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SUMMARY

Anthraquinone dyes constitute the second largesscdf textile dyes after azo
dyes, and are used extensively in the textile itigiuparticularly for dyeing of cellulosic
fabric (mainly cotton), wool and polyamide fibe#fs high fraction of the initial reactive
dye mass used in the dyeing process remains igpiet dyebath. Reactive dyes are not
readily removed by typical wastewater treatmentcesses and the high salt
concentration typical of reactive dyeing furthemmicates the management of spent
reactive dyebaths. In contrast to significant reseaconducted on the reductive
decolorization of azo dyes using zero-valent irgW1f, investigation of the reductive
transformation (decolorization and mineralizatiaf)reactive anthraquinone dyes and
their decolorization products has been very limitddditionally, very limited research
has been conducted on the decolorization of spemttive dyebaths containing high
concentrations of both dye and salt, typically presn spent reactive dyebaths.

Research was conducted to investigate the key tmeah parameters of batch
and continuous-flow ZVI decolorization of a reaetianthraquinone dye, Reactive Blue 4
(RB4), under anoxic conditions, as well as the iptaé for the biodegradation of its
decolorization products in a halophilic culture anderobic conditions. The effect of two
operational parameters, such as mixing intensitliaiial dye concentration, on the ZVI
batch decolorization kinetics indicates that ZVicdlerization of RB4 is a surface-
catalyzed, mass transfer-limited process. The &ajhand base concentrations, typical of
spent reactive dyebaths, enhanced the rate of RBdlatization. Based on parameters

such as porosity, hydraulic conductivity, Reynoldsmber, pore water velocity, and

XV



dispersion coefficient, non-ideal transport charastics were observed in a continuous-
flow ZVI column. The results of a long-term contous-flow ZVI decolorization column
demonstrated that continuous-flow ZVI decolorizatis feasible. However, column
porosity losses and a shift of reaction kineticguncin long-term column operation,
leading to a decrease in column decolorizatiorciefficy. ZVI decolorization of RB4 was
successfully described with a pseudo first-ordeaaite saturation model. Lastly, the
RB4 decolorization products generated by ZVI tre;attrhad no inhibitory effect on the
halophilic, aerobic culture. However, biodegradatiand/or mineralization of RB4
decolorization products was not observed afteng-term incubation of the culture.

This research demonstrated the feasibility of Z\#calorization of reactive
anthraquinone dyes, which will help in the develepimof a continuous-flow, dyebath
decolorization process and the possible reuse efrénovated dyebath in the dyeing
operation. Such a system could lead to substamtiliction of water usage, as well as a

decrease of salt and dye discharges.
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CHAPTER 1

INTRODUCTION

Anthraquinone dyes constitute the second lardest @f textile dyes, after azo
dyes and are used extensively in the textile ingustie to their wide variety of color
shades, ease of application, and minimal energguwuaoption (Baughman and Weber,
1994; Aspland, 1997). Normally, to obtain a desidatic color shade, a mixture of dyes,
especially red, yellow and blue, is used in textij@baths. These dyes consist of many
different chromophores (dye groups) including aaothraquinone and phthalocyanine
(Hao et al., 2000; Zollinger, 2003). Among the textdyes, reactive dyes are an
important class used not only to color cellulosibric (mainly cotton), but also wool and
polyamide fibers. A steady increase in reactive uls@ge has been observed as a result of
the increase in cotton and wool use worldwide (iisil 1996).

Reactive dyes have environmental ingpiass because up to 50% of the initial
dye mass (up to or exceeding 800 mg/L) used irdyl@ng process remains in the spent
dyebath in its hydrolyzed form which no longer lasaffinity for the fabric, and thus
cannot be reused in the dyeing process (Rys anihg@ei, 1989; Steenken-Richter and
Kermer, 1992; Laszlo, 1995;). Reactive dyes aré neadily removed by typical
wastewater treatment processes due to their inh@m@perties, such as stability and
resistance towards light or oxidizing agents (Patal., 1976; McKay, 1979; Tincher
and Robertson, 1982; Banat et al., 1996; Lee, 2068;et al., 2005). In addition to the
presence of dye, the high salt concentrations dksasehigh pH values under typical

reactive dyeing conditions further complicate thenagement of spent reactive dyebaths



(Ryes and Zollinger, 1989; Lewis, 1999). Thus, thanagement of spent reactive
dybaths is a pressing environmental problem fortelkéle industry. Lastly, the long-term
health effects of commercial dyes and their tramsédion (decolorization) products have
important implications (Tincher and Robertson, 198Recent research shows that
although the level of the anthraquinone dye ReacBle 4 in the environment is
expected to be orders of magnitude lower thanfthaid in commercial, spent reactive
dyebaths, the effect of long-term, low-level dy@esure needs to be evaluated (Epolito
et al., 2005).

Although significant research has been conduotethe reductive decolorization
of azo dyes using zero-valent iron (ZVI) followed tbiomineralization of their
decolorization products (Perey et al., 2002; Taalgt1999), limited information exists
on the reductive transformation (decolorization andneralization) of reactive
anthraquinone dyes and their decolorization pradusdditionally, very limited research
has been conducted on the decolorization of spemttive dyebaths containing high
concentrations of both dye and salt, typically presn spent reactive dyebaths (Epolito,
2004; Lee, 2003; Lee et al., 2005). Therefore,oiffe and efficient treatment methods
for both the decolorization and mineralization otraaquinone reactive dyes and their
decolorization products are needed.

Reactive Blue 4 (RB4), an anthraquinone reactiye was selected for this
research based on several factors, including velsgtislow biodecolorization kinetics
(Lee, 2003; Lee et al., 2005), commercial use amyipus research conducted. This
research provides a better understanding of thetiks and parameter effects on the

reductive decolorization of RB4 by ZVI and an assmeent of the feasibility



of a continuous-flow, decolorization process fothaaquinone dyebaths at relatively
high salt and base concentration. Furthermore, thassible toxicity and
biodegradation/mineralization potential of RB4 dedaation products formed by ZVI

treatment were assessed using a mixed, aerobipHitoculture.



CHAPTER 2

BACKGROUND

2.1 Dyes
2.1.1 General Aspects

Dye molecules consist of chromophoredof-bearing groups; e.g., an aromatic
structure absorbing visible light). Among twelvéfelient chromophore groups, azo and
anthraquinone (Figure 2.1) are the major units ginglls, 1993; Hao et al., 2000). A
second classification of dyes is based on theirenaidapplication to textiles, such as:
acid, basic, direct, disperse, reactive, mordamfuss and vat dyes (Zollinger, 2003).
Reactive dyes, which are the only textile coloramgsigned to bond covalently with
cellulosic fibers (i.e., cotton), are used extealivdue to their superior colorfastness,
ease of application, and color properties (Asplak®B7). Reactive dye production in
1996 was over 110,000 metric tons, and was expeoteghch 50% of the market share
by 2004 (Phillips, 1996). The property of reactiyes that differs from other dyes is that
they covalently bond to the cotton (cellulose) fibesulting in a strong bond that resists
fading. In the reactive dyeing of cotton, the pHiahe equilibrium concentration of
cellulosate ions (CellQ) are increased in order to result in the formmatd a covalent
bond between the dye and fiber. The reactive naitithe dyes at high pH values also
results in a large amount of unused hydrolyzed drch reacts with OHons instead of
the CellO ions on the fibers due to competition betweenGeBO and OH ions present

in the dyebath (Figure 2.2). The hydrolyzed dye thassame color as the unhydrolyzed
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(A) Phenylazobenzene (B) Anthracene-9, 10-dione
(Anthraquinone)

Figure 2.1. Structure of an azo (A) and an anthreane (B) chromophore.
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(unreacted) dye, but cannot react with the fibedt arust be disposed of (Lee, 2003;
Epolito et al., 2005). In terms of chemical strueftthe main classes of reactive dyes are
anthraquinone, azo, and phthalocyanine. Azo dyesusxt for up to 70% of all textile
dyestuffs produced, and represent the most comrhoymophore within reactive dyes
(Carliell et al., 1995; Zollinger, 2003). Anothenportant chromophore group is the
anthraquinone (Figure 2.1B). Anthraquinone hasla pellow color, which is due to an
n—n* transition that produces a weak color band at A406(Zollinger, 2003). Electron-
withdrawing groups have little effect on the cotfrthe compound, whereas electron-
donating groups (e.g., OHand —NH) determine the compound’s distinctive color
(Zollinger, 2003). As mentioned, the reaction of t#lectrophilic anthraquinone reactive
groups (i.e., a dichlorotriazinyl for Reactive Bldeand a vinyl sulfonic reactive group
for Reactive Blue 19) with water under elevatedartd temperature conditions, typically
encountered during reactive dyeing, results in dlyded dyes (Figure 2.3).

In the textile industry, color is applied to finesh products through dyeing,
resulting in the generation of various waste stseasmshown in Figure 2.4. The effluent
(including sizing, desizing, scouring, bleachinggitg, rinsing, and finishing wastes)
contains unfixed dyes with a high intensity of co{abuna et al., 1998; Hao et al.,
2000). It has been estimated that approximately 50%pplied reactive dyes is wasted
because of dye hydrolysis in the alkaline dyebaih.a result, typical spent dyebaths
contain dyes at a concentration up to or highen #8@0 mg/L (Steenkeen-Richer and
Kermer, 1992; Vandevivere et al., 1998). As stai@ f@deral environmental regulations
become more stringent (requiring lower effluentocdimits), reduction or elimination of

discharge of colored wastewater is mandated (Hab,e2000; Epolito et al, 2005).
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2.1.2 Decolorization Processes
Many processes have been used and/or researchegefalecolorization. A brief

description of dye decolorization of each processpmled from literature is summarized
in Table 2.1. However, not all processes work fibrcalored wastewaters (Hao et al.,
2000; Robinson et al., 2001; Naim and Abd, 2002)ctv has driven research in this area.
Some studies have reported successful decolonzasmg different treatment schemes,
despite the fact that the treated wastewater tsdifl a low color intensity. Only a few
cases have being reported with complete decolizand dye mineralization (Hao et

al., 2000; Robinson et al., 2001Naim and Abd, 2002)

2.1.2.1 Physical Processes

Activated carbon is the most used method of dyeldezation by adsorption,
and is very effective for adsorbing cationic, mardand acid dyes (Nasser and El-
Geundi, 1991; Raghavachraya, 1997). Numerous a@ttisorbents, such as peat, wood
chips, fly ash, and brown coal have been used asadgorbents (Nigam et al., 2000;
Robinson et al., 2001). However, although adsonptan efficiently decolorize textile
effluents, its application has been limited by thgh cost of adsorbents and the large
volume of wastewater normally involved (Robinsorakt 2001; Naim and Abd, 2002).
Nanofiltration removed up to 99% of a variety oActve dyes in laboratory studies (Wu
et al., 1998) and has been successfully appliedpitot-scale study (Chen et al., 1997).
Rozzi and coworkers (1999) employed a microfilbatunit followed by a nanofiltration
unit or a reverse osmosis membrane process fortenfl textile wastewater reuse.

