytic reaction. il

i

4.2.5 Kdentification of the by-products of 2.4-DCP-dessadation

The by-products as aromatic compounds of 2:4-DCP degradation by
supervibration-photocatalytic reactor were also investigated. The identification was
carried jout wsinggyGC-MS. [The photecatalytic [degradationyof-2,4-DCP was studied
under treatment conditiofis as initial pH 5, UV intensify.of 12.6 mW/ém® and vibration
frequency of 50 Hz. The initial concentration of 2,4-DCP was selected at 5 mg/I for
the) clear presence ofby-ptoduct, peak height: The/GC-MS chromatogram inh Figure
4.23 shows that 2,4-DCP peak.only appeared at retention time.l3.62 min for.starting
of irradiation time and for reaction time at 420 min, the 2,4-DCP peak height at
retention time 13.47 min decreased during the photochemical reaction, while new

signals were detected.
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Table 4.10 Fragmentation pattern of by-products from 2,4-DCP degradation identified

by GC-MS
Retention
Compounds m/z (% abundance)
time (min)
Phenol 10.20 95 (6.9); 94 (100); 66 (23); 65
(18); 63 (3.9); 55 (5); 50 (2.9)
2-Chlorophenol (2-CP) 128 131 (2.2); 130 (32.6); 129

(6.9); 128 (100); 100 (4); 99
(3.3); 92 (11.5); 73 (3.9); 65
(10); 64 (26.9); 63 (14.1); 62
(311,53 (2.2)
4-Chlorophenol (4-CB) | IO 131 (2.2); 130 (32.9); 129

(7.1): 128 (100); 102 (3.3);
101 (2.2); 100 (9.9); 99 (5.2);
93 (2.9): 75 (2.7); 74 (2.3); 73
(4.8): 65 (22); 64 (9.5); 63
(7.5); 62 (3.3); 61 (2.3); 53
¥/ (2.2)

7
From total by-products classified by their fr};gmentation pattern as shown in Table
4.10, the peak-at retention time 10.20, 10.33 uaixlxd;—-l‘3.787 min were detected as phenol,
2-chlorophenol (2-CP).and-4-chloiophenol(4-CP)icspectively: The mass spectrum
of phenol showéd characteristic peaks with fragmentation at m/z 95 (6.9); 94 (100);
66 (23); 65 (18): 63 (3.9); 55 (5) and 50 (2.9), whereas 2-chlorophenol showed peaks
with fragmentation at m/z 131 (2.2); 130 (32.6); 129 (6.9); 128 (100); 100 (4); 99
(3.3); 92(11a5); 73 (39); 65 (10)3 64(26.9)5633(14. 1); 627(3.1)and=53 (2.2). Finally,
4-chlorophenol 'showed ‘peaks with'fragmeniation ‘at'm/z 1317(2:2);-130 (32.9); 129
(7.1); 128 (100); 102 (3.3); 101 (2,2); 100 (9.9); 99 (5.2); 93 (2.9); 75 (2.7); 74 (2.3);
73.(4.8); 65.(22)5.64:(95); 63 (7.5); 62°(3.3); 61 (2.3)and" 537 (2.2). Figure 4.24
presents the" ‘structure” formulas® of “by-products “of" 2,4-DCP ‘degradation by
supervibration-photocatalytic reactor. The similar results were previously found by
Bayarri et al. (2005), Liu, Chen, and Yang (2009) and Pandiyan et al. (2002). The

results reveal that occurred by-products have toxicity less than the parent compound
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due to the toxic effect of chlorophenols are directly proportional to the degree of
chlorination (Health Canada, 1987: online).

Cl
OH Cl
) o
Phenol 2-Chlo£0phen01 4-Chlorophenol

Figure 4.24 Structure formulas of by-products of 2,4-DCP degradation
4.2.6 Proposed reagtion pathwayof 2,4-DCP degradation

In photocatalytic ‘process, light oi sﬁitable energy generated electron-hole
pairs. Both species can contribute to the—-organic substrate degradation since the
potentials of the hole and the cronduction‘fb*flgd electron is sufficient to oxidize or
reduce many organic ‘moleeules (Serpone. agd_a Pelizzetti, 1989). The pathway
involving the reduction of the substrate by T;l%tconduction band electron can not be
excluded, since chloropherfo"l's"‘can be oxidizéa.t-)lif; can also be reduced. Hydroxylation
of chlorophenels*through such a reduction pathway has-becn=proposed earlier (Chen
et al., 2004; Theurich, Lindner, and Bahnemann, 1996; Yin et al., 2010). In this study,
a reaction pathway for photocatalytic degradation of 2,4-DCP based on the GC-MS
data is proposed in Figure 4.25, in which the reductive dechlorination was proposed
as the majot /decomposition route. The' formation of the “4-chlotophenol (4-CP) and
2-chlorophenol*(2-CP) is attributed to"the reduction 0f2,4-DCP by conduction band
electron losing chloride ion at ortho and para position, respectively (Figure 4.25,
reaction (a),(b),w(€),/(f)). A short-lived hydroxyphenyl radical can be“formed by a
reductive attack of an electron (conduction band) on 4-CP or 2-CP releasing a
chloride ion (Figure 4.25, reaction (c), (g)). This radical may combine with a
hydrogen atom in the presence of conduction band electron to form phenol (Figure

4.25, reaction (d), (h)). When benzene rings are opened to form aliphatic compounds



97

such as maleic acids, fumaric acids, formic acids and oxalic acids, eventually all these
acids are completely mineralized into CO, and H,O (Chu et al., 2005; Lu and Gao,
20006).

H H
Cl
é (phenol)
Cl
(h)
-Cl N
e, (TiO,) Hie
| -\* egradation of 2,4-DCP

Figure 4.25 Proposed
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4.3 Treatment of Mixed Synthetic Wastewater Containing Lignin and 2,4-DCP

The performance of supervibration-photocatalytic reactor on treatment of
lignin and 2,4-DCP in mixed synthetic wastewater were investigated to obtain the
optimum operating conditions for lignin and 2,4-DCP removal. Mixed synthetic
wastewater contained 400 mg/l of lignin and 5 mg/l of 2,4-DCP. Treatment
efficiencies of lignin and 2.4-DCP by supesvibiation-photocatalytic reactor were
studied under different initial pH (5, 6, 7, 8 and.9); UV intensity (0, 6.3, 12.6 and 25.2
mW/cm?) and vibration frequency (0, 2(5-; 30, 40.and S0 HzZ).

4.3.1 Effeet of imitiald pH on freatment of lignin“and 2,4-DCP in mixed
|

synthetic wastewater

The effect of imitial pH on degfédat_ion of lignin and 2,4-DCP in mixed
synthetic wastewategwas studied under ﬁV:é ddi'fferent mitial pH levels as 5, 6, 7, 8 and
9. Mixed synthetic wastewater. containing hgnm and 2.4-DCP was prepared from 400
mg/l of lignin and 5 mg/l of 2,4:DCP solutions. The photocatalytic process was
carried out with a constant of UV intensity of-6 3 mW/cm and vibration frequency of
30 Hz. = f

Figure 4.26 shows-the €ffeet of initial’ pI=I on lignin degradation within 420
min. When the-mitial pH was 9, the removal efficiency was' 12.02%. The removal
efficiency was 14.:1 0% when using pH 8. The degradation of lignin increased as initial
pH decreased to initial pH 7 with 20% removal efficiecncy. When the initial pH was
further decreased, the lignin degradation increased as illustrated in Figure 4.26. As
initial pH, was decreased from 6 to_ 5, the degradation efficiency increased from
26.27% “to 30%,; rtespectively.  For | the optimum; initial pH as pH 5, lignin
concentration was dropped from 400 mg/l down to 279.98 mg/l (C/Cy = 0.70) after
420 min.. Figure 4.26.indicates.that the initial pH that induced.the best photocatalytic
reaction on freatment of lignin in mixed synthetic wastewater was pH 5,as well as at
all pH conditions, a fast degradation could be observed for initial times and later on it
decrease. This is probably because for longer time, lignin had to compete with

intermediates for the TiO, sites.
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For 2,4-DCP, removal efficiency also followed the same trend as lignin
removal. Figure 4.27 illustrates effect of initial pH on 2,4-DCP degradation by
supervibration-photocatalytic reactor within 420 min. 2,4-DCP removal were
increased from 53%, 55.42%, 60.01% and 63.03% to 68.19% as initial pH decreased,
from 9, 8, 7 and 6 to 5, respectively. The highest 2,4-DCP removal as 68.19%, was
achieved at initial pH 5, similar to case of lignin removal. For the optimum initial pH
at 5, 2,4-DCP concentration was reduced from 5 mg/l to 1.59 mg/l (C/Cy = 0.32) after
420 min.