Nonetheless, the use of membrane processes ferflamg rates is prohibitively costly, in
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Table 2.1. Different techniques used for dye detizddion

Process Dye Influent dye Conc. Treatment Comments
(color measurement) Process
Adsorption Orange Red, 200 mg/L Sorption capacity Equilibrium capacity

Crystal Violet  (respectivé\nay) of different various with dyes

and Methylene activated carbons and carbons;

Blue correlated well with
mesophore and large
micropore volumé

Membrane Various dyes to Integration of the Polysulfone 99% color removal
simulate textile area under fo-700 nanofiltration by a particular
waste membrane with polyamide

total area of 10 M membrane at 2C
and 180 psf

Fenton and  Reactive Orange 100-400 mg/L Varying pH, Fé",  98% color removal;

photo-Fenton

Photocatalytic
(TiOy)

Ozonation
and
ultrasound-
enhanced
ozonation

Sonication

Reduction
zvI)

4 (respectivé\may)
Orange Il 50 mg/L
(respective\nay

Reactive Blue 30 mg/L
19 (respectivé\may)

Reactive Blue 7 70 to 500 mg/L

and Reactive  (respectivé\may)
Blue 21 under

spent dyebath
conditions

Nine azo dyes 100 to 700 mg/L
(respective\nay)

H.O, and UV light photo-Fenton

intensity process is more
efficient ©
TiO; catalysts Over 95% color
supported on three removal; TiQ
different supported on
absorbents absorbents is more
efficient than that of
bare TiQ¢
Varying ozone, First-order rate
ultrasound and constants increased
ultrasound by 200% for
enhanced ozone ultrasonic power
operational inputs compared to
conditions ozonation aloné
Varying dye Complete

concentration and decolorization and
effect of salt and increase rate of

base on decolorization under
sonochemical spent dyebath
decolorization conditions'

Varying mixing Rapid decolorization
intensity and dye rate (short half life);

concentration enhanced rates with
under batch mixing intensity
conditions (mass-transfer

limited process}

#Krupa and Cannon, 1996

®Wu etal., 1998

¢ Muruganandham and Swaminathan, 2004
d Bhattacharyya et al., 2004

¢ Lall et al., 2003
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Table 2.1. (continued)

Process Dye Influent dye Conc. Treatment Comments
(color measurement) Process
Biological Acid Violet 7, Up to 900 mg/L Removal by fungus Fast initial
(fungi) Acid Green 27 (respectivé\may) T. versicolor adsorption followed
and Indigo by slow
carmine biodegradatiofi
Congo Red dye 50 mg/L Degradation by?.  Rapid adsorption on
(respective\nay) chrysosporium both live and dead
cells; biodegradation
only in live cells
Biological Reactive Blue 2 100 mg/L Pre-dried activated 56% color removal
(bacteria) (respectivé\may) sludge culture by by sorptiont

Acid Red 151

Reactive Blue 4
and 19

Reactive Blue
19 and 21 and
Reactive Red
198 under spent
dyebath
conditions

Direct Black 38
dye to simulate
textile
wastewater

Reactive Black
5

Reactive Blue 5
and 19

25 to 50 mg/L
(respectivé\nay

50 to 300 mg/L
(respectivé\nay)

300 mg/L
(respective\nay)

3200 mg/L
(respective\nay)

530 mg/L
(respective\nay)

23 to 115 mg/L
(respective\ sy

sorption

Aerobic
sequencing batch
biofilter

Removal by a
methanogenic
culture

Removal by a
halophilic culture
under sequential
aerobic/anoxic
coditions

Up-flow anaerobic
sludge blanket
reactor/aerobic
continuous stirred
tank reactor
(UASB/CSTR)

Aerobic/anaerobic
rotating disc
reactors (RDR)

Removal by
mesophilic and
thermopilic
anaerobic granular
sludge

73% of initial dye
(as carbon) and 99%
of color removal

73-90% for RB4 and
90-95% for RB19
color removal

Over 87% color
removal under
anoxic conditions'

Up to 94% color
removal under
anoxic conditions
and 92% COD
removal under
aerobic condition8

Up to 65% color
removal and partial
mineralizatiofi

Higher
decolorization rates
(11 fold) at
thermophilic
conditions®

"Wang and Yu, 1998
' Tatarko and Bumpus, 1998

I Aksu, 2004

K Buitron et al., 2004
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addition to the common problems of membrane presessth respect to flux decline,
irreversible fouling, and required treatment angpdsal of the concentrate (Van't Hul et

al., 1997; Hao et al., 2000; Naim and Abd, 2002).

2.1.2.2 Chemical Processes

Chemical oxidation is the most frequently used t@cation process in research
and applied in industry, partly due to the diversf chemical processes that can be
effective. Chemical oxidation removes the dye frtime dye-containing effluent by
oxidation resulting in aromatic ring cleavage af ttye molecules (Raghavacharya, 1997,
Robinson et al.,, 2001). Recently, many advancediabiin processes, such as the
Fenton’s reagent (@, and F&"), UV light with or without catalysis (e.g., TH) HO>,
and ozone (g), have been evaluated for the decolorization xtileewastewater (Hao et
al., 2000; Robinson et al., 2001; Naim and Abd,20The advanced oxidation processes
are essentially based on the generation of higkdtive radical species, specially the
hydroxyl radical {OH) which reacts with the dye molecules (Hao et abDO0O0).
Muruganandham and Swaminathan (2004) reported Fesmton and photo-Fenton
processes achieved 98% decolorization of Reactrem@® 4. Photocatalytic degradation
of an azo dye, Orange Il by Ti@atalysts supported on adsorbents was also cothpare
with that of bare Ti@ produced by the acid catalyzed sol-gel formatioethod
(Bhattacharyya et al., 2004). The supported catab&ectively removed Orange Il from
solution, and the rate of degradation was sigmtigabetter than that of bare TiO
Semiconductor-mediated photocatalyzed degradatianazo dye, Chrysoidine Y (1),
was investigated in aqueous suspensions of dMd ZnO (Qamar et al., 2004). It was

observed that the dye degraded more efficientlthenpresence of TiDas compared to
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ZnO. Ozonation, ultrasound, and ultrasound-enhamzeshation were investigated for

the oxidation of Reactive Blue 19 (RB19, an anthmagne dye), under various operating
conditions by Lall and co-workers (2003). Ozonatéomd ultrasound-enhanced ozonation
were both effective for the decolorization of 30/md@rRB19. Compared to ozonation

alone, the apparent first-order rate constantseas®d by 35 and 200 % for ultrasonic
power inputs of 40 and 120 WIL, respectively. Mattls (2003) also investigated

sonication of two phthalocyanine dyes, ReactiveeBh1l (RB21) and Reactive Blue 7

(RB7) under typical spent reactive dyebath condgicRB7 and RB21 were completely
decolorized and an increased rate of decolorizatiaa observed under spent dyebath
conditions.

Reduction processes are also widely used for theplolézation of dyes.
Decolorization of reactive phthalocyanine dyes wasestigated with palladium (Pd)
catalyzed H reduction (Matthews, 2003). It was demonstrateat thd-catalyzed H
reduction was capable of completely decolorizingthplocyanine dyes and a
phthalocyanine-based dyebath. One of the most popeichnologies for reductive
decolorization of dye-bearing wastewater is zeremairon (ZVI1). ZVI has been mainly
used forin situ groundwater treatment of subsurface contamindmis,its use for
wastewater decolorization is growing because otlisndance, low toxicity, low cost,
and effectiveness as a reducing agent (Bigg and, R@D0). The use of ZVI has been
shown to be successful in decolorization of dyetewsaters (Weber, 1996; Cao et al.,
1999; Nam and Tratnyek, 2000). Nam and Tratnyel0@20nvestigated the effect of

mixing rate on the reduction of nine azo dyes itth@&xperiments and founded that these
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reactions were mass-transfer limited. Further disan on the zero-valent iron (ZVI)

process and its applications can be found in Se&id, below.

2.1.2.3 Biological Processes

Many researchers have demonstrated the biologezalldrization of dyes by pure
and mixed cultures of fungi and bacteria. The ukdégninolytic fungi is one of the
possible alternatives studied for the biodegradatd dyes. Fungi can mineralize
xenobiotic compounds to G@&nd HO through their highly oxidative and non-specific
ligninolytic system, which is also responsible tbe decolorization and degradation of a
wide range of dyes (Fu and Viraraghavan 2001; Md¢dduét al., 2001; Wesemberg et al.,
2003; Pinheiro et al., 2004). Since degradationyes by the white-rot fungi was first
reported by Glenn and Gold (1983), white-rot fuhgve been the most widely studied,
dye-decolorizing microorganisms. Fungi such Bbkanerochaete chrysosporium,
Pleurotus, Bjerkandera, Trametes, Poyporus, Phslitperx lacteus, Funalia trogignd
Thelephorasp., have been investigated for the decolorizatod mineralization of
various dyes (Fu and Viraraghavan 2001; Selvam.ef@03; Wesemberg et al., 2003,
Yesilada et al., 2003). Santos and co-workers (R0@xe recently evaluated the ability
of 19 isolates of filamentous fungi for the dec@ation of the commercial reactive dye
Blue-BF-R on solid and in liquid media. Althoughe#ie fungi have been shown to
decolorize dyes, different decolorizing abilitytbiese fungi was observed and attributed
to their growth and enzyme production requiremeAss.textile wastewater is not the

natural environment of white-rot fungi, enzyme protilon may be unreliable and thus
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the decolorizing ability of fungi may also be atiedt (Robinson et al., 2001; Santos et al.,
2004;).

Conventional biological treatment processes arffecive against dyes (Tan et
al., 1999; Hao et al., 2000; Perey et al., 200Re Tajor color removal mechanism is
adsorption to the sludge, but reactive dyes ini@ddr adsorb poorly due to their high
aqueous solubility (Pagga and Taeger, 1994; Ddleé,e1998). A few bacterial species
have shown to decolorize dye wastewater aerobjcelther in activated sludge or in
fixed film systems (Jiang and Bishop, 1994; Haalgt2000). Churchley and co-workers
(2000) reported that 19.7% of RB4 dye was bioldgaaiminated due to sorption on an
aerobic, activated sludge culture. Aksu (2001) stigated the biosorption of RB2 (an
anthraquinone dye with a monochlorotriazinyl reaetgroup), onto pre-dried activated
sludge, and observed that 56% of 100 mg/L dye wamyved by sorption onto 500 mg/L
biomass at Z&. Buitron and co-workers (2004) also reported thatAcid Red 151 dye
was aerobically biodegraded in a sequencing baicfiltér. It showed that 73% (as
carbon) of the initial dye and up to 99% of theialicolor were removed. To effectively
decolorize dyes that pass though biological treatnmants, pre- or post-treatment
processes must be incorporated. For example, asimgvalent iron (ZVI) decolorization
for azo dyes before biological treatment reducesdye into products (e.g., aniline) that
can be degraded by conventional, aerobic biolodiedtment processes (Tan et al.,
1999; Perey et al., 2002). Aneaerobic systems eamedse the color intensity more
satisfactorily than aerobic processes (Hao e800; Beydilli et al., 2000; Robinson et
al., 2001; Naim and Abd, 2002). For example, reidaatleavage of the azo bond results

in the decolorization of azo dyes under anaerobiaitions (Nigam et al., 1996; Beydilli
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et al., 2000; Stolz, 2001; McMullan et al., 200anwder Zee et al., 2001; van der Zee et
al., 2003). However, the decolorization (or intediaée) products need to be further
degraded by an aerobic treatment (Panswad and diekg2000). Decolorization of
two anthraquinone reactive dyes (Reactive Blue B4)Rand Reactive Blue 19 (RB19))
was investigated using a mixed, methanogenic @ilfBontenot, 1998; Lee, 2003; Lee
and Pavlostathis, 2004). The extent of color rehavas in the range of 73-90% for
RB4, and 90-95% for RB19. However, biological deciaation of full-strength reactive
spent dyebaths using a methanogenic culture wasfeastible because of culture
inhibition to the anthraquinone dyes and furthdmibitory effects from the high salt
content of the industrial reactive dyebaths. Fa thason, a mixed halophilic culture was
developed and over 87% of decolorization under enoanditions was achieved under
spent dyebath conditions (Lee, 2003). Recentlyersdvhigh rate anaerobic/aerobic
reactors have been evaluated to get high decolanzeates and mineralization of dyes,
such as anerobic/aerobic sequencing batch reaS®R)( (Panswad and Luangdilok,
2000), up-flow anaerobic sludge blanket reactoolaier continuous stirred tank reactor
(UASB/CSTR) (Isik and Sponza, 2004), and anaerabrabic rotating disc reactors
(RDR) (Libra et al., 2004). Another approach is tise of thermotolerant or thermophilic
microorganisms in decolorization systems (Banatl.et1996). Recently, Santos and co-
workers (2005) investigated the transformation txitity of anthraquinone dyes during
mesophilic (30C) and thermophilic (5%&) anaerobic treatment. Compared with
mesophilic conditions, distinctly higher decolotina rates at thermophilic conditions

were observed with anthraquinone dyes. Thermophdecolorization may be
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advantageous as many textile and other dye efBuarg produced at relatively high

temperature (40-7C).

2.2 Zero-Valent Iron Reductive Transformation

Zero-valent iron (ZVI) has recently become the nmsnmon metallic reducing
agent (reductant) for environmental applications tuits abundance, low toxicity, low
cost and effectiveness as a reductant (Bigg and, R800; Tratnyek et al., 2003). While
most studies have used purified ZVI, it has be@onted that many types of scrap steel
can be substituted for ZVI with little change imcton efficiency (Gould, 1982; Gillham
and O’Hannesin 1994; Bigg and Judd, 2000), whigmortant in maintaining low cost.
ZV| has been widely used to reduce the followingtaminants (Bigg and Judd, 2000;
Tratnyek et al., 2003; Miehr et al., 2004): 1) lg@pated aliphatic and aromatic organic
compounds (e.g., solvents and pesticides); 2)-atoonatic compounds; 3) high-valence
toxic metals (including oxy-anions); and 4) textiliges (e.g., reactive dyes).

The reductive transformation of these contaminamislves (1) direct electron
transfer from ZVI at the surface of the iron mefglirface mediated process); and (2)
reaction with dissolved B&or H,, which are products of oxidative iron corrosion as
shown in Figure 2.5. The two electrons produceth &VI serving as the electron donor,
can be used to reduce relatively oxidized contami;a he general reduction mechanism
for dyes shown in Figure 2.6 occurs in severaltreacsteps as follows: (Matheson and
Tratnyek, 1994; Chen et al., 2001).

(1) Diffusion of contaminant through the solution te tmetal surface

(2) Adsorption to the metal surface

18



Figure 2.5 General iron corrosion mechanism (3 and 4 owlyuo in the presence
oxygen)(Epolito, 2005b).
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SOH + 29“12’ SOH

Reduced
Dye

Figure 2.6. General anaerobic/anoxic iron redecttansformation of an anthraquinone
reactive dye (2 and 3 occur simultaneously compgdbn electrons) (Epolito, 2005b).
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(3) Electrons transferred from ZVI to contaminant réaglin a chemical reaction
(4) Production of intermediate (reduced) products

(5) Desorption of the product(s) and diffusion to tbh&ison

The reduction of anthraquinone reactive dyes canriiten as Reaction 2-1.

O:<:>:O + 20 + 2H —> HO—@—OH (2-1)

The quinone reduction is widely believed to be ridduction reaction for anthraquinone
reactive dyes. As can be seen in Figures 2.5 ahdodth the reduction of the dye and
production of H occur simultaneously, thus competing for electr(lReaction 2-2). It

should also be noted that if oxygen is presentthemaron dissolution reaction could
compete with Reaction 2-1. The overall aerobic anderobic corrosions which can
compete with Reaction 2-1 are described by thevoilg reactions (Helland et al., 1995;

Agrawal and Tratnyek, 1996):

2F€ + O, + 4H' & 2Fé* + 2H,0 (aerobic corrosion) -2

Fe + 2H o FE* + H, (anaerobic corrosion) (2-3)

Both reactions (2-2 and 2-3) will increase pH inuabuffered system, as can be seen by
the consumption of Hin these reactionand produce potential reductants for reduction
of the dye (i.e., P& and H). However, H is not an effective reductant without a catalyst

(House, 1972; Matheson and Tratnyek, 1994), afid-Reediated reduction is relatively
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slow (Klecka and Gonsior, 1984; Doong and Wu, 198®vertheless, iron dissolution
has a potential beneficial effect: it increasesrdaetive surface area due to pitting of the
iron surface (Snoeyink and Jenkins, 1980). Aeratmcrosion, however, could also
adversely affect reduction of the dye. Dissolvedgen (DO) would accelerate the
oxidation of dissolved F& to F€*, which could readily precipitate as iron oxides at
neutral and basic pH values. Such rust could eadigtiorm a surface layer on the metal
surface that would inhibit surface-mediated reagtigHelland et al., 1995). In theory,
oxygen could also inhibit the reduction rate bydmmg to the iron surface and reducing
the availability of reactive surface sites (Hellaadal., 1995)Conflicting reports of
whether aerobic or anaerobic conditions producdasiest reduction have been reported.
Helland (1995), Siantar (1996), Bigg (2000), Ju@80Q), and their co-workers have
shown that the rate of reaction is faster withoyt Bowever, Lavine et al. (2001)
determined that the rate for nitrobenzene reductvas faster with @ which may be
attributed to an increased corrosion rate in tlesgmce of @Bowers, 1986; Lavine et
al., 2001) and release of more electrons that caticfpate in the dye reduction. It
appears that experimental conditions and the cantarhinvolved significantly affect
the effect of Q. Figure 2.7 shows representative solubility diaggefor F&* and F&",
respectively. Generally, as pH increases aboveraletite solubility of aqueous iron is
reduced until basic conditions are reached?* Bemuch more soluble than ¥eFe" is
the dominant aqueous iron species in anaerobicianconditions and P& is the
dominant species in aerobic conditions. As the pttaases, solid precipitates begin to
dominate and form layers on the ZVI, which can liithfurther reduction of Feto F&*

or Fe".

22



FeOH" Fe(OH),e,

Log [i]

Log [i]

-10 -

-12 4

-14

Figure 2.7. F& and F&" solubility diagrams at 2&, infinite dilution and 0.1M ionic
strength; A, F& and B, F&" (Epolito, 2005b).

23



2.3 Problem Identification

Although considerable research has been conducted thee reductive
decolorization of azo dyes using zero-valent irdVI] and mineralization of their
decolorization products (Tan et al., 1999; Nam &ratnyek, 2000; Perey et al., 2002),
limited information exists on the reductive transfation (decolorization and
mineralization) of reactive dyes and their decalation products. Additionally, only
little research has been conducted on the decataiz of spent reactive dyebaths
containing high concentrations of both dye and, sgfiically present in spent reactive
dyebaths (Lee, 2003; Matthews, 2003; Epolito, 200¥)st of previous reports regarding
the ZVI and biotransformation of reactive dyes haw¢ addressed the issue of high
concentrations of dye and salt present in commlereiactive spent dyebaths. Under
typical commercial reactive dyeing conditions, opb0% of the initial amount (up to or
above 800 mg/L) of dye remains in the spent dyeb#thaddition to the high
concentration of hydrolyzed reactive dye, whichaner has affinity for the fiber, spent
reactive dyebaths contain very high concentratiohssalt (up to 100 g/L NaCl).
Therefore, effective and efficient treatment methddr both the decolorization and
mineralization of anthraquinone reactive dyes ahelirtdecolorization products are
needed. To this end, this study may help in theeldgwnent of a continuous-flow,
dyebath decolorization process and the possiblsered the renovated dyebath in the
dyeing operation, which will result in the minimiican of water consumption, as well as

wastewater volume and concentration of textileygatits such as dyes and salt.
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2.4 Research Objectives

Based on the above-presented literature reviewgrnmdtion about the ZVI
reductive decolorization of anthraquinone reactigges and assessment of the
biodegradation of their decolorization products Hzeen relatively limited. More
importantly, the decolorization and possible mitization of reactive dyes by ZVI
followed by a biological process under both higle dynd salt concentration conditions
have not been sufficiently investigated. Thereftine,main focus of the research reported
here was to investigate the feasibility, kinetical &ey parameter effects of reductive
decolorization of the anthraquinone dye ReactiveeB! (RB4) by zero-valent iron and
the biodegradation assessment of its decolorizapooducts by a mixed, aerobic

halophilic culture.

The specific objectives of this research were to:

1) Assess the effect of operational parameters (ieing speed and initial dye
concentration) on the batch decolorization kinebdtRB4 by ZVI.

2) Determine the feasibility and decolorization kiostof RB4 in a continuous-flow,
ZV1 column at typical dybath conditions.

3) Assess any inhibitory effect and possible mineatian of RB4 decolorization

products resulting from the ZVI process on a mixagtpbic halophilic culture.
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CHAPTER 3

MATERIALS AND ANALYTICAL METHODS

3.1 Analytical Methods
3.1.1 pH

All pH measurements were performed using the paemtric method with a
digital pH meter (Orion Digital pH/millivolt MeterModel 611) and a gel-filled
combination pH electrode (Fisher Scientific). Facke pH measurement, a sample was
transferred into a 10 ml vial and the pH was thremediately measured to minimize any
atmospheric oxidation effect. Between samples ethetrode was rinsed with deionized
water and stored in an electrode storage solutshér Scientific). The pH meter was
calibrated weekly with pH 4.0, 7.0, 10.0 standaudfdy solutions (Fisher Scientific).
Although the sensitivity of the meter display wa810units, the limit of accuracy was

taken to be only 0.1 pH units (APHA, 1998).

3.1.2 Dissolved Oxygen (DO)

The dissolved oxygen (DO) concentration of theurelt used in this study was
measuredn situ using the polarographic method with a Yellow Sgsitinstrument (Y SI)
Model 58 oxygen meter in conjunction with a YSI B7&xygen probe. The instrument
was calibrated to air saturated solutions with knoldO concentrations (at a given
temperature) before each use and the probe elgatrgblution and membrane were
changed periodically. The meter was calibrated éasare DO in the halophilic culture,

which contained 100 g/L NaCl. The DO saturationaamtration in a solution containing

26



100 g/L NaCl, at 22°C and 760 mm Hg was estimated.&0 mg/L using the equations
given in Standard MethodgAPHA, 1998). A solution containing 100 g/L NaGi i

deionized water was prepared in a temperature-atedr room at 22 °C. Then, the
solution was saturated with air by purging with goessed air using a microporous
diffuser while mixing on a magnetic stir plate. é&ftperforming the zero adjustment on
the meter, the oxygen probe was immersed in theairrated, saline solution and the

meter reading was adjusted to 4.50 mg/L.

3.1.3 Volatile Suspended Solids (VSS)

Volatile suspended solids (VSS) were determinedoraicg to procedures
described irtandard Method6APHA, 1998). Filters were washed with deionizeatev
and ignited at 550°C for 20 min in a Fisher IsotemMpdel 550-126 muffle furnace
before use. The filters were then cooled in a destc and weighed using an Ohaus
AP250D analytical balance. Culture samples of kneallume (typically 5-10 mL) were
filtered through 21-mm diameter Whatman GF/C gfdsar filters (1.2um nominal pore
size, Whatman, Springfield Mill, England), which meeplaced in Gooch crucibles while
applying vacuum. The filters were then rinsed wattual volumes of deionized (DI)
water to remove dissolved organic carbon, resithabanic carbon and salt. The filters
containing the samples were dried at 105°C foeas$tl 1.5 h in a Fisher Isotemp Model
750G oven. After cooling down in a desiccator, tirg weight was recorded and the
filters containing dry samples were transferred tisher Isotemp Model 550-126 muffle

furnace and ignited at 550°C for 20 min. After tgm, the samples were cooled in a
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desiccator. The residual solids weight was measuaradithen the VSS concentration was

calculated.

3.1.4 Dissolved Organic Carbon (DOC)

DOC measurements were performed using a ShimadzG-SUB0A Total
Organic Carbon Analyzer (Shimadzu Scientific Instemts, Inc., Columbia, MD)
equipped with a Non-Dispersive Infrared (NDIR) aete for the analysis of total,
organic, and inorganic carbon of liquid samplestodampler tubes were washed with
weak bleach solution, rinsed with DI water and lohiet 506C before use to ensure
absence of any residual carbon. In order to meadissolved organic carbon, liquid
samples were filtered through 0.28n membrane syringe filters (National Scientific
Company) and acidified (pH < 2.0) using a 0.2 N K@lution. Then, 4 mL of acidified
samples (3.6 mL 0.2N HCI solution + 0.4 mL sampl&re transferred to autosampler
tubes. Duplicate measurements were performed fdn sample. The injection volume
was 25uL. Carbon analysis was based on catalytic combustidhe sample at 680. A
calibration curve was prepared using standard isolsitof potassium hydrogen phthalate

(KHP).