The summary data depicted in Figure 4.28 show that the effect of initial pH on
the removal efficiencies ofdignan and 2,4-DCP in mixed synthetic wastewater were
similar trend. Sinceboth lignin‘and 2.4-DCP removal eificiencies were increased with
the decrease in the imitial pH within 420'min, At every initial pH, removal efficiency
of 2,4-DCP was more thansthat of lignin because the lignin concentration used in the
treatment was higher than 2,4-DCP.“Furthermore, lignin is very complex polymer and
higher molecular weight than that of 2,4-iDCi;. When removal efficiencies of mixed
synthetic wastewater and Synthetic Wasﬁéwat:qr containing single pollutant were
compared, lignin had‘an interferenee effecf qn i,4—DCP removal by the system. For
the optimum initial pH, the removal efﬁéigqcy of 2,4-DCP in mixed synthetic
wastewater was approximately. 6% less thaﬁ-.z;thﬁjfj in 2,4-DCP synthetic wastewater,
whereas removal efficiency-of dignin in mixed. iv_éstewater was not so different. This
might be because yellow color of lignin in mixed synthetic wastewater inhibits UV
light penetration into water, whereas 2,4-DCP synthetic Wastewéter is clear solution.
On the other hand, more intermediates occurred of lignin competed in absorption of
2,4-DCP on the surface of TiO,.

The pH of "thé solution can affect<the adsorption of pollutants on the
photocatalyst surface and the'degradation of lignin and 2,4-DCP were increased with
decreasiiglinitial pH. This is attributed to the fact that TiO, is amphoteric in aqueous
solution, the point of zero charge (pHp,) of TiO, is_between 5.6 and 6.4, thus below
this value the,TiO5 surface is positively.charged and above it is negatively charged. At
higher pH, 2,4-DCP exists as negatively charged species. Moreover, high pH favors
the formation of carbonate ions which are effective scavengers of OH" ions and can

reduce the degradation rate.
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wastewater containing 400 mg/1 of lignin and 5 mg/1 of 2,4-DCP.
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The results, as shown in Figure 4.29, demonstrated that the increase in UV
intensity from 0 to 12.6 mW/cm® enhanced the lignin removal efficiency. The
removal of lignin increased from 7.98% and 30% to 47.03% within 420 min when UV
intensities were applied from 0 and 6.3 to 12.6 mW/cm?, respectively. The highest
removal efficiency of lignin was achieved when the highest UV intensity was applied.
For the optimum UV intensity of 12.6 mW/cr’, lignin concentration was decreased
from 400 mg/1 to 211.88 mg/l (C/Cy = 0.53) after 420 min of reaction time.

Figure 4.30 shows that the increase i UM intensity from 0 to 12.6 mW/cm®
enhanced 2,4-DCP removal efficiency which followed the same trend as lignin
removal. 2,4-DCP removal was.ancreased from 20.12% and 68.19% to 75.18% in the
same reaction times@s the WV intensity increased from 0 and 6.3 to 12.6 mW/cm®. The
highest 2,4-DCP removal® of 75.18% Syas observed when, UV intensity of 12.6
mW/cm® was used insthe experimént and lignin concentration was reduced from 5
mg/l to 1.24 mg/1 (€/Cy = 0.25). i

The summaryresults in Figure 4.3 1,l shgw that the effect of UV intensity on the
removal efficienci€s of lignin and 2,4-DC_1T5-_.i.n mixed synthetic wastewater were the
same trend. Both lignin ;and 2.4-DCP rén&ovél efficiencies were increased with
increasing UV intensity, At all UV intensié-eg,'_rcmoval efficiency of 2,4-DCP was
more than that of lignin. When removal effigielﬁji:'jies of mixed synthetic wastewater
and synthetic wastewater containing single-pol]ﬁ,tant were compared, lignin had an
interference effeét on 2,4-DCP removal. For the optimum UV intensity, the removal
efficiency of 2,4—DCP in mixed synthetic wastewater was aboutr 4% less than that in
2,4-DCP synthetic. wastewater, whereas removal efficiency of lignin in mixed
wastewater was not so difference and the reasons were the same as explained in part
of effect of initial pH. The reactor could slightly remove lignin and 2,4-DCP under the
absence of UV light since some molecules of lignin and 2,4-DCP might be adsorbed
on the infier or outer of surface of TiO; film .

From the results obtained, the photocatalytic activity of lignin and 2,4-DCP
degradation significantly increased with! increasing UV intensity. The effect of light
intensity was explained in terms that at increasing electron-hole generation rate,
resulted from higher radiation intensities, then more OH’ occurred and this OH’

promoted higher degradation rate. The same results were obtained by Blazkova,

Csolleova, and Brezova (1998) using 10 mg/g of Pt/TiO, immobilized on glass fiber
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Vibration frequencies were applled as 0, 20, 30, 40 and 50 Hz, the removal

efficiencies of lignin were increased from 29.25%, 42.98%, 47.03% and 47.72% to
48.25%, respectively after 420 min. From the Figure 4.32, the vibration frequency

that induced the best photocatalytic process on treatment of lignin in mixed synthetic
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wastewater was 50 Hz. Additional experiment with an increase in UV intensity to
25.2 mW/cm?, initial pH 5, vibration frequency of 50 Hz and initial concentration of
mixed synthetic wastewater containing lignin of 400 mg/1 and 2,4-DCP of 5 mg/l was
carried out to improve system performance. From the result, it was found that the
concentration of lignin decreased from 400 mg/1 initially to 95.14 mg/l (C/Cy = 0.24)
with a capacity of 76.21% after 420 min.

2,4-DCP removal efficiency followed the same trend as lignin removal. Figure
4.33 shows effect of the vibration frequency on 2,4-DCP degradation by
supervibration-photocatalytic  reactor “within 420 min. 2,4-DCP removal were
increased from 55.10%, 70:20%, 75.18% and 77.98% to 80.72% as the vibration
frequency increased fromy0, 20,30 and 40 to 50 Hz, respectively. The highest 2,4-
DCP removal as 80472% was achieved at vibration frequency of 50 Hz. Moreover,
additional experimentawith/an/ineréase in UV intensity to 25.2 mW/cm® was carried
out to improve system gperformance under the same conditions as lignin treatment
conditions. The result was found that 2,4-:D(§i’ concentration decreased from 5 mg/l
initially to 0.14 mg/l (G/C = 0.03) with a removal efficiency up to 97.13% after the
same time. The results indicate that an irric;reas“e in UV intensity as 25.2 mW/cm’
significantly enhanced removal of tignin and 2, 4-DCP in mixed synthetic wastewater
since an increase in UV intensity can enhance.-;the hydroxyl radical (OH") formation in
the photocatalytic reaction:~ - =

Figure 4.34 shows summary results of the effect of vibtation frequency on the
removal efﬁciencies of lignin and 2,4-DCP in mixed synthetic wastewater. Both
lignin and 2,4-DCP removal efficiencies were increased as the vibration frequency
increased. At all vibration frequencies, removal efficiency of 2,4-DCP was more than
that of lignin. When temowval efficiencies of mixed synthetic wastewater and synthetic
wastewater containing single pollutant were compared, lignin had an interference
effect on 2,4-DCP removal. For the optimum treatment conditions, the removal
efficiency of 2,4-DCP_in mixed synthetic wastewatet was much less than that in 2,4-
DCP'synthetic wastewater, whereas removal efficiency of lignin in mixed wastewater
was not different and the reasons were the same as explained in part of effect of initial

pH.
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4.4 Treatment of Real Wastewater from Pulp and Paper Mill

The performance of supervibration-photocatalytic reactor on treatment of
lignin and 2,4-DCP in real wastewater from pulp and paper mill were investigated to
obtain the optimum operating conditions of the reactor for lignin and 2,4-DCP
removal. Wastewater samples containing 218-290 mg/1 of lignin and 111-152 ng/l of
2,4-DCP were supplied from the pulp and paper mill located at Kanchanaburi
province in Thailand. Treatment efficiencies of lignin and 2,4-DCP by supervibration-
photocatalytic reactor were studied under different initial pH (5, 6, 7, 8 and 9), UV
intensity (0, 6.3, 12.6 and.25.2 mW/cmz) and vibration frequency (0, 20, 30, 40 and
50 Hz).

4.4.1 Effect gof initial pH en freatment of lignin and 2,4-DCP in real

wastewater

The effect of initial pH_on_removarljd;_f lignin and 2,4-DCP in real wastewater
from pulp and paper mill was also investigaftgd. Real wastewater samples were treated
under five different initial pH :levels as 5__-,:'6,]-17, 8 and 9. The supervibration-
photocatalytic reactor was cartied-out with [fi‘i;fénsity of 6.3 mW/cm? and vibration
frequency of 30 Hz. o -

The result§ as shown in Figure 4.37 demonstrated that the decrease in initial
pH from 9 to 5.could enhance initial lignin removal rate at all pH levels, degradation
of lignin was rapid then slightly declined. It might be because for longer time, lignin
had to compete with intermediates for the TiO, sites. The removal of lignin were
increased from_10.08%,. 13.17%, 18.51% .and_25.11% to. 28.64%. within 420 min
when initial pH decrease from 9; 8, 7 and 6 to 5, respectively. The-highest removal
efficiency of lignin was achieved when initial pH 5 was applied. For the optimum
initial pH.5, lignin.conecentration, was teduced. from 278.24.1mg/l to,198.54 mg/l.(C/Cy
= (.71) after 420 min of light exposure.
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Figure 4.38 illustrates effect of initial pH on 2,4-DCP degradation and
indicates that 2,4-DCP removal efficiency followed the same trend as lignin removal.
2,4-DCP removal were increased from 50.76%, 55.15%, 56.81% and 61.17% to
65.60% as initial pH decreased from 9, 8, 7 and 6 to 5, respectively. The highest 2,4-
DCP removal as 65.60%, was achieved at initial pH 5. For the optimum initial pH at
5, 2,4-DCP concentration was decreased from 128.52 ng/l to 44.21 pg/l (C/Cy = 0.34)
after 420 min.

Figure 4.39 summarizes that effect of imitial pH on removal efficiencies of
lignin in pulp and paper mill wastewater after 420 min was the same as that of 2,4-
DCP. Both lignin and 2,4-DE€P removal efficiencies were increased with decrease in
initial pH. At allamitial pH, removal efficiency of 2,4-DCP was more than that of
lignin because the _lignin €oncentration in the pulp and paper mill wastewater was
higher than 2,4-DCP géncentration.' Furthermore, lignin is very complex polymer and
higher molecular weight than that “of 2/4-DCP. When removal efficiencies of real
wastewater and synthetic wastewater coi'lta;ﬁing single pollutant were compared,
lignin had an interfcrenge cifect on 2,4-DC413_r.er_r_1_oval. For the optimum initial pH, the
removal efficiency of 2,4:DCP in real Waétéwaiter was approximately 8% less than
that in 2,4-DCP syntheti€ wastewater; Whéf‘l:e-zfs; removal efficiency of lignin in real
wastewater was slightly redueed. It is probégly!lf;ecause turbid brown color of real
wastewater inhibits UV light penciration into wé];ex,, whereas synthetic wastewater is
bright yellow selution. On the other hand, other several .constituents in real
wastewater and fiore intermediates occurred of lignin competed in absorption of 2,4-
DCP on the surface of TiOs.

The results imply that the degradation of lignin and 2,4-DCP rose slightly
when the initial pH value'changed from alkaline (pH 11) to weakly acidic (pH 5). The
initial pH 5 was the optimum pH for the TiO; photocatalytic degradation of both
lignin and! 2,4-DCP. The role of pH as important parameter in the photocatalytic
reaction influenced the surface charge properties and-the adsorption behavior of TiO,
(Gaya and Abdullah, 2008). The method widely accepted i§ the point ©f zero charge
(pzc) of TiO,, which influences the ionization rate of the surface of TiO; as explained
in the section of mixed synthetic wastewater. The recently related research studied
effect of initial pH on treatment of pulp and paper mill wastewater by photocatalytic
degradation and obtained contradictive results. Catalkaya and Kargi (2008)

investigated TOC removal in pulp mill located in Turkey with various initial pH (3, 7
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and 11) using 16 W of UV at 254 nm. However, the TiO,-assisted photo-catalysis
(UV/Ti0Oy) resulted in the highest TOC removal under alkaline conditions, 79.6%
TOC removal was obtained with a titanium dioxide concentration of 0.75 g/l at pH 11
within 60 min. Furthermore, Kansal et al. (2008) also investigated the photocatalytic

degradation of lignin obtained from wheat straw kraft digestion as black liquor using

. The ¢ ents were carried out with 35 W/m? of
UV intensity, 10-100 mg/1 of initial I / ation and 0.5-2 g/l of TiO,. The
role of pH in the rate of ph K i ﬁmdied in the pH range 3-11
and found that the w‘ in d 1£10T ained at pH 11. It mainly
related to the acid- cquilibTi ) f the a 3% %group and the formation

of hydroxyl radica
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Figure 4.39 Lingmd 2,4-DCP removal vs. initial pH for real wastewater
reactloif tﬁ 420 min)
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4 2 Effect of UV 1nten51ty on treatment of lignin and 2,4-DCP in real
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In order to determine effect of UV intensity on treatment of lignin and 2,4-
DCP in real wastewater, the experiments were performed by varying UV intensities as
0, 6.3 and 12.6 mW/cm® at constant optimum initial pH 5 and vibration frequency of
30 Hz.
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Figure 4.40 reveals that lignin removal efficiencies were increased greatly by
the increase in UV intensity. The removal efficiencies of lignin were increased from
6.16% and 28.64% to 44.84% within 420 min when UV intensities were applied from
0 and 6.3 to 12.6 mW/cm?, respectively. The highest removal efficiency of lignin was
achieved when UV intensity of 12.6 mW/cm® was applied. For the optimum UV
intensity of 12.6 mW/cm®, lignin concentration was decreased from 263.44 mg/l to
145.33 mg/1 (C/Cy = 0.55) after 420 min of light'exposure.

The results present that the increase 1 UV intensity from 0 to 12.6 mW/cm®
could enhance 2,4-DEP temoval which followed the same trend as lignin removal.
2,4-DCP removal werc inceeased from 15.83% and 65.60% to 73.15% in the same
reaction time asohe" UVainiensity inereased from O and 6.3 to 12.6 mW/cm?,
respectively as presented i Figure 4.41. The highest 2,4-DCP removal of 73.15% was
observed when UV ingénsity of 12:6 mW/cm” was used in the experiment and lignin
concentration wasieduced from 131326 pg/l to 35.24 pg/l (C/Cy = 0.27).