3.1.5 Spectrophotometric Analysis

Quantification of RB4 was performed using a UV-Yis, diode array
spectrophotometer (Hewlett Packard Model 8453, id#vRackard Co., Palo Alto, CA)
equipped with a diode array detector, deuterium tmmgsten lamps and a 1-cm path

length. Samples analyzed with the spectrophotomeese first centrifuged at 14,000
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rom for 5 min using a microcentrifuge (Eppendorfn€duge 5415C) in 2 mL,
polypropylene microcentrifuge tubes (Fisher Scfenti Supernatants were diluted if
needed with deionized water or salt/base solutl®d (@/L NaCl + 3 g/L Ng&COs; + 1 g/L
NaOH) in 1.5 mL or 2.0 ml cuvettes before absorkamseasurements with the
spectrophotometer. The dye concentration was akallusing the measured absorbance

and prepared standard curves (Appendix A).

3.2 Dye

Commercial Reactive Blue 4 (RB4, Procion Blue MX-®&glor Index 61205;
CAS no. 13324-20-4) was obtained from DyStar LPar@@itte NC and used without any
further purification. RB4, an anthraquinone dyehwdt dichlorotriazinyl reactive group,
was selected for this research based on the follp\actors: previous biodecolorization
research conducted and feasibility of ZVI decolatian determined by preliminary
decolorization tests in our laboratory. The molacstructure of RB4 is shown in Figure
3.1. The color of anthraquinone dyes is partiabgaciated with the anthraquinone
nucleus and is modified by the type, number, argitipm of the substituents (Zollinger,
2003). Unsubstituted anthraguinone has a pale wetlolor, which is due to an-an*
transition that produces a weak color band at 405 (8ollinger, 2003). Electron-
withdrawing substituents have little effect on tb@or of the compound, whereas
electron-donating substituents (e.g., Githd —NH) give compounds their distinctive
colors due to a charge transfer band involvingelleetron lone pair of hydroxyl or amino

groups (Zollinger, 2003). RB4 has two amino groupshe 1, 4e-positions, and a
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Figure 3.1. Chemical structure of unhydrolyzedd®ea Blue 4 (RB4).



sulfonic acid group in the 2-position (Figure 3.Ihe sulfonic acid groups result in high
aqueous dye solubility (Zollinger, 2003).

RB4 was used as received to prepare reacted ;mg/R@& g/L dye stock solutions.
Dye stock solutions were prepared according to quores outlined below (see section
3.2.1). Details on estimated and measured valughysico-chemical properties of RB4

are also provided in section 3.2.2.

3.2.1 Dye Stock Solution Preparation

Reacted RB4 dye stock solutions (5g/L and 20 gklexre prepared in 1-L
guantities. Preparation of reacted dye stock swiwimulated conditions encountered in
textile plant dyebaths. Spent reactive dyebath®r aftyeing mainly contain the
hydrolyzed (reacted) form of dyes due to the additf both NaOH and N&O; to the
dyebath, which results in elevated pH values (ab&®® under high temperature
conditions (above 6C). Because the research presented in this themsspart of a
research project on the abiotic/biotic decolormatand reuse of spent reactive dyebaths,
all of the experiments were performed using read®&# dye solutions. The NaOH
reacted (hydrolyzed) dye stock solution method usetthis research is identical to that
used by Matthews (2003) and Lee (2003) and is lasife: (1) dye powder was dried in a
105°C oven overnight to remove excess moisture; (Bdddye powder was cooled in a
desiccator overnight; (3) 5 g (or 20 g) dried dgsvder was added to 800 mL deionized
water and mixed thoroughly; (4) 5 mL 10 N NaOH (Miwere added; (5) solution was
heated to 80 ~ 9C for 1 h; (6) after cooling down, the solution pks adjusted to 7.0

with 0.1 M HCI; (7) the dye solution was pouredoirit L flask and deionized water was
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added up to 1 L level; (8) the pH was adjusted.@owith 0.1 M NaOH; (9) the flask was
sealed with parafilm and turned end-over-end fomih; (10) the dye solution was
dispensed in a 1-L bottle, sealed with a screw-capered with aluminum foil and stored
in 4°C refrigerator.

For typical spent dyebath conditions, salt- andebamtaining reacted dye
solutions were prepared by adding 100 g/L NaCl/L3Np,CO; and 1 g/L NaOH to the

reacted dye stock solution and adjusting the pAH@o

3.2.2 Physico-chemical Properties of RB4

As a result of hydrolysis, two OH-substituted commpads form, monohydrolyzed
and dihydrolyzed RB4 as shown in Figure 3.2. T&leshows experimentally measured
and estimated property values of unhydrolyzed R4 @nd Pavlostathis, 2003; Epolito,
2004; Epolito et al, 2005). Although any conclusi@annot be drawn as to the accuracy
of these estimates due to the lack of experimedas, they do help evaluating the
overall environmental fate of RB4. Based on thesemates, RB4 is expected to partition
strongly to the aqueous phase due to its high wsdkrbility, low K,y and very low
vapor pressure. Based on estimated pKa valuesspbeation of RB4 at different pH
values, which is important in assessing its envirental fate and impact, was determined.
Epolito and co-workers (2005) found three predominaeprotonated, unhydrolyzed
RB4 species between the pH values of 4 and 14 basdtie estimated pKa values.
Based on these data, pH effects of RB4 were alstuated. There was no significant
shift, but the absorbance in the region at the mar wavelength generally increased as

the pH increased (Epolito, 2004; Epolito et al.020 The effect of salt and base on

32



Figure 3.2. Chemical structure of monohydrolyzed ¢Ajl dihydrolyzed (B) RB4.
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Table 3.1. Experimental and estimated propertyesbf unhydrolyzed RB4 at 25
(Epolito, 2004; Epolito et al., 2005)

Parameter Experimental vafle Estimated vafue

Molecular weight

(g/moly? 637.4

Amax (Nm) 598

pH (unitsy 6.6+ 0.1

COD (mg/LY 390+ 2

Carbon content

(% dry weight) 29.6+ 0.%F 48.3

Melting Point (C) 349.84

Boiling Point (C) 939.92
872.88

Vapor pressure (atm) 2.38E932
1.42E-33

Water solubility (mol/L)  1.57E-1 3.77E-9
5.27E-2
2.64E-8

Henry’'s Law Constant 1.66E-31
2.58E-25
2.19€-27

log Kow 1.72, 4.20

pKa 0.80, 1.44, 7.83, 12.05

@ Average mass based on the molecular formudl GOsN¢S,Cl,

® 50 mg/L unreacted dye solution

¢ Chemical oxygen demand value of a 500 mg/L uneghdye solution

4 Mean+ standard deviatiom(= 3)

¢ Measured experimentally as DOC of a 100 mg/L wtsshdye solution
"Value at 28C

9 Values estimated by EPI Sdifeusing two separate methods
"Values estimated by SPARC On-line
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spectrophotometry of RB4 was evaluated due todbethat salt and base are used in the
reactive dyeing process to increase the ionic gtherlecrease the electronic double layer
thickness and favor the transfer of dye aggredgates the aqueous solution to the fiber
(Hamlin et al., 1994).Dye aggregation was observed and the UV/Vis absoidaf a
100 mg/L RB4 solution at 598 nm decreased by 1P14, and 20.1% after the addition
of salt, base, or both salt and base, respectiaiyg centrifugation (Epolito, 2004;
Epolito et al., 2005). Despite of these effects4RBye solutions containing salt and base
can still be quantified with spectrophotometry iéparate calibration curves are

developed taking into account the effect of satt base.

3.2.3 Analysis of RB4

In order to determine different RB4 species, UViMis spectrophotometry, High
Performance Liquid Chromatography (HPLC), and LdgGhromatography/Electrospray
lonization-Mass Spectrometry (LC/ESI-MS) were ugkée et al., 2003; Epolito et al.,
2005). Figure 3.3 shows that UV/Vis spectrophoteimeanalysis cannot distinguish
between the unhydrolyzed (or unreacted) and hydealyor reacted) form of RB4. Thus,
HPLC was used to separate and identify dye compsraure to different reactivity of
each species, which may affect the effectivenessnbus decolorization processes and
their optimal condition. Several dye componentspeemlly the unhydrolyzed and
hydrolyzed RB4 species, were identified using HRIr@lysis (Figure 3.4 and Table 3.2).
One major impurity in reacted RB4 dye solutions vedso identified as 1-amino-4-

hydroxyanthraquinone-2-sulfonic acid using LC/ESENFigure 3.5).
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Table 3.2. RB4 dyecharacterization data

Dye Compositioh Molecular Formula Molec(;g/l;rc\)ll\)/elght Amax(Nm)
Unreacted ~65% UH Co3H14CbNgOsS 637.4 598
RB4 ~14% MH C23H15CINgOoS; 619.0
~15% DH Ca3H16N6010S2 600.5
~6% Ml
Reacted ~23.5% MH Co3H15CINgOgS, 619.0 598
RB4 ~58.5% DH Ca3H16N6O010S; 600.5
~18% Ml

4Based on RB4 dye received from DyStar LP (Coloein61205; CAS no. 13324-20-4)
® Based on HPLC analysis (Epolito, 2004); minor imifies (< 5% of total 598 nm HPLC

peak area) are ignored; UH = unhydrolyzed; MH =noftdrolyzed; DH = dihydrolyzed;
MI = major impurities
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Although UV/Visible spectrophotometric analysis rah distinguish different
dye species of RB4 (e.g., reacted and unreacted)fdyV/Visible spectrophotometric
analysis was mainly used in this research duen fimitations and the seemingly
adequate monitoring of RB4 and its decolorizatiomodpcts by UV/Visible

spectrophotometry. Selected samples were alsozsthlyy HPLC.

3.3 [ron

Connelly-GPM iron filings were used for batch andntnuous-flow
decolorization assays (Connelly, Chicago, IL) (Gkep 5, 6 and 7, respectively).
Methanol-treated iron filings were used in all exxpeents and were prepared as follows:

Based on the method used by Bigg and Judd (2001),used methylated spirits
for 1 min and ethanol for 1 min, iron was treatesihg methanol (Epolito, 2004). To
obtain uniform iron particles, the iron filings wepassed through an ASTM NO.14
(Tyler 12-mesh, 1.4 mm) stainless-steel sieve taore larger filings and then through
an ASTM NO.35 (Tyler 32-mesh, 0.5 mm) sieve to reengmaller filings. The iron
filings retained between the two sieves were tHaogal in a 2-port, 1-L glass bottle. The
upper port was used to add rinsing solutions aedldtver port was used to drain the
rinsing solutions after mixing and treatment. Theni filings were first rinsed with
deionized water five times or until the water wésac using a sonicating bath. After the
deionized water rinse, the iron filings were rinseith methanol five times or until the
wasted solution was clear. The methanol evaportdsetér than water and therefore
significantly reduced oxidation of the iron surfdme the rinsing solution while drying.

Each rinse consisted of adding the rinsing solutmrapproximately three times the
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volume of the iron filings, vigorously shaking thettle for 15 s, and pouring out the
rinsing solution. The reactor’'s headspace was tmamediately purged with He gas until
the iron filings were dry. The iron filings wereeth transferred to a storage glass bottle
and sealed with a rubber stopper and aluminum crirhp bottle was purged with He gas
for 5 min and equilibrated at 15 psig. The bottleswhen wrapped in aluminum foil and

stored at room temperature (~°C3.
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CHAPTER 4

PHASES OF STUDY

The zero-valent iron (ZVI) reductive decolorizatioh the anthraquinone dye
Reactive Blue 4 (RB4) and biodegradation assessafets decolorization products was
conducted in three phases. Phase | involved thessisent of the effect of mixing
intensity and initial dye concentration on the bafd/I decolorization of RB4 as well as
reaction rate analysis. Phase Il involved the decmtion of RB4 in a continuous-flow
ZV1 column at typical textile reactive dyebath cdrmhs. Finally, during Phase I, the
potential for biodegradation of RB4 decolorizatfmoducts resulting from a ZVI column

treatment was investigated with a mixed, aeroka@hilic culture.