Figure 4.42 summarizes that effect‘:.'of J(-JV intensity on removal efficiencies of
lignin and 2,4-DCP in pulp and paper 1ni11'_\f5v_g1.st§water were similar trend. Both lignin
and 2,4-DCP removal efficiencies were in;;féaséd with the increase in UV intensity
within 420 min. At all UV intensities, rem(-)é:éf efficiency of 2,4-DCP was more than
that of lignin. When removal efficicncics of Le;all éi}jastewater and synthetic wastewater
containing single pollutant-were compared,-l-igriiﬁ-had an interference effect on 2,4-
DCP removal. For the optimum UV intensity, the removal efficiency of 2,4-DCP in
real wastewater was around 6% less than that in 2,4-DCP synthetic wastewater,
whereas removal efficiency of lignin in real wastewater was slightly reduced and the
reasons were the Same as explained in part of effect of initial pH. The reactor could
slightly remove lignin“and 2,4-DCP under.the absence of UV light since some
molecules ofligninrand 2.:4-DCP might be adsorbed on'the innér or outer of surface of
TiO; film

The photocatalytic_degradation of lignin and 2,4-DCP in real wastewater
significantly/increased with increasing UV intensity. and had”the same trefid as in
synthetic wastewater. The similar results were studied by Shivaraju, Byrappa, and
Ananda (2010). They investigated the effect of UV light source on degradation of
pulp and paper industrial effluent using TiO, deposited calcium alumino-silicate
beads. The experiments were carried out TiO, load of 60 mg/50 ml paper and pulp
industrial effluent and initial pH 10.
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Additional experiment with an increase in UV intensity to 25.2 mW/cm?, initial pH 5,
vibration frequency of 50 Hz was carried out to improve system performance. From
the result, it was found that lignin concentration decreased from 250.79 mg/I initially
to 62.42 mg/l (C/Cy = 0.25) with a capacity of 75.11% after 420 min. The higher
removal efficiency of lignin in bleached kraft mill effluent (Turkey) by photocatalytic
degradation (30 W of UV and 25 mg/l of TiO,) in the presence of H,O, was reported
by Ugurlu and Karaoglu (2009). The process could degrade lignin from 50 mg/1 to 10
mg/I after 50 min with aseapacity of 80%.

From the results obtained, 2,4—-i)CP removal efficiency followed the same
trend as lignin removal._Eigure4.44 shows effect of the vibration frequency on 2,4-
DCP degradation by supervibration-photocatalytic reactor within 420 min. 2,4-DCP
removal were increased from52.49%, 66I.43%, 73.15% and 74.25% to 76.29% as the
vibration frequency increased from O, 2.0;'.30 and 40 to 50 Hz, respectively. The
highest 2,4-DCP.temoyal as 76.29% Wasfacl}_ieved at vibration frequency of 50 Hz.
Moreover, additional experiment with an :'incfease in UV intensity to 25.2 mW/cm®
was carried out to 1mprove systeim perforﬁ;'a_pcq under the same conditions as lignin
treatment conditions. The result swas fouri(j; that 2,4-DCP concentration decreased
from 123.96 pg/l initially to 77.726 pg/l (C/Z:OH: 0.06), which corresponds to a
destructive efficiency of 94 14%aftcr—the sarr;e time. The results indicate that an
increase in UV intensity as 25.2 mW/cm’ Si!gﬁ}ﬁéantly enhanced removal of lignin
and 2,4-DCP in pl}lp and paper mill wastewater since the'increase in UV intensity can
promote the hydsoxyl radical (OH") formation in the photocatalyiic reaction.

Figure 4.45 summarizes that effect of vibration frequency on removal
efficiencies of lignin and 2,4-DCP in pulp and paper mill wastewater had a similar
trend. Beth Jlignin, and.2,4-DCP. remoyal .efficiencies ;were increased as vibration
frequency increased. Atgevery vibration freguencies, removalefficiency of 2,4-DCP
was more than that of lignin. When removal efficiencies of real wastewater and
syntheties,wastewater~eontaining single pollutant ~were, compared, ligninyhad an
interference 'effection 2,4-DCPiremoyval. For the optimum operating ¢onditions, the
removal efficiency of 2,4-DCP in real wastewater was much less than that in 2,4-DCP
synthetic wastewater, whereas removal efficiency of lignin in real wastewater was
slightly reduced and the reasons were the same as explained in part of effect of initial

pH.
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CHAPTER V

CONCLUSIONS AND SUGGESTION FOR FUTURE WORKS

5.1 Conclusions

A supervibration-photocatalytic reactor'based on the photocatalytic process
combined with a supervibration agitator'was applied to remove lignin, color and 2,4-
DCP in wastewater. Treatmentefficiencies of lignin and 2,4-DCP were studied under
different initial pH (5¢"6. 748 and 9), UV intensity (0, 6.3, 12.6 and 25.2 mW/cmz),
vibration frequency (0, 20,30,40 and 50 Hz), initial lignin concentration (100, 200,
300 and 400 mg/l) and initial 2,4—DCP;oqncentrati0n (0.5,71, 2.5 and 5 mg/l) to
determine the optimum @perating cenditions. This work also studied kinetic reaction
for degradation of lignin and 2,4<DCP anélll. extended to identify by-products of lignin
and 2,4-DCP degradation. _ 4

o,

5.1.1 For all types of wastewater saﬁip‘les_, the removal efficiencies of lignin
and 2,4-DCP using the supervibration-photoiélsta-thjij‘[ic reactor were increased with the
increase in UV intensity and vibration freque:r_lé}i; Since an increase in UV intensity
could enhance the hydroxyl radical (OH") formation in the photocatalytic reaction and
in the condition f higher vibration frequency, a contact or mixiﬁg between pollutants
and TiO, was énhanced, then higher adsorption betwcen pollutants and TiO, and
higher degradation could be occurred. Whereas, the removal‘efficiencies of lignin and
2,4-DCP were decreased, with increasing ifiitial pH and initial concentration. This
might bé'because the TiO, surface-and molecules of pellutantsjare negatively charged
in alkaline/solution (pH > pzc), being repelled from the TiO, surface which causes to
reduce their adsorption as well as under high solution concentration, saturation
coverage of. pollutants on the surface of TiO, occurred “"or yielded a higher
concentration of adsorbed intermediates according to more compete with

intermediates for TiO, sites.

5.1.2 The optimum operating conditions of the supervibration-photocatalytic

reactor for treatment of lignin and 2,4-DCP in both synthetic wastewater and real
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wastewater from pulp and paper mill were found to be initial pH 5, UV intensity of
252 mW/cm® and vibration frequency of 50 Hz. Under the optimum treatment
conditions, the supervibration-photocatalytic reactor could remove lignin and color in
synthetic wastewater with the efficiencies of 85.12% and 70.55%, respectively after
420 min and 2,4-DCP degradation was completed within 60 min. Whereas, the
removal efficiencies of lignin, color and 2.:4-DCP in mixed synthetic wastewater were
76.21%, 60.75% and 97.13%, respectively within 420 min. Furthermore, the reactor
could remove lignin, color and 2.4-DCP in pulpsand paper mill wastewater with the
capacities of 75.11%, 52.16% and 94.’1"'21%, respectively after the same time. When
removal efficiencies of mixed synthetic wastewater, real wastewater from pulp and
paper mill and syathetic wastewater contiaining single pollutant were compared, lignin
had an interference" cffeet on 2,4-DéP removal by the system. The removal
efficiencies of 2,4-D@P in mixed synthetic wastewater and real wastewater were
much less than that in 2,4-DCP synthetlc Wastewater whereas removal efficiencies of
lignin in mixed synthetic Wastewateand nF:al Wastewater were slightly reduced. This
might be because” brown color of hgnln 1n mlxed synthetic wastewater and real
wastewater inhibits UV light penetratlon 1pto water, whereas 2,4-DCP synthetic
; "

wastewater is clear solution. —
S i

5.1.3 The apparent-rdte constant of Jﬁrs.t_:order reaction (k,,) and the initial

degradation rate<(rp) of lignin and 2,4-DCP degradatlon in synthetlc wastewater at

various initial ,p_H, UV intensity and Vlbratlon frequency followed the same trend as
lignin and 2,4-DCP removal. For various initial concentration, only k,, had the same
trend as lignin éﬁd 2,4-DCP removal. The r, increased with C, (the initial
concentration), ;since in.the, product k,,Co,.the.increase in, concentration was more
significant than the variation in K., values. bnder thé optimum operating conditions,
ks, and o of lignin degradation were 13.9 x 10° min’ and 1.39 mg/l min™,
respeetively afier #20-minWhereas,k.j ahdry'of 2;4-DCP, degtadationwete 56.3 x