4.1  Phase | — Effect of Mixing Intensity amitibl Dye Concentration on the Batch
Zero-Valent Iron Decolorization of RB4

RB4, a commercially important anthraquie dye, was selected and its reductive
decolorization with zero-valent iron was investeghtat different mixing speeds and
initial dye concentrations under typical textileethath conditions in a series of batch
assays. Based on the experimentally observed R&zlatezation kinetics, a reaction rate

analysis was performed (Chapter 5).
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4.2 Phase Il — Decolorization of RB4 in a @mmous-Flow Zero-Valent Iron Column
RB4 decolorization was performed with a awmus-flow, ZVI column at typical
textile reactive dyebath conditions (1 g/L dye,/t base and 100 g/L salt) in order to
determine the feasibility of a continuous-flow, Z¥yebath decolorization process. Key
column properties, such as porosity, pore volumd hgdraulic conductivity were
measured and a tracer test was conducted. Thetéomgeecolorization kinetics of RB4

were investigated and quantified (Chapter 6).

4.3 Phase Ill — Biodegradation AssessmeRB4 Decolorization Products

Aerobic batch assays were conducted with a mixedybac halophilic culture to
assess possible inhibitory effects and biodegradatineralization of the RB4
decolorization products. The halophilic culture wamintained under fully aerobic
conditions and its growth kinetics were determine&4 decolorization products were
prepared using a ZVI column under anoxic conditiansl were then fed to a batch

halophilic culture (Chapter 7).
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CHAPTER 5

ZERO-VALENT IRON BATCH DECOLORIZATION OF RB4

5.1 Introduction

The batch decolorization of RB4 with ZVI under a&iwo conditions was
investigated at different mixing intensity and iaitdye concentration. Other parameters
affecting ZVI RB4 decolorization, such as oxygeH, gnd temperature were periodically
evaluated by Epolito (2004). RB4 stock solutiommdated conditions encountered in
textile reactive dyebaths. Spent reactive dyebathimly contain the hydrolyzed form of
reactive dyes due to the high pH conditions aclidwethe addition of both NaOH and
NaCO; to the dyebath. All of the experiments reportedhis chapter were performed
using hydrolyzed (i.e., reacted) RB4 solutions rdep to be consistent with the main
objective of the broader research project, whiclthis renovation and reuse of spent
reactive dyebaths. Therefore, high salt and basbalit conditions were used in all
experiments, except the one which tested the mixmgnsity of the ZVI RB4
decolorization kinetics. Two alternative models evased to describe the experimentally
obtained RB4 decolorization kinetics and compared.

The objectives of the work presentedhis chapter were: (1) to investigate the
effect of mixing intensity on the ZVI RB4 decolaaiion kinetics; and (2) to evaluate the
effect of the initial dye concentration on the Zd#colorization kinetics at high salt and

base dyebath conditions.
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5.2  Materials and Methods

The general procedure for the batch decoldozatssays was as follows.
Triplicate, 160-ml serum bottles were used in sfiays. Controls (i.e., iron-free) were set
up with D.l. water or a salt and base solution (8§00 NaCl, 3 g/L NaCO; and 1 g/L
NaOH). The iron concentration in each serum batds 1 M (5.59 g/100 mL) and was
achieved by the addition of methanol treated irtngs. All serum bottles were sealed
with rubber stoppers and aluminum crimps and therggd with He gas to achieve
anoxic conditions. He was bubbled through the dggample in each serum bottle using
two needles. He gas was added through the longelleneubmerged in the liquid sample,
whereas the second needle served as the gas dtigeliquid was purged for 5 min with
the gas cylinder regulator set at 10 psig. The $gack was then purged for another 5
min. Then, the outlet needle was removed and theddpace was allowed to equilibrate
at 10 psig headspace pressure (for approximatedy. Finally, the inlet needle was
removed while He gas was still flowing. For eackags a reacted RB4 dye stock solution
was also purged with He gas to achieve anoxic tiondi before the dye was added to
each bottle. All assays were initiated at pH 7 bpusting it using 1 N NaOH and HCI

solutions. Details on specific batch assays aredibelow.

5.2.1  Effect of Mixing Intensity

Iron fillings (1 M) and 96 mL of D.vater were added to each bottle, which was
then purged with He gas as mentioned above. Themn, df the dye stock solution (5 g/L
reacted RB4) were added by syringe to each botitging the final liquid volume to

100 ml, thus leaving a headspace of 60 ml of He s bottle headspace pressure was
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adjusted to 10 psig with He gas, thus leaving thildounder a positive pressure in order
to avoid introduction of air, as well as to alloveduent removal of liquid samples. The
initial dye concentration for this assay was 300Lmghe bottles were then placed on an
orbital shaker and mixed at speeds of 1, 25, 50, 200, 300 and 400 rpm in a°g2
constant temperature room. In addition, anotheossérum bottles were mixed using an
end-over-end tumbler which rotated at 4 rpm. Atheaampling time, liquid samples
were removed by syringe, centrifuged at 14,000 fpnd min and then the UV/Visible
absorbance and pH were measured. Test bottled dt# were sampled first to minimize

time errors caused by the bottle preparation.

5.2.2 Effect of Initial Dye Concentration

For effect of initial dye concentration the ZVI decolorization kinetics at typical
salt and base textile dyebath conditions was eteduat initial dye concentrations of 100,
300, 500, 700, 1000 and 1500 mg/L. Each RB4 dyedxltition contained 100 g/L NaCl,
3 g/L NaCO; and 1 g/L NaOH and was purged with He gas. Thenappropriate
volume of dyebath solution was added by syringeach bottle to a final liquid volume
of 100 ml and a headspace of 60 ml of He gas. Diiteeb were then placed on an end-
over-end tumbler at fixed mixing speed (4 rpm)tie 22C constant temperature room.
The end-over end tumbler was used for these assspmuse it provided better mixing
and thus a much greater mass transfer rate thaorlital mixer. At each sampling time,
liquid samples were removed by syringe, centrifuged4,000 rpm for 5 min and then

the UV/Visible absorbance and pH were measuredh Bample was diluted if needed
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with a salt and base solution (100 g/L NaCl, 3 §4.COs;, and 1 g/L NaOH) in 2.0 ml

cuvettes before absorbance measurements.

5.2.3 Reaction Rate Analysis
Dye concentrations based on UV/Visible absorbaneasurements were used to
determine decolorization rates using the pseudt dirder rate equation:

dc _ _
- E - kobs [C] (5 1)

where: C = RB4 dye concentration (mg/L); angs k reaction rate constant {h

This reaction rate equation is a simplified versanequation (5-2) with assumptions
such as (Epolito et al., 2005b): (1) all dye comgraa have the same rate constant (i.e., i
= 1); (2) the iron reactive sitegef) and pH are constant during the experiment; apd (3

the reaction orderis 1 (i.e., b = 1).

- S5 = kpelpHIIC ) 52)
-y dG :
r= it (5-3)

where: C; = concentration of RB4 dye component i (mg/L); L=2 ... # of individual
RB4 dye components; k = rate constant (L/mg#i)y = iron reactive sites (usually
equated to iron surface area)(mg/L); a = reactiaeoof pH; b = reaction order of RB4
dye concentration; and r = overall reaction ratg/{t¥h).

The following initial volumetric decolorization t& (r, mg/L-h) was also used to
determine decolorization kinetics at relativelyhigitial dye concentrations:

" (5-4)
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where: G = initial dye concentration (mg/L); C = dye contration at time t (mg/L); and
t = time (h).

Several studies have shown that the ZVI-mediagattion rate is actually of
shifting order, depending on the initial contaminaoncentration. This type of behavior
has been usually observed at relatively high int@taminant concentrations and has
been attributed to a saturation effect of ZVI scefaeactive sites, which is common in
heterogeneous reactions (Johnson et al., 1996sdohet al., 1998; Nam and Tratnyek,
2000; Agrawal et al., 2002). In such cases, the s#turation model (similar to the

Michaelis-Menten enzyme kinetics model) has beew tis describe the reaction kinetics,

as follows:
_dC_ VmC (5-5)
dt K+C
First-order range: _dac = (V—mj C (5-6)
dt K
Zero-order range: —Z—Ct: =Vnm (5-7)

where: \{, = maximum reaction rate (mg/L-h); C = contaminamicentration (mg/L); K

= C at \{y/2 (reflects the affinity of the metal surface the contaminant)(mg/L).

K is approximately constant for a particular contzamt, but 4, varies with both the
type/grade of ZVI and the experimental conditiomsx(ng, temperature, etc.) (Johnson
et al., 1998; Nam and Tratnyek, 2000). In ordeevaluate the effect of the initial RB4
concentration, this model (equation 5-5) was alseduin the present study and was

compared with the pseudo first-order rate equafeh).
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5.3 Results and Discussion
5.3.1 Effect of Mixing Intensity

The effect of mixing intensity on th&Zdecolorization of 300 mg/L RB4 was
assessed at a range of mixing speed from O to g@under anoxic conditions. This
assay lasted from 12 to 500 h, depending on théenmspeed. The pH values increased
throughout the experiment as shown in Table 5.1e Bgncentrations based on
UV/Visible absorbance measurements were used &rdete decolorization rates based
on the pseudo first-order rate equation (equatidr) by non-linear regression. The
nonlinear regression procedure based on the Mattiuarvenberg algorithm was used to
fit equation 5-1 to the dye concentration data byimizing the residual standard error;
on estimate of J¢s was obtained. Dye concentration data, as welbaslinear regression
fits to the pseudo first-order rate equation arewshin Figure 5.1 and Table 5.1. All
regression fits resulted in"Ralues greater than 0.96. Figures 5.1 and 5.2 shaias the
mixing speed increased the observed decolorizati® constant (g) increased as
expected. However, the data fit was non-linear wébpect to the square root of the
mixing speed, contrary to previous reports (Agrav&96; Nam, 2000; Bigg, 2001). A
second observation is that different types of ngxmegimes (orbital versus tumbler)
resulted in different decolorization rates. The aleazation rate achieved with the
tumbler at 4 rpm was almost as fast as that oldawiegh the orbital mixer at 300 rpm.
This difference can be explained by the fact tmhital mixing moved the liquid over the
stationary iron fillings on the bottom of the be#t) whereas the tumbler provided end-
over-end mixing, resulting in a much greater maassfer rate because the iron fillings

were constantly moving through the liquid phaseisTdbservation demonstrates that
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Table 5.1. Kinetics of RB4 decolorization by ZVIasunction of mixing intensify

Mixer héi;(énegd pH® k‘_’fs P[?il:]?s R fa/200s
[rpm] [h™]° #) Value [h]
Orbital 0 7.3-9.7 0.010 £ 0.001 10 0.956 51.4
Orbital 25 7.5-8.4 0.015 +0.001 10 0.978 34.8
Orbital 50 7.2-8.8 0.016 £ 0.001 10 0.970 32.6
Orbital 100 7.2-9.1 0.039 £ 0.003 10 0.988 14.6
Orbital 200 7.2-9.5 0.087 £ 0.005 10 0.986 6.6
Orbital 300 7.2-9.3 0.166 £0.013 10 0.975 3.5
Orbital 400 7.2-8.7 0.279 £ 0.026 10 0.981 2.1
Tumbler 4 7.2-9.8 0.147 £ 0.016 10 0.983 4.1

2All sets had 1 M iron fillings and an initial RB4kcentration of 300 mg/L
P Denotes initial and final pH values

¢ Pseudo first-order decolorization rate constarmaim: standard error)

50



Al
J

-l
>
S ® O0rpm
= A 25rpm
E B 50rpm
o € 100rpm
é ® A 200 rpm
@® 300 rpm
? v 400 rpm
; tF o
o
A B
¢ | | | i ¢
100 200 300 400 500
Time (h)
350
Mixing Speed (rpm) k)bsgh'lg B
300 5% 0 0.01®:601
23 25 0.019:001
A 50 0.01®:001
250 100 0.039:003
— 200 0.080005 @ 0rpm
< 200 300 0.160013 A 25rpm
g’ 400 0.279626 W 50 rpm
= <> 100 rpm
<t A 200 rpm
150 A
@ @® 300rpm
v 400 rpm
100 1 ]
R \\ ]
50 1 \
<
Ja @
0
0 25 50 75 100 125 150
Time (h)

Figure 51. Effect of mixing intensity (rpm) on the ZVI ddorization of RB4 (All set
at 300 mg/L initial RB4; (A) experimental data bésen absorbance at 598 nm) (
lines are non-linear regression fits based on gwugo firsterder model)(Error bal
represent: one standard error of the mean).