107 min™ ‘and 28.2'% 107 mg/I'min’, ¥espectively aftér 30 min.
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5.1.4 The analysis of residue from lignin degradation showed the presence of
some lignin derivatives such as 2-methylbenzaldehyde, 2,4-dimethylbenzaldehyde
and 4-hydroxy-3-methoxybenzaldehyde (vanillin). Moreover, the by-products of 2,4-
DCP degradation were phenol, 2-chlorophenol and 4-chlorophenol. The results reveal

that occurred by-products might have toxicity less than the parent compound since the

' ' f),\ional to the degree of chlorination.

toxic effects of chlorophenols are direc

d 2,4-DCP degradation
significantly incree real wastewater from
pulp and paper mi ibr with UV intensity of
252 mWi/em® could #mgte fcolar it oW capacity as.52.16% within 420 min.
Therefore, the highe; Fi 7 duced ¢ the react important to enhance

the performance of yervibration-photocatalytic .‘ on removal of color in

5.2.2 Before exper; ip ytoca ‘ytic degradation using the

catalyst as TiO, film produced by electr L ical anodization process of titanium

plate, the surface morpholol -- 18 C-POL ‘and pore distribution of the TiO,
I 142 i - ]
film should be analyzed by seanning electi )scopy (SEM) in order to much

understand the photc
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RININIUNRIINYIAL
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Analytical Method of Lignin

1. Synthetic wastewater

(Ksibi et al., 2003; Pessala et al., 2004; Portjanskaja et al., 2009)

1.1 Apparatus
UV-Visi

1.2 Reagents

1.3.1 Standard: matw lib on curve: Standard lignin

luti d in th 10, 20, 30, 40, 50, 60, 70 and 80 mg/I
solutions were prepared 1n eﬁﬁf& % 0, 30, 40, 50, 60, an mg

by diluting 10,20, 30 0 80 m utionwith distilled water in

100 ml volun \um“ 1s were analyzed as

light absorbanc cction wavelength of

iﬂ‘stanar Curve @ wn in Table A.1 H Figure A.1.

o ik yaFrenineny

ml samples in 25 ml distilled watgr), 3 times for E;ual concentratlonQ;ZOO mg/l

{q jiﬁi jaaq&: @t]éﬂ ;ﬂ 1‘1 4'1! Jo @ Calf 300
qlgl 25 ml samples in 2 istilled water) and 5 times for initial concentration of

400 mg/l (5 ml samples in 25 ml distilled water). After that, measured light

280 nm and obta

absorbance of samples by UV-Visible spectrophotometer at a wavelength of 280 nm

and calculated lignin concentration using standard curve.



Table A.1 Light absorbance of lignin standards detected by
UV-Visible spectrophotometer at 280 nm

Lignin concentration (mg/1) Absorbance at 280 nm

.y

LI\ 1///5

0 e

30 A S S
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~7 |
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2. Real wastewater from pulp and paper mill

(Eaton et al., 2005, Standard methods)

2.1 General discussion

Lignin is a plant that often s dis 1 ste during the manufacture of
paper pulp. Both ligni Anin contain a&roxy] groups that react with
Folin phenol reagent o) ' hori¢ and molybdop os oris acids) to form a blue

color suitable for estimatior neentrations up to atleast 9 mgjl.

0s Alpha.
FILTREX

hased commercially prepared Folin
phenol reagent as Folin
BSwl —Car ihiﬁﬁiﬁim.:im:;;;’;l’ ¢ sodium carbonate

(Na,CO3) and y{'
cool to 20°C, and luted to 1,000

hot distilled water,

233 S&Qck solution: Dlssolved 0.1 g lignosulfonic acid sodium salt in

"ISt“‘eFT"LI‘EI"‘i ‘W”ETW TWETIy-

2 Procedures

AWaNLL LI ANNAL,.

solutlons were prepared in the concentration of 10, 20, 30, 40, 50, 60, 70 and 80 mg/1
by diluting 10, 20, 30, 40, 50, 60, 70 and 80 ml stock solution with distilled water in
100 ml volumetric flasks. Brought 25 ml portion clear standards to a temperature

above 20 'C and maintained within a +2 'C rang. Added in rapid succession 0.5 ml



148

Folin-Ciocalteu’s reagent and 5 ml carbonate-tartrate reagent. Allowed 30 min for
color development. After that, the standard lignin solutions were analyzed as light
absorbance using UV-Visible spectrophotometer with detection wavelength of 700

nm and obtained standard curve as sh 1 in Table A.2 and Figure A.2.

lignin concentration (mg/1)

Figure A.2 Standard curve of standard lignin solutions detected by
UV-Visible spectrophotometer at 700
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2.4.2 Sample analysis: 12.5 ml of the effluent samples of real wastewater were
diluted to 50 ml with distilled water (4 times) and the samples were filtered using 0.45
pum nylon membrane filter, 47 mm to remove fine particulates. Then, brought 25 ml

portion clear samples to a temperature ,above 20 'C and maintained within a +2 'C

AU INENTNGINS
ARIANTAUNNIINGIAY
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Analytical Method of Color
(Eaton et al., 2005, Standard methods)

1. Introduction

Industrial wastewaters can contain I iy tannin, dyes and other organic and
inorganic chemicals that eausc color. (1] is used here to mean true
color, that is, the colo wate hich turbidity has removed. The term

“apparent color” includesotonly cg ‘R Q:\ 1n solution, but also that

e

is de }\ ) the original sample without
BN

\ \ such as clays, algae,

due to suspended
filtration. Suspend

color; they should be

 at @ wavelength between 450 and
465 nm, with platmum-cobal SoTuth “standards. True color of real samples and
platinum-cobalt_standar b spectrop otometric platinum-
cobalt methodiissapplicable to natural waters, potable waterssahd wastewaters, both

domestic and ’f

-
-

3. Apparatus

ﬂummmmmm

3 Glass microfiber filters QF/C 47 mm, Whatman

WTNNTTIEu UAIINYA Y
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4. Reagents

4.1 Potassium hexachloroplatinate (K,PtCle), analytical grade
4.2 Cobaltous chloride (CoCl,

6H,0), analytical grade

5.1 Standard 0 ‘_ cal 'i!. \\‘ olved 1.246 g potassium
; i li

hexachloroplati cobaltous chloride
(CoCly.6H,0) in di V4 " : ? one. Hydioghloric acid (HCD and
diluted to 1,000 ml. V isfstock ‘s olor of 500 Pt-Co unit. Prepared
standards having P Fouff ' 504200, 250. 300 d 400 by diluting 10, 20,
30, 40, 50, 60 and 80 ml K Sior andard distilled water in 100 ml

s light absorbance using UV-Visible

spectrophotometer with dete¢ foms aveleng 65 and obtained standard curve

g

as shown in Table A.3 and Figure A.3. - =
_ 20y
Table A.3 ng e e et e
Yy
UV- \/ iln C

Color (Pt-Coginit) Absor@ce at 465 nm
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0.14
0.12 Pl
/ y =0.0003x
0.1 5
R =099