51



0.6

. A
0.4 A
H/\
<, 03
= @)
X
0.2 1 %
0.1 O
O
00Q0Q O : : : .
0 100 200 300 400 500
Mixing Speed (rpm)
0.6
0.5 - O Orbital Shaker
—— Best Fit B
B End-over-end Tumbler
0.4
HA
I5 0.3
% 0.3 -
;8 kobs = 0.005exp(0.2014+/rpm)
RZ = 0.999
20 25

rnm

Figure 5.2. Effect of mixing intensity (rpm) on tE¥1 pseudo firsterder decolorizatic
rate constant of reacted RB4 (Initial RB4 concdmnaequal to 300 mg/l)experiment:
data based on absorbance at 598 nm (A); non-liregpession fit based on the pse

first-order model (B) (Error bars representne standard error of the mean).

52



mixing characteristics are more important than ngxispeed and that ZVI RB4
decolorization is mass transfer limited.

Although all pseudo first-order fits resulted iA Wlues greater than 0.96, Figure
5.1 shows that residual color remained at prolorigedbation times. Figure 5.3 shows
that there is some residual absorbance (at 598remgining after dye transformation.
HPLC analyses conducted by both Lee (2003) anditep004) confirmed that such
decolorization products have significant absorbaatc485 nm. In addition, a portion of
this residual absorbance is most likely due to in@s. As mentioned in Chapter 3,
Epolito and co-workers (2005) using advanced aitalytechniques (HPLC and LC/ESI-
MS) identified some of the impurities in reacted R&lutions. Based on the foregoing
analysis, all non-linear regressions were condulogsgd on relatively early experimental

data.

5.3.2 Effect of Initial Dye Concentration

The effect of initial dye concentration on the Zd#colorization kinetics of RB4
was evaluated at an initial dye concentration frbd® to 1500 mg/L and at typical
reactive textile dyebath conditions (100 g/L Na&h/L NaCOs and 1 g/L NaOH). This
assay was conducted under anoxic conditions atedld#om 47 to 337 h, depending on
the initial dye concentration. The end-over-endlilenat 4 rpm was used for this assay.
The pH values increased throughout the experimedttlaeir ranges are listed in Table
5.2. Decolorization rates were determined usingoeudo first-order equation and non-
linear regression (equation 5-1). Dye concentratiata, as well as non-linear regression

fits to the pseudo first-order rate equation arewshin Figure 5.4 and Table 5.2. All
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Figure 5.3. UV/Visible spectra during the decolatian of reacted RB4 (Initial dye

concentration 300 mg/L; 100 g/L NaCl, 3 g/L s, and 1 g/L NaOH)(Mixing speed
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Table 5.2. Kinetics of RB4 decolorization by ZVI as function of initial dye
concentratioh

Initial Data Data Initial

Dye b Kobs ; g Kobs ; R®>  Decolorization
conc. PH [h?° Pg;;:ts Valué [h¢ P(%:;lts Value Rate
[mg/L] [mg/L-h]®

100 7.9-8.1 1.520+0.209 7 0.950 1.539+0.180 8 0.95080.3 +14.8

300 7.9-8.1 0.397 £0.058 7 0.961 0.519 +0.061 8 .93D 135.8 £39.0
500 7.9-8.0 0.145+0.033 6 0.917 0.293 +0.057 7 .81D 190.6 +66.1
700 7.9-8.5 0.160 +0.038 6 0.930 0.302 +0.052 7 .85D 246.8 £78.2
1000 7.9-8.5 0.069 +0.016 6 0.922 0.190 +0.042 7 0.80313.0 +103.3
1500 7.8-8.4 0.041+0.008 6 0.946 0.107 +0.028 7 0.749 389.7 £105.0

300 7.2-9.8 0.147 +0.016 9 0.983 0.180+0.018 10 7D9 726=x114

4The end-over-end tumbler at 4 rpm was used (Camditil M iron fillings; 100 g/L NaCl, 3 g/L
Na,COs; and 1 g/L NaOH).

® Denotednitial and final pH values
¢ Non-linear regression without fixed, @neant standard error)

4 Non-linear regression with fixed,@meant standard error)
¢ Meanz standard error

"Reacted RB4 (300 mg/L) in DI water, instead ofghé# and base solution
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Figure 5.4.Effect of initial dye concentration on the ZVI démazation of RB4 (Al
bottles mixed with the end-over-end tumbler at h;rgA) experimentablata based «
absorbance at 598 nm; and (B) non-linear regredg®based on the pseudo firstde
model)(Error bars represettone standard error of the mean).
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regression fits resulted in’Rralues greater than 0.92. The relationship betwaén
constant (k,9 and initial concentration appears to be non-lineeen when plotted
against the square root of concentration and ast fiteby an exponential function
(Figure 5.5A and B). However, as shown in Figuré &nd Table 5.2, the initial
concentration of RB4 was underestimated by the gisdiust-order fit. When the initial
RB4 concentration was fixed, the value of the reactate constant increased but such
regression fits resulted in lower Ralues compared to the case where the initial dye
concentration was taken as a variable. This observahows that pseudo first-order
kinetics do not accurately represent the reacti@echanism (dye decolorization). The
previously presented assumptions for this kinetadeh - such as all dye components
have the same rate constant; the iron reactive sitel pH are constant during the
decolorization assay; and the reaction rate ordarmnity may not be entirely valid.
Epolito (2005b) found that under a relatively cam$tpH, each dye component has a
different rate constant. Figure 5.7 shows the U¥iMie spectra during the ZVI
decolorization of RB4 at an initial dye concentoatiof 1,500 mg/L. As the dye
decolorization proceeded, the absorbance at 598radually decreased and the
absorbance at 485 nm increased due to the formafid®B4 decolorization products.
With prolonged incubation, the absorbance at 485degreased. It is noteworthy that a
residual absorbance at 598 nm was always presénthwas discussed above, based on
previous analyses (Lee, 2003; Epolito, 2004; Epaddit al., 2005a) is attributed to the
RB4 decolorization products and not the parent dg@olito (2005b) used multiple
pseudo first-order kinetics based on each dye coeowhich fit the data better than a

single pseudo first-order rate. It is also possibiat the reaction rate is not truly first-
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Figure 5.6. Pseudo first-order regression fit to4REata over the initial decolorization
time. Case A: gas variable; Case B:,@t fixed value (Conditions: initial reacted RB4
concentration 1,500 mg/L; 100 g/L NaCl, 3 g/L.88&;, and 1 g/L NaOH; experimental
data based on absorbance at 598 nm) (Error barssesyit one standard error of the
mean).
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Figure 5.7. UV/Visble spectra during the decolorization of reactdg84d RConditions
initial RB4 concentration equal to 1,500 mg/L; 1@ NaCl, 3 g/L NaCGQs;, and 1 g/l
NaOH; mixing with en-over-end tumbler at 4 rpm).
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order, but of a shifting order (first- to zero-ordeSeveral studies which used ZVI have
shown that the reaction rate can actually shifeodkpending on the initial contaminant
concentration. At relatively high initial contamimtaconcentrations saturation of the ZVI
surface sites is common in heterogeneous reacdfimmnson et al., 1996; Johnson et al.,
1998; Nam and Tratnyek, 2000; Agrawal et al., 20@veral studies have concluded
that ZVI transformation reactions are either tramspimited (Agrawal and Tratnyek,
1996; Nam and Tratnyek, 2000; Zhang et al., 2002eaction limited (Scherer et al.,
1997; Su and Puls, 1999).

The initial volumetric RB4 decolorization rate dftamg/L-h; equation 5-4] and
the previously discussed site saturation model deo 5-5) were used to evaluate the
RB4 decolorization kinetics. The initial volumetratecolorization rate (r) increased
monotonically but non-linearly with increasing ialtRB4 concentration (Table 5.2 and
Figure 5.8). This behavior may be explained by dhtiration of reactive sites of iron.
Based on the non-linear regression of the expetahelata based on the site saturation
model (equation 5-5), the following parameter valueere obtained: K = 1299 273
mg/L (mean =+ standard error) ang, ¥ 720+ 88 mg/L-h. (mean + standard errorf (&
0.991; n=7).

In order to assess the effect of salt and baseherz¥| RB4 decolorization
kinetics, a set of triplicate serum bottles withimitial RB4 concentration of 300 mg/L in
DI water was also evaluated and the results arenshio Table 5.2 and Figure 5.2. For
the same initial dye concentration (300 mg/L), B4 decolorization rate increased
from 0.147 + 0.016 hto 0.397 + 0.058 tfor the case of DI water and salt plus base,

respectively. Several researchers have observeuehidecolorization rates in the
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Figure 5.8. Non-linear fit of initial volumetric RBdecolorization rate data to the site
saturation model as a function of initial dye cantcation (Conditions: mixing with an
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bars represent one standard error of the mean).
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presence of high salt and base concentrations and been attributed to the positive
effect of ionic strength of the solution to the dlecization rate (Matthews, 2003; Epolito,
2004; Johnson et al., 1998). Therefore, the highasal base concentrations typically

encountered in reactive dyebaths enhance the Zsdldezation rates.

54 Summary

ZV| batch decolorization of RB4 was performedheTeffect of operational
parameters, such as mixing intensity and initiale dgoncentration, on the dye
decolorization kinetics was evaluated. Dye conegiains were based on UV/Visible
absorbance measurements and were used to detededodorization rates using the
pseudo first-order rate equation. As the mixing espeincreased, the observed
decolorization rate constant ((§ increased. However, at the same initial dye
concentration, different types of mixing regimesb{tal versus tumbler) resulted in
significantly different decolorization rates. Taginall together, these observations
demonstrate that the ZVI decolorization process isurface-catalyzed, mass transfer-
limited process. The decolorization rate decreaaedthe initial dye concentration
increased. The site saturation model was used toitfal, volumetric dye decolorization
data, and successfully depicted the experimenté. dBwo operational parameters
(mixing and initial dye concentration) showed tHatolorization of RB4 is mass transfer
limited. Although the multiple pseudo first-ordenda the site saturation models
accurately represent the RB4 decolorization procss single pseudo first-order rate
model was used for the remainder of this researcjeqt due to time constraints and the

seemingly adequate overall data fit obtained. Z¢atment appears to be promising for
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the decolorization of commercial, anthraquinoneripga spent reactive dyebaths, which

upon renovation can then be reused as process wdber dyeing process.
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CHAPTER 6

CONTINUOUS-FLOW ZERO-VALENT IRON RB4 DECOLORIZATION

6.1 Introduction

Zero-valent iron (ZVI) reductive transformation hasmarily focused on in-situ
remediation in permeable reactive barriers (PRBs)réduce halogenated organic
compounds. Many studies have been conducted with téchnology for the
reduction/degradation of dyes, halogenated orgaomepounds, azo- and nitro-aromatics,
arsenate, TNT, RDX, mercury, nitrate, and copperay and Bravo de Nahui, 1992;
Shirakashi et al., 1993; Hao, R. et al., 2000; \&bstff and Johnson, 2001; Loraine et al.,
2002; Lubenow et al., 2002; Melitas et al., 2008; @D al., 2003; Oh and Alvarez, 2004).
ZV1 iron packed beds are flexible and scaleableneet different wastewater loads of
different industries and have been pilot-tested liflgle et al., 2002) and field-tested
(Westerhoff and Johnson, 2001). While key parameaffiecting the reduction process,
such as contact time (or residence time), flow ,raten loading, iron type and
composition, dissolved oxygen, pH, water composijtiand contaminant loading, are
relatively well understood, limited data exist omd-term iron column operation.