absorbance at 465 nm

~~~~~ 600
Figure A.3 Standard c
UV-Vv
5.2 Sample 3rough - mleff ent nples of synthetic wastewater

and NaOH. Then, filtered

the samples with glass | ofiber filter. : : to remove suspended solids

from the samples. For real wastewater fr ilp and paper mill, 12.5 ml effluent

samples were diluted to 25 m-witl . After that, measured light

Samples by using UV-Visible spectroph otometer with detection

absorbance of 'S g
S — i—l‘d
wavelength of" ;', ng standard curve.

'Elw — )
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Analytical Method of 2,4-DCP
(Somshy Kinakul, 2002)

1. Apparatus

1.1 HPLC Varian
Varian HPLC column C 18
column and UV-Visible dote

odel 400, pump Model 230,
250 mm) holder with guard

1.2 Nylon syringe
1.3 PTFE memb

2. Reagents
2.2 Mobile ph . nAixtare; - ’ "Q face i e, 30% of methanol and 45%

3. Procedures
I‘l“ I’ : a : 7 e d
31 g '}nn—ndanulnnnn—n\-mﬂ:m\v, 2,4_DCP Synthetic
¢ ) A%
ed 0.005 g ult
and diluted to 500 ml. This stoc has a 2,4-DCP ¢
Prepare standard ha?n 24-DCP of 1, 2, 3 4 5 and 6 mg/l by diluting 1, 2, 3,4, 5

- "E’TW’}[ NI o
flasks. For r ill-dissolved 1 g 2,4-DCP in

18.2 MQ cm™ ultra pure de- -ionized'water and dlluteEo 1000 ml. This s&:‘:'k solution

LTRSS T AT S NE TR

standard with ultra pure de-ionized water in 10 ml volumetric flasks. The standard

i : ..
wastewater, disso! a pure de-ionized water

0 oncentration of 10 mg/l.

solutions were filtered through 0.45 um nylon syringe filter, 13 mm. Next, the
residual standard solutions were detected by HPLC with column C 18 (4.6 mm

internal diameter x 250 mm) holder with guard column and UV-Visible detector
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Model 325. A mixture of 25% of acetonitrile, 30% of methanol and 45% of ultra pure
de-ionized water adjusted at pH 3 with H,SO4 was used as a mobile phase with flow

rate of 1 ml/min. The wavelength of detector was 280 nm. Before introduced to

HPLC, the mobile phase was filtered through 0.45 pm PTFE membrane filter, 47 mm

using vaccum degassing. The reten 'il ‘ / 2,4-DCP detection is around 7.5 min
“Pable 'if A5 show peak area and standard

curve for 2,4-DCP sy ¢ waste ¢} hle A5 4 iigure A.6 show peak area

3.2 Sample analy 1tered through 0.45 pm

nylon syringe fi e 7 letected by HPLC and
used HPLC conditi fsamefas conditions of standarc Y alysis. Then, calculated
2,4-DCP conce frati B 00 Jynthetic we or and real wastewater using

15.0

10.04

mAU

7.5

5.0

Q%ﬂﬂﬂ)@ﬂ"ﬁfﬂ S99 9186 8



155

Table A.4 Peak area of 2,4-DCP standard solutions for 2,4-DCP synthetic wastewater
detected by HPLC

2,4-DCP concentration (mg/1) Peak area

1

450 ' 00 | ’ ‘

4000000 ' m 7"“'1.‘\"-.,\ )
35000 F “‘ﬁ# %\.\‘ ‘l'
. e %
2000000 ‘-T_——i-;f_

1500000

y = 659780x
R® =0.9964

. peak size

= ‘;

bl |

L

-
aril

5 .:ﬁ‘ 6
2,4-DCP concentration (mg/l)

o F ST DRI o

wastewater detected by HPLC

QW]Nﬂ‘iﬂJlHﬂTJﬂEI’]ﬁH
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Table A.5 Peak area of 2,4-DCP standard solutions for real wastewater detected by
HPLC

Peak area

2,4-DCP concentration (ng/l)
100 N\
200
300
200

‘X!“\
>0 >k | \NEPRNS
0 /A’?’!\\ RN
AN

y =568.15x

200000 -rﬁ_g,v.e R = 09955

150000

Peak size

700

300 400 500 “. 600
2,4-DCP concentration (ug/l)

e £l £39) &m ANELINA....

detected by HPLC
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AUE 9

Flgure‘B 3 Multlstage blade

ammnmummmaﬂ
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Figure B.5 Controller of vibration frequency
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Flgure B.7 U¥ -Visible spectr(gotometer

ama\ﬂﬂimummmaﬂ
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YWD (19

Urigure B.9 Solid-phase extraction (SPME) fiber and holdr
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Treatment of Lignin Synthetic Wastewater

Table C.1 Effect of initial pH on lignin degradation in lignin synthetic wastewater by

supervibration-photocatalytic reactor

Time 7

(min) SonlpH 6 3 | pHae|  pHS pH 9
0 /m 400 400 400
15 \}\\*&"%a 249 388.648
30 /}/@ \ \ ! ‘ 2.381 375.293
60 4 IFIF fﬁ \\ ")&3\ 5.134 370.512

90 .32 i ‘r i ‘%2 ‘1\ \ 63.462 365.482
P ULFE

120 AP \{.\\' 0.736 357.259

180 - 348.621 357.015
N

300 A d‘\ 344014 353.249
= 2%

420 8 _ ‘@ 1341.352 351.315

Note: Experimental cond1t1o ;y ;‘ﬁj tensit
V1brat10e “N/

= = )

_—1
ﬂ‘lJEJ’JVIEJVI‘ﬁWEJ’]ﬂi
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Table C.2 Effect of UV intensity on lignin degradation in lignin synthetic wastewater

by supervibration-photocatalytic reactor

. ignin concentration (mg/l)
Time [ -

i UV intensity of
(i) 12.6 mW/cm?
0 - ‘ 400

15 80,5437 | | , 351.359
30 55612 m\ 27 340.235

‘ ///,’g NN

/NSO R
90 25.420. ", 302.369
120 281.624
180 266.287
300 _ g i ) ' T @‘ \\ 230.358
420 366.693 ‘ d 1“ 211.794

Note: Experimental conditio FF 1” nitia H_, io equency = 30 Hz

)
ﬂ‘NEJ’WIEJVIﬁWEJ’]ﬂi
QW]Mﬂ‘mJﬂJiﬂ’]’mﬁl’]ﬁﬂ



166

Table C.3 Effect of vibration frequency on lignin degradation in lignin synthetic

wastewater by supervibration-photocatalytic reactor

ignin concentration (mg/1)

Time Vibration Vil at . r T bration Vibration Vibration
(min) frequen 1cy /J/ “gquency | frequency | frequency
of 0 Hz | 0f20 Hz, | of30Hz | of40Hz | of50Hz

0 400 | 400 400
15 &&i‘-&"ﬂ .040 339.965
30 340.23 6.254 331.689
60 1309.698 313.675

77PN
90 731 I‘ri@: ‘\%\\a 292136 293.059
[P AANKN

120 l 31.326 275.495
| P gl -...l."'l. Wy
180 295.687 ‘F M @{\\\\1 N 260.245 250.354
300 290.0 l Ei -{é’- 2303% | 228236 | 224289
420 281358 ¢ W $208.894 206.896
Note: Experimental condition al pH = intensity = 12.6 mW/cm”

ﬂ‘LlEJ’J‘lfIEJVIﬁWEJ’lﬂ'i
AR AINIUNAIINYIANY
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Table C.4 Effect of initial concentration on lignin degradation in lignin synthetic

wastewater by supervibration-photocatalytic reactor

ig -r concentration (mg/I)

Time Initial - “\ﬁ l ! ) / Initial Initial
(min) concentration -. R, | concentration | concentration

of 100 mg of 400 mg/l | of 100 mg/1*

ﬁhy_; 0 mg/l

0 100 ——ﬂ =300 5 400 100

15 84.489 /m "% 339.965 65.231

30 94 lff /fﬂ \‘a \\:\ 1.689 50.689

60 231 “\ " 313.675 33.241
90 69 l"' jl’ 4486 — l?:é& 059 27.569
120 W? \ 495 24.522
180 59 ﬂl‘{% ﬂ\‘tﬂL 50.354 20.277
300

46.26, ’ -ﬂ Js\\\ 24.289 17.694

420 ]M 498 " 206.896 14.885

' .I!fr“"r ‘-.l!"'

_ = .H-H _
Note: Experi talc 18: initial pH - =12

6 mW/cm?,

Vlbratl Ot i-'Ll | L) lﬂll‘l_‘ -"

: * Experina ol : /=252 mW/em?,

i“{ quency— 0 Hz

V1brat10n

ﬂ‘lJEJ’J‘VIEJVI‘ﬁWEJ’]ﬂ‘i
Q‘W']ﬂﬂﬂ‘ml UAIINYA Y
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Table C.5 Color removal in lignin synthetic wastewater by

supervibration-photocatalytic reactor

Time (min) Color (Pt-Co unit)
0 207961
\ Hf!/ .
E 5T
30 T — 26 2
60 "=-—-=_

0 M/i i&f '{'\‘“
120 '/[’ = |
LRE#77// 5 VAN

420

Note: Experimental co t' ‘ gni n 100 mg/l,

-"*‘T"

initial pH =5, UV 1

W

ﬂ‘uEJ’JVIEmﬁWEJ’lﬂﬁ
9 AINIURIINENAE
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Treatment of 2,4-DCP Synthetic Wastewater

Table C.6 Effect of initial pH on 2,4-DCP degradation in 2,4-DCP synthetic

wastewater by supervibration.photocatalytic reactor

b N

Time . h‘n [ DOBAofcefration (me/l)

(min) —— H 7 pHO9
0 5
15 4.027
30 3.825
60 3.554
90 3.211
120 2.626
180 2.214
300 2.198 2.086
420 1.957 2.015

Note: Experimental conditions: UV

V1brat1o e 0

y e

)
I
¥

ﬂ‘lJEJ’JVIEWIﬁWEJ’]ﬂi
awwmmmummmaﬂ
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Table C.7 Effect of UV intensity on 2,4-DCP degradation in 2,4-DCP synthetic

wastewater by supervibration-photocatalytic reactor

s
- — ‘ ns 3.442
- lf///g | 3.276
- AR \\‘3 2.482
5 HAILd “j‘:\\ 2.185

120 ] =) SO

180 ‘ il.g f u 1.593
7 i \\

300 “ 1.164
420 .76 '--'?'* Z 1.043
Note: Experimental conditio FF 1” nitia k. io equency = 30 Hz

)
ﬂ‘NEJ’WIEJVIﬁWEJ’]ﬂi
QW]Mﬂ‘mJﬂJiﬂ’]’mﬁl’]ﬁﬂ
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Table C.8 Effect of vibration frequency on 2,4-DCP degradation in 2,4-DCP synthetic

wastewater by supervibration-photocatalytic reactor

P concentration (mg/1)

Vibration Vibration

Time Vibration
(min) frequency frequency

of 40 Hz of 50 Hz

b, b 5
frequency | frequ
of 0 F

5 5

— |
15 J/ﬁ“\}\\\l\"ﬂ 3.351 3.248

0 T i I\\}\mx 2 2

N

90 2.169

120 1.549

180 1.483

300 1.084

420 0.716
Note: Experimental cond1t1 i-:%’ tensity = 12.6 mW/cm

G

ﬂ

ﬂUEJ’JVIEJVIﬁWEJ’]ﬂi
QW’]Nﬂ‘iﬂJﬂJW}’mEﬂﬁH
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Table C.9 Effect of initial concentration on 2,4-DCP degradation in 2,4-DCP

synthetic wastewater by supervibration-photocatalytic reactor

2,4-DCP concentration (mg/1)

Time Tnitial :‘ y U V Tnitial Tnitial
(min) concentration ""ﬁ.x Q ition | concentration | concentration
of 0.5 mg/ H'-..‘:-; ol | OioFmgie| ofSmgl | of0.5 mg/l*
0 0. | 05
15 0. 0705 | {0 “-...,_._ 3.248 0.193
30 V - 0.098
60 y 0.000

Ll _,\\ \
90 0. l"'l" o “\ 2169 0.000

120 ).094 l l m _“L\ 549 0.000

180 0 I ‘[ ﬂ ﬂx\\\k 1.483 0.000

300 0.051 Egsé _R‘\\\ 1.084 0.000

420 ‘ ‘ ' W‘\ - 0.716 0.000

Note: Experimental conditions: initial pH = \/intensity = 12.6 mW/cm?,

vibration. frequer

: * Expe -‘;’3::;._‘.“...l.::.l....._....::‘.:".:_.:;;_...,.,...,.:.;: 2 mW/em?,

[} i

ﬂ‘LlEJ’J‘lfIEJVIﬁWEJ’lﬂ'i
AR AINIUNAIINYIANY
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Treatment of Mixed Synthetic Wastewater containing Lignin and 2,4-DCP

Table C.10 Effect of initial pH on lignin degradation in mixed synthetic wastewater

by supervibration-photocata

ic reactor

. .'a‘..—l

SOV

Note: Experimental condition ' ;c:}
Vibratioe 30 Hz

ﬂ‘lJEJ’JVIEW]’iWEJ’]ﬂ'i

Time

(min) pH 8 pH9
0 400 400
15 ":\\k‘*&"ﬂ 591 | 389.590
30 360.1 ‘x-\’\ 8.235 385.123
60 / 9%; \ 8133 | 364.235 380.102
90 32 I‘r i &.:. “\‘a \ak 360.012 379.022
120 305. l’ &\ 413 360.215
180 29152 ‘ M Wi \ 355.964 | 359.987
300 287. l Ei% &{‘\ 351.985 358.911
420 ‘ ; ”'i'E % ‘m1 1343.596 351.921

AR AINIUNAIINYIANY
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Table C.11 Effect of initial pH on 2,4-DCP degradation in mixed synthetic

wastewater by supervibration-photocatalytic reactor

Time P concentration (mg/1)

(min) | pH 8 pHO
0 5 5
15 3.796 4.079
30 32 , m 4_._*,_& 3.521 3.869
60 2.996 /ﬁj‘ “\ 1\%““ 3.126 3311

0 L ’E]\\ TN 2853

120 475 17 ﬁ,% \ \\R\ 2.746

130 lJFIﬂE‘: b TR 2412
of A 1%

300 _“\‘ 1‘*&\ ’ 2.302

420 o1 F 4 @\\}\1‘ . 2.350

Note: Experimental ¢ nd' ons: U

vibration frequency = f Hz - "J #

ﬂ‘NEJ’WIEJVIﬁWEJ’]ﬂi
QW]Mﬂ‘mJﬂJiﬂ’]’mﬁl’]ﬁﬂ
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Table C.12 Effect of UV intensity on lignin degradation in mixed synthetic

wastewater by supervibration-photocatalytic reactor

ignin concentration (mg/1)

Time 1

i UV intensity of
(enin) 12.6 mW/cm?
0 4 | 400

15 3 f -, 825 351.381

30 4:'//‘//‘7 "‘}.\?::’h. | 340.145
60 // A ' 338.642

7/ N
IR /AR O

120 i" ‘F I EE'_ ‘s\ :\g\x | 286.424

180 ' 569 4 g; _ #291.32 \\ . 250.123

ad u
300 V (5 i . 220.246
420 8.2 & &) 211.881
Fres d&
Note: Experimental conditio FF 1” nitia H_, io equency = 30 Hz

)
ﬂ‘NEJ’WIEJVIﬁWEJ’]ﬂi
QW]Mﬂ‘mJﬂJiﬂ’]’mﬁl’]ﬁﬂ
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Table C.13 Effect of UV intensity on 2,4-DCP degradation in mixed synthetic

wastewater by supervibration-photocatalytic reactor

Tlr'ne UV intensity of
(min) 12.6 mW/cm?
0 5
15 k 3.186
30 l(//‘lg | 3.021
60 / / ‘\‘\ “ 2.846

7/ W \
0 AT N

120 2 =) SO

180 ‘ il‘.g f \\\ u 1.864
y i )

300 “ 1.406
420 fooff 4™ 5 W 1.241
i £ RS\
Note: Experimental conditio FF 1” nitia H_ - io equency = 30 Hz

)
ﬂ‘NEJ’WIEJVIﬁWEJ’]ﬂi
QW]Mﬂ‘mJﬂJiﬂ’]’mﬁl’]ﬁﬂ
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Table C.14 Effect of vibration frequency on lignin degradation in mixed synthetic

wastewater by supervibration-photocatalytic reactor

Note: Experimental conditions:-

: * Experi

17

P

111
ﬂ‘lJEJ’J‘VIEJVIﬁWEJ\’lﬂ‘i

QW']MT]‘EEU UANINYAY

L

ignin concentration (mg/1)
Time Vibration | Vibre 1:\\:\‘ / / Vibration | Vibration | Vibration
(min) | frequency | f \\é:,ﬁ | fr P ‘_! equency | frequency | frequency