The objectives of the work presented here werdqIjesign and characterize a
ZV1 column; (2) to investigate continuous-flow démarzation kinetics of RB4 under
textile reactive dyebath conditions; and (3) toduet a long-term continuous-flow RB4

decolorization kinetic study.
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6.2 Materials and Methods

For the research reported here, two ZVI columnswenstructed. A small, glass
column (column A; Kimble/Kontes chromatography ¢oh) 15 cm long x 4.8 cm inner
diameter (1.D.) was constructed for the evaluatddnthe column characteristics (i.e.,
porosity, hydraulic conductivity, Reynolds numbpore water velocity, and dispersion
coefficient). A continuous-flow RB4 decolorizati@ssay was performed using a 32 cm
long x 4.8 cm |.D. glass column with adjustable columngkld adapters (column B;
Kimble/Kontes). Column end caps, valves, and tubwege made of polypropylene and a
variable speed (1 to 100 rpm) peristaltic pump (eiddex) was used to pump the
solution through the columns in an up-flow modetevent gas entrainment. Figures 6.1
and 6.2 show schematic representations of the tlorms used in this study. Column B
was equipped with 5 lateral ports (capped with kikni valves) at 2.8, 8.5, 16.3, 23.3 and
30.0 cm from the inlet. A stainless steel need®ifith; Popper & Sons) was placed in
each sampling port, pushed till the center of tbieiron and was connected to a 3-way
stopcock with luer.

Sand (ASTM 20/30 Ottawa, IL) was first sterilizendathen 2000 g were placed
into a 5-L Pyrex glass drying dish and covered wikh HCI solution for 30 min. The
sand was then rinsed with D.I. water several tingrsall amounts of sand were then
placed in a 20/30/100-mesh sieve stack and D.lemvaas run over sand until the wasted
water had the same pH value as the D.I. water.s&hd was placed back into the drying
dish, covered with D.I. water and rinsed severaéf. After the excess water was drained,
the sand was placed in an oven at°C3for 3 h, then at 20 for 2 h and then at 180

for 3 h. The sand was autoclaved in a drying Pgiek for 30 min (15 psi, 12C) and
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Figure 6.1. Schematic of the ZVI column A usedtfer hydraulic conductivity test.
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Figure 6.2. Schematic of column B set up usedherdng-term continuous-flow ZVI

RB4 decolorization (Epolito, 2005b).
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kept in an oven at 160G overnight. After cooled to room temperature, #aad was
covered with an aluminum foil and stored until u¢edhin 2 weeks).

Both columns were packed with sonicated/methanehtéd iron fillings
(Connelly, Chicago, IL) and treated sand (ASTM 20/8t a ratio of 50:50 (by weight) to
improve column longevity and permeability. Sammé&0 g of iron and 50 g sand were
mixed thoroughly, the mixture was poured into tlbumns and tapped gently to form
uniform layers until a predetermined column depthsweached. The total weight of
iron/sand mixture was 542.2 and 1151.0 g respdygt{&¥1.5 and 575.5 g of iron) for
column A and B. All experiments were performed undaoxic conditions at 28.

Details on each column assay are described below.

6.2.1 Column Characterization

Sieve analysis of both iron and sand was first ttalen and then the following
column parameters were determined: porosity (nxrduylic conductivity (K), and
intrinsic permeability (k). Tracer tests were pemnied using Kl and KBr in order to
determine seepage velocity (or pore water veloeifyand dispersion coefficient (D) of
the column. These experiments were conducted baseorocedures described in the
AEESP laboratory manual (Stapleton and Mihelci€130

The sieve analysis was carried out separatelyréor and sand, and then the data
were combined for further analysis. Each sieve (MS#10, #14, #20, #30, #40, #60,
#100, and pan) was weighed and then 300.0 g oéreitbn or sand were applied to the
sieve stack. Each sieve was shaken by hand faaat ILO min. The amount of iron or

sand retained on each sieve was gravimetricallgraebed. The g (diameter where
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10% is finer) and g (diameter where 60% is finer) were determined lottipg the
semi-log grain size distribution curve (log graigesversus % finer). The uniformity

coefficient (G) was calculated according to the following equatio

deo
Ci=— -
d1o (6-1)

where: G = uniformity coefficient (or coefficient of unifarity); dip= diameter where
10% is finer (mm); gb = diameter where 60% is finer (mm).

The column porosity was calculated by two differemthods: (1) dry method,
and (2) wet method. For the dry method, the iramdséensity was calculated using the

following equation:

—1_55
n=1-—= (6-2)
Ps

where: n = porosityy, = bulk density (g/c); ps = solids density (g/cf

The dry weight of each empty column and tubing masisured (W). After packing with
iron/sand, the dry weight of each filled columngbhe tubing was measured {\and
then the bulk density of iron/sang,l was calculated using the following equation:

_ Ws-W
Pb Vi

(6-3)

where:p, = bulk density (g/cf); Ws = dry weight of filled column and tubing (g); W =
dry weight of empty column and tubing (g); ¥internal column bed volume (&n

Based on the bulk density of the iron/sand mixigees 3.833 g/cr) and equation 6-2,
the column porosity was determined. The pore vol@whe) of each column was also
determined by the following equation:

V,, =NV (6-4)
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where: \by = pore volume (cf); n = porosity; \ = internal column bed volume (€mn

The wet method for the determination of porositysvaéso used and compared to the dry
method. After packing with iron/sand, the columnserev weighed and
autoclaved/deoxygenated D.l. water was pumped grdlie columns at a flow rate of 1
ml/min. In order to remove any air bubbles, eaclurom was shaken using an electric
vibrator and the water flow continued for at led6t pore volumes (based on the dry
method porosity). After the column bed was fullyterasaturated, the weight of each
column was measured and the pore volume was detednthrough the weight of water
in the columns. The porosity and pore volume ofheaclumn based on these two
methods were compared and the pore volume basdbeowet method was used for
further data analysis.

Column A was used to determine the hydraulic condity (K) and the intrinsic
permeability (k) of the iron/sand bed. Figure éhbws the overall hydraulic conductivity
test cell (column A). Each water head (H) was deteed according to:

H=h+2Z (6-5)
where: H = water head (cm); h = water height oetsiee column; Z = elevation above a
reference level (Figure 6.1)
The hydrostatic pressure acting on the iron/santhéncolumn was determined as the
difference between the two water heads, as follows:

AH=H,-H; (6-6)
The hydraulic conductivity (K, cm/min) was calc@dtusing the following equation:

_ _k aABH ]
Q=-KA (6-7)
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where: A = column cross-section area fgmiH = difference between the two water
heads (cm):4X = column length (cm); Q = water flow rate #min) (AH/AX =
hydraulic gradient).

Before conducting this experiment, the column wasllyf saturated with
autoclaved/deoxygenated D.I. water. Then, 1 L 880nM CaC} deoxygenated solution
was prepared and let flow through the column axedfAX (15 cm) for at least 20 pore
volumes or until consecutive flow rates were wit@ib mL/min. At selectedH (3, 6, 10,
12, and 15 cm), the flow rates were measured basedater weight (volume was more
than 30 mL) 5 times after flow rates were allowedstabilize. The discharge rates (q =
Q/A) were determined and then the hydraulic conditgtwas calculated. Also, the

Reynolds number (fwas calculated at each flow rate using the falhgnexpression:

Re='0q,ud5° (6-8)

where: p = water viscosity (poise = g/s-cmy); = water density (g/cii g = Darcy’s
velocity or discharge velocity (= Q/A, éfs); dso = mean iron/sand diameter (cm). The
water density) and viscosityf) at 23C used to determine the Reynolds number in this
experiment are 0.997542 (g/&mand 0.009316 (g/s-cm), respectively (Stapletod an
Mihelcic, 2001).

The intrinsic permeability (k, cfhof iron/sand column was also calculated using

the following equation:
= — (6-9)

where:u = water viscosity (poise = g/s-cny);= water density (g/cf); g = gravitation

constant (981 cnifs
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Two of the most important transport parametershef ¢olumn, the pore water
velocity (v) and dispersion coefficient (D) were determinedkibyand KBr conservative
tracer tests and use of the CXTFIT 2.0 program lipiovides analytical solutions for
one-dimensional transport models based on the ctiowedispersion equation (CDE)
(Toride et al., 1995). Assuming steady-state flomai homogeneous iron/sand mixture

and first-order reaction kinetics, the CDE equatian be written as follows:

2
a_C+£§:DaE_Va_C_er (6-10)
ot & ot ox ox

where: t = time (min)x = depth (cm);p = bulk density (g/crf); 6 = volumetric water
content (criycn?); C = the concentration of the liquid phase (mg/l§ = the
concentration of the adsorbed phase (mgMg);the average pore velocity (cm/min); D
= the hydrodynamic dispersion coefficient @min); and k = the first-order decay
coefficient for degradation in the liquid phaserfibi
Based on equilibrium assumptions about S, the adimredispersion equilibrium model
assumes local equilibrium (LEA) for solute adsarptand that sorption can be described
by a single linear isotherm:

S=KdC (6-11)
where: S and C are the concentrations in adsombediguid phases at equilibrium; and
Kq is the equilibrium partition coefficient (L/kg) uBstituting equation 6-11 into equation

6-10, the CDE can be expressed as

2
rRC-pIC_, %€ ¢ (6-12)
ot o0x 0x

where: R = retardation factori= (p/6)Ka
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In the case of sorption-related transport, R isagrethan 1.0. In the absence of any
sorption, R is set equal to 1.0. The column trartgparameters were evaluated based on
the above equation without decay (i.e.,=0) and the breakthrough curves (BTCs)
constructed based on the data of the two tracdrar( KBr). Column B was selected for
the tracer tests, because this column was also insedsubsequent RB4 decolorization
assay. For the Kl tracer test, 2 L of 0.33 mM Gatéloxygenated solution and 2 L of 0.2
mM KI deoxygenated solution were prepared and asethe blank and tracer solution,
respectively. The initial concentration of the Kilion and the Caglblank solution
were measured at 225 nm using quartz cuvettes., Al3anarked 20-mL scintillation
vials were prepared and weighed empty. First, ta€lCblank solution was pumped
through the column at a flow rate of 10 ml/min @ min, and then the solution was
switched to the KI tracer solution which was pumpédhe same flow rate for 1.5 pore
volumes. At the same time, column effluent samplese collected in scintillation vials,
and their weight and time were recorded in ordeveofy the solution flow rate. After
1.5 pore volumes of tracer solution had been puntpesugh the column, the CaCl
blank solution was fed to the column for at leaspdre volumes and the sample
absorbance was measured. For the KBr tracer testp20.2 mM KBr deoxygenated
solution was prepared. This tracer test was pesddrias the above described KI tracer
test, and the collected samples were analyzed usimnghromatography (IC). Based on
the data, breakthrough curves were constructedtrengore water velocitw] and the
dispersion coefficient (D) were determined using t8XTFIT 2.0 program. The
retardation factor (R) was also estimated. The nizance of bromide was also

evaluated in order to determine whether a chemézadtion occurred or not.
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6.2.2 Continuous-flow ZVI RB4 Decolorization

For the continuous ZVI RB4 decoloripati column B was set up and operated
(Figure 6.2). The concentration and conditions lé RB4 stock solution for this
experiment represented typical reactive dyebathditons. The salt and base solution
(100 g/L NaCl, 3 g/L NgCOs; and 1 g/L NaOH) was prepared with autoclaved Wwalter
and its pH was adjusted to 7.0. The dye conceatrati the stock solution was 1000
mg/L and was prepared by the addition of reacted RBhe salt and base solution which
was previously purged with He gas to remove abaliged oxygen (DO < 1.0 mg/L). The
dye stock solution reservoir was kept under a He gjanosphere at 5 psig in order to
maintain a constant head pressure and anoxic emmslitThe column and dye stock
solution reservoir were wrapped with black plastiqprevent any light exposure. Flow-
through pH and oxidation-reduction potential (ORfjctrodes were connected at the
column effluent line and both the pH and ORP valuere recorded periodically.