of 0 Hz " of 20 1 of 50 Hz | of 50 Hz*
0 400  |_.d00 400 400
15 372.246 ;;z“' 7/l 340.525 | 281.654
30 367.021 ‘}? /[ ',a 330.145 | 271.365
|
60 34503 ﬁ‘( ?‘v ‘\ \ 312.645 258.356
90 340.9 )" i‘l’ ‘!& ﬂ \& 4.67 ~.. 286.345 | 223.921
120 256.724 190.365
180 302.456 i’ ﬂ:ﬁ: @ 223.548 161.648
300 295.247 j" ﬂ ey u 215.567 120.358
420 283.014 ! 206.996 95.142

intensity = 12.6 mW/cm®

i .2 mW/cm?

N ’ ‘
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Table C.15 Effect of vibration frequency on 2,4-DCP degradation in mixed synthetic

wastewater by supervibration-photocatalytic reactor

2,4-DCF concentration (mg/1)
Time Vibration | Vibr \\ F - Vibration | Vibration | Vibration
(min) | frequency | fi ‘ x:‘;‘s / \ "“; uency frequency | frequency
of 0 Hz 0Hz | of 50Hz | of 50 Hz*
0 5 5 5
15 3.154 2.533
30 2.967 2.166
60 2.703 1.727
90 2.313 1.497
120 2.012 1.365
180 1.664 0.943
300 1.260 0.436
420 0.964 0.144

Note: Experimental condition intensity = 12.6 mW/cm®

: * Experimenta e i .2 mW/cm’

ﬂ‘lJEJ’J‘VIEJVI‘ﬁWEJ’]ﬂ‘i
Q‘W']ﬂﬂﬂ‘ml UAIINYA Y
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Table C.16 Color removal in mixed synthetic wastewater by supervibration-

photocatalytic reactor

Time (min) Color 'l -Go unit)
D L— S
e x\x
20 L AL N
¢ I/l_'%.*i’?\ w\"
00 S l‘x \\

420

Note: Experimental co lition: "'{‘1 gni ' 400 mg/l,

-"*‘T"

initial pH =5, UV 1

W

ﬂ‘uEJ’JVIEmﬁWEJ’lﬂﬁ
9 AINIURIINENAE
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Treatment of Real Wastewater from Pulp and Paper Mill

Table C.17 Effect of initial pH on lignin degradation in pulp and paper mill

wastewater by supervibration-photocatalytic reactor

Time

pH9

(min)
290.244

._.‘(11/:’ _ﬁ‘:‘%—.
15 263. 04 " ;ﬂﬂ\ X 240 285 277.954

30 1 /;Vﬂ $\Q“&&\: 7.124 276.867
¥ LB

60 \" ‘*W 1230.224 274.661
90 .23 l ‘r 1" @ ‘,k \\C\\‘i\ 9.004 272.245
120 l’ ¢ \ . 220 270.010
180 2 5. 1 267.121
300 ) 264.336
420 | ‘ V*-' GERY 1218.954 260.994

Note: Experimental condltlo ffy Pc_ﬁj
V1brat1o [eQ :

ﬂ‘lJEJ’JVIEJVI‘ﬁWEJ’]ﬂi
AR AINIUNAIINYIANY
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Table C.18 Effect of initial pH on 2,4-DCP degradation in pulp and paper mill

wastewater by supervibration-photocatalytic reactor

Time 2.,4-DCP concentration (ng/l)

(min) pH 5 _ pH 8 pHO
0 128.515 x : 110.521 152.356
15 36 85.041 126.589
30 576 /m W - 80.246 122.345
60 h.,_.L 74.268 113.245
90 | 65.694 101.548
120 . /f % ‘ »,\ ﬂ 160.128 89.647
180 ﬂ"rl& ‘h;&\ 4316 80.246
300 l l 48,03 \\\ 0.024 76.642

420 44014 ‘fﬂ% ﬁ\ i‘\:l  49.574 75.026

Note: Experimental ¢ nd ons: WMintensi . ,

. T
vibration frequency = =30 Hz i

ﬂUEJ’JVIEJVIﬁWEJ’]ﬂi
QW’]Nﬂ‘iﬂJﬂJW}’mEﬂﬁH
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Table C.19 Effect of UV intensity on lignin degradation in pulp and paper mill

wastewater by supervibration-photocatalytic reactor

ignin concentration (mg/1)

Time 1
(min) UV intensity of
min
12.6 mW/cm?
0 263.442
15 240.366
30 231.112

AN
60 ‘y ///‘l ‘\ "'b‘"l-é\\ 220.154

| LR N

120 j’ ‘r j E-, ‘«‘ &\\ 189.478

180 i i ._1\ \,\'\\\ 170.655

300 L34 @‘ \\\ 157.358

420 f " ¥ d‘i"‘ 145.326

Note: Experimental conditio r:f.._ﬂ"' H, ] io equency = 30 Hz

]
)

ﬂ‘lJEJ’JVIEWIﬁWEJ’]ﬂi
awwmmmummmaﬂ
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Table C.20 Effect of UV intensity on 2,4-DCP degradation in pulp and paper mill

wastewater by supervibration-photocatalytic reactor

Note: Experimental conditio 1§ intial

P (AT

. ,/4-DCP concentration (pg/l)
Time -
i UV intensity of
(min) )
12.6 mW/cm

0 ™ | 131.256
15 ff' - 85.654
30 4://‘//‘7 6 80.564
o NN
R AT N
e 2T TR NS
w | PGP ABBNT
300 i v; \ 37.495
420 | ﬁ STig "' ; 35241

ﬂ‘NEJ’J‘VIEJVIﬁWEJ’]ﬂi
QW]Mﬂ‘iﬂmiﬂ’]’mmﬂﬂ
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Table C.21 Effect of vibration frequency on lignin degradation in pulp and paper mill

wastewater by supervibration-photocatalytic reactor

ignin concentration (mg/1)

Time Vibration | Vibra \\l i / Vibration | Vibration | Vibration
(min) | frequency ;:- \ , & ‘_! equency | frequency | frequency

of 0 Hz | o ' 7~ 0Hz | of 50Hz | of 50 Hz*
0 240.138 250.786
15 218.058 185.005
30 205.245 170.245
60 190.265 159.328

90 2344 ‘ 172.324 138.247

120 170.015 110.358

180 | 206.589 Fim ﬁ- a 5 ,\, 150225 | 80.647

300 198.214 0:24' 138.599 72.654
J
420 192.01 ] 127.355 62.424

Note: Experimental conditions: intensity = 12.6 mW/cm®

-

: * Experimental ' .2 mW/cm?

Y o )

P

IB
ﬂ‘lJEl’J‘VIEW]ﬁWEJ\’lﬂ‘i
QW']MT]‘EEU UAIINYA Y
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Table C.22 Effect of vibration frequency on 2,4-DCP degradation in pulp and paper

mill wastewater by supervibration-photocatalytic reactor

Time

(min)

Vibration

of 0Hz

15

30

60

90

120

180

300

420

Note: Experimental conditions:

: * Experit

iy

E
ﬂ‘lJEJ’J‘VIEWl‘iWEﬂﬂ‘i
’QW']ﬂﬂﬂ‘iﬂJ UAIINYA Y

i

frequency u

nitia

P concentration (ug/l)

' Vibration

2y | frequency

y

]

Vibration | Vibration
frequency | frequency
OHz | of 50Hz | of 50 Hz*
120.598 123.958

77.598 65.617

64.268 57.321

54.951 49.325

50.912 35.214

41.356 27.364

34.952 21.021

30.865 13.564

28.597 7.262

intensity = 12.6 mW/cm®
—.2 mW/cm®
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Table C.23 Color removal in pulp and paper mill wastewater by supervibration-

photocatalytic reactor

Time (min) Color( -Co unit)
0 M‘ i&”‘_x\“*
P I

5 & Illﬁ*ﬂ w\“
> AL = ‘x \\

' 250 79 mg/l,

Note: Experimental cq litions 1 ligni |
m°, vibration frequency = 50 Hz

-"*‘T"

initial pH =5, UV 1

W

ﬂ‘uEJ’JVIEmﬁWEJ’lﬂﬁ
9 AINIURIINENAE
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Mass Spectrum of By-Products of Lignin Degradation
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[Relative Abundance
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[Relative Abundance

Figure C.8 Mass spectru of 2,451 '-#: thylt ldehyde at retention time of 8.10 min
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Mass Spectrum of By-Products of 2,4-DCP Degradation
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