Before the decolorization assay, thiioa was slowly purged with He gas to
remove any oxygen from the column bed, and then wlasvly saturated with
autoclaved/deoxygenated D.l. water at a flow rdtd.0 ml/min for 10 pore volumes.
After full saturation, the column was fed with ttige stock solution (1,000 mg/L RB4).
The flow rate of the stock solution was set atrlfimin, was periodically measured by
collecting the effluent (port 6: 32 cm) of the aolla and, if necessary, the pump speed
was adjusted to maintain the 1.0 mL/min flow ratee RB4 concentration was measured
periodically at each column sampling port. At eaampling time, 1-ml samples were
collected from each column port using a syringe thwedUV/Visible absorbance, pH, and

ORP were measured and recorded. All samples wélextam at rates not exceeding that
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of column flow rate (i.e., 1-mL samples were cdketcfor more than 1 min). Each
sample was diluted if needed with a salt and bakgign (100 g/L NaCl, 3 g/L N&£O;,
and 1 g/L NaOH) in 1.5 ml cuvettes. Samples usedbsorbance measurements were

first centrifuged at 14,000 rpm for 15 min.

6.3 Results and Discussion
6.3.1 Column Characterization

Two columns (A and B) were set up (Feg6.1 and 6.2). Figure 6.3 shows the
grain size distribution of iron, sand, and ironfamixture based on the sieve analysis.
Based on the semi-log grain size distribution cuaseshown in Figure 6.3 and equation
6-1, the following estimates were obtainegs € 1.04 mm, ¢ = 0.51 mm and Cu = 2.04
for iron; dsp= 0.76 mm, ¢h = 0.62 mm and Cu = 0.82 for sand; agel=l0.80 mm, ¢ =
0.60 mm and Cu = 1.33 for the iron/sand mixtures Thiformity coefficient (¢) of sand
was much smaller than that of iron. Based on tgevalue of the iron/sand mixture, the
Reynolds number (@ was evaluated using column A and equation 6aah flow rate
and data are shown in Table 6.1. At flow rates lémn 2.2 ciimin, relatively low
Reynolds numbers ¢ 1.0) were observed. Thus, at these flow rates,flbw was
laminar. For the long-term decolorization assag,dblumn flow rate was set at 1mL/min
(see Section 6.3.2).

The results of column characterizateme shown in Table 6.2. The column
porosity (n) was practically the same for both tiig and wet method. Pore volumes
were calculated, but the wet pore volume estima86.6 and 270.5 chfor column A

and B, respectively) was used for further datayaisl The hydraulic conductivity (K) of
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Figure 6.3. Grain size distribution of iron, saadd iron/sand mixture {gl= diameter
where 10% is finer; 4§ = diameter where 60% is finer).
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Table 6.1. Calculated Reynolds numbers for columat 23C as a function of flow rafe

Flow rate Discharge Velocity Reynolds number
(cr/min) (q = Q/V, cm/sec) (Ro)
1.15+ 0.03 0.063+ 0.002 0.50% 0.014
2.17+0.08 0.12Gt 0.004 0.954t 0.035
4.10+ 0.09 0.226t 0.005 1.79% 0.039
5.54+0.17 0.306t 0.009 2.435 0.073
8.02+ 0.18 0.443 0.010 3.525 0.081

2 Density of waterg) = 0.99754 (g/cr); dso = 0.076 cm; Viscosity of watep) = 0.009532
(g/sec-cm)

® Meanz standard deviation
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Table 6.2. Characteristics of the two iron/sandicols used in this study

Parameters Column A Column B
Bed Length (L, cm) 15 32
Inner Diameter (1.D., cm) 4.8 4.8
Cross-section Area (A, én 18.1 18.1
Bed Volume (V, cn?) 271.4 583.0
Total weight of packed iron/sand (g) 542.2 1151.¢
Porosity (n) Dry method 0.479 0.485
y Wet method 0.496 0.464
Dry method 130.0 282.8
Pore Volume () \yet' method 136.6 2705
Hydraulic Conductivity (K, cm/mirf) 0.468+ 0.048
Intrinsic permeability (k, cR)° 7.60E-8+ 7.8E-9

A ratio of 50:50 iron/sand mixture by weight
® Measured for only column A, and assumed to be&mee for column B
¢ Meanz standard deviation
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column B was determined from the slope value aha bbtained by linear regression
based on Darcy’s law (see equation 6-7 and Figute Bhe intrinsic permeability was
then calculated using equation 6-9. The hydrauwitdactivity and intrinsic permeability
of column B were 0.46& 0.048 cm/min (meatt standard error) and 7.60E87.80E-9
cnt (meant+ standard error), respectively. These values wesaraed to be the same for
column B because the same ratio of iron/sand amd sdime column preparation
procedure was used, except column B was longerdblaimn A.

As discussed above, the CXTFIT 2.0 paog was used to fit KI and KBr
measured normalized concentrations (i.e., JLA&rsus cumulative pore volume data.
Figure 6.5 shows the curve fitting results of BTiizsed on the tracer analysis. Both
tracer tests conducted at a flow rate of 10 mL/had asymmetric shapes and extended
tailing, indicating non-ideal transport (Hu and Bseau, 1995; Zhang et al., 2004). Each
data fit based on the CXTFIT 2.0 program corred#égcribed the extended tailing, but it
failed to describe the asymmetric tracer conceptrgieak. Each fit resulted ifRalues
greater than 0.89. Estimates of the pore watercitgl¢v) and dispersion coefficient (D)
are listed in Table 6.3. The pore water velocitiese underestimated compared to the
measured velocities, which is due to the asymmetizer concentration peak. Relatively
high estimated D values were observed at 10 mL/Béveral studies have shown that D
is directly proportional t@ (Hu and Brusseau, 1995; Beigel and Pietro, 198@hough
these tracers are conservative, the effluent traeak concentration was lower than the
expected concentration of G/€ 1.0). Concentration peaks at a lower value of,G/0.6
were obtained after the elution of 2.2 pore volun@Bservations such as asymmetric

shapes, extended tailings, and low tracer condamtraeaks, can be possibly explained
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determination of the ydraulic conductivity and intrinsic permeability ablumn A a
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Figure 6.5. Experimental data and model fitted kitgaugh curves for the KI and KBr
tracers at a flow rate of 10 mL/min (Data fit basedthe CXTFIT 2.0 program).
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Table 6.3. Experimental and estimated transpoarpater values for column B at°Z3

Experimental values Estimated valués
Tracers - . - - -
Water pore velocity =~ Water pore velocity Dispersion coefficent R2
(v, cm/miny (v, cm/min) (D, cnf/min)
Kl 1.15 0.53+0.01 2.49+ 0.40 0.897
KBr 1.12 0.48+ 0.0 2.65+ 0.48 0.892

®Based on tracer tests and simulation using the /K 2.0 program (flow rate = 10 ml/min and
R =1.0)

® Water pore velocity (cm/min) according to v = QAR

¢ Estimated value: standard deviation
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by (1) high dispersion coefficients due to relavéarge size grain of the iron/sand
mixture in the column, (2) non-homogeneous irordsanixture packing, and (3)
sorption-related non-equilibrium transport. The igraize of iron/sand mixture was
relatively larger than that of sand. Therefore,hkeig dispersion coefficients can be
expected in the case of the iron/sand mixture. Alse distribution of iron and sand in
the column was not completely homogeneous due twityedifference, which may
explain the asymmetric shapes. The extended taliggests that it is primarily sorption
related. Similar sorption/desorption-related nooigrium transport characteristics have
been reported in homogeneous soil columns (Leé,et388; Gaber et al., 1995; Beigel
and Pietro 1999). The tracers can be adsorbedesutiace of iron/sand and result in
extended tailing of the BTCs. In order to evaluaw@ption-related transport, the
retardation factor (R) was estimated using the CXTEO program. Based on the Ki
tracer BTC, the CXTFIT 2.0 program was unable tomege an R value due to the
termination of the experiment at 6.3 pore volumesrgo the observed extended tailing
area. Similar results were observed with the KBcér BTC, in which case the R value
was estimated as equal to 1.14. However, this attimvas not satisfactory as the
standard deviation was much higher than the R Vadwause of limited data points at the
extended tailing area. To determine whether orangtchemical reaction (e.g., reduction
of tracers) occurred in the column, bromide masswvery, determined by trapezoidal
integration of the areas under the BTC, resulte@1im% bromide recovery. The less
than 100% bromide mass recovery is due to thetlfi@ttthe tracer test was terminated at
6.3 pore volumes when the effluent bromide conegioim was still around 7% of the

input concentration. Based on the bromide massvezgpit can be concluded that only
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adsorption/desorption of tracers took place indbkeimn, thus excluding the possibility
of other chemical reactions.

The tracer analysis indicates non-ideahsport characteristics of column B.
Many studies have shown that the CXTFIT 2.0 progparavides a complete toolbox for
fitting transport parameters, though it fails tuegan exact solution for finite columns. As
a result, systematic deviations between the medsanel fitted breakthrough curves
(BTCs) often occur (Toride et al., 1995; Beigel &idtro 1999; Mojid et al., 2004). The
fitted BTCs based on the CXTFIT 2.0 program werngyfaeasonable, although they

failed to predict the tracer concentration peak amderestimated the pore water velocity.

6.3.2 Long-term ZVI RB4 Decolorization Kinetics

This assay was conducted under anaxiditions using column B, lasted for 85
days and used 122 L of reacted 1000 mg/L RB4 swiufThe RB4 solution contained
salt and base to simulate commercial spent readiyebaths and was pumped through
the column at a flow rate of 1.0 mL/min. The inlitigye solution pH was adjusted to 7.0.
Table 6.4 shows the operational conditions of colugn Based on the pore volume
(270.5 cni), the number of pore volumes (PV) was used foa @atalysis. Figure 6.6
shows the color changes during the continuous-fieaolorization of RB4. As can be
seen the color starts as dark blue at the inflgemtt 0), then changes to light blue, then
bluish-green and finally pale-yellow at the efflugport 6), respectively. The column
effluent pH values increased throughout the assalythe ORP values were almost
constant around -550mV (see Table 6.5). FiguresBofvs the absorbance-based RB4

concentration at each sampling port as a functibrpare volumes. The RB4
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Table 6.4. Operational conditions of column B us®dhe continuous-flow ZVI RB4
decolorization assy

Sampling Port
Operational conditions

X0 X1 X2 X3 X4 X5 X6

Height (cm) 0 28 85 163 233 300 320
Residence time (miH) 0 235 714 136.9195.7 252.0 268.7
Flow rate (mL/min) 1.0

Pore volume (ci)° 270.5

l(rr]r:g/i;]dt RB4 concentration 1000

Initial pH® 7.0

& At 23°C room temperature

® Based on a flow rate of 1.0 mL/min

¢ Conversions: 1 pore volume (PV) = 270.5cm4.5 hours (based on 1.0 mL/min flow rate)
4 Reacted RB4 with salt and base solution

¢ Influent RB4 stock solution reservoir
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Figure 6.6. Color change during the continuflos+ decolorization assay at e
sampling port [port O (Ocm), port 1 (2.8cm), por{1%.3cm), port 4 (23.3cm), pok
(30.0cm) and port 6 (32 cm)]. (A) 1.0 pore volurde5(hours); (B) 5.(pore volume
(22.5 hours); (C) 100 pore volumes (19 days); (@) gore volumes (38 days).
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concentration at each sampling port gradually iaseel, and then relatively constant
concentrations (around 500 mg/L) were observed é&mtv200 and 300 pore volumes (38
and 56 days). After that time, the RB4 concentratioall six sampling ports increased
significantly and the column effluent RB4 concetitna reached 800 mg/L after 450 pore
volumes (84 days). Such breakthrough curves mahdeesult of porosity losses due to
(1) RB4 aggregation and deposition on the ZVI stefaand/or (2) formation of iron
precipitates in the column. Similar trends haverbebserved with several column
experiments (MacKenzie et al., 1999; Gu et al.,9198ausaki et al., 2001; Westerhoff
and Janmes, 2003). MacKenzie and co-workers (199§yested that Fe(Ok)FeCQ,
and CaC@in highly carbonated waters would contribute togs@y losses. Formation of
precipitates can then lead to significant changdbe pore water velocity, which in turn
affects reaction kinetics during the long-term @oluoperation. Decolorization rates
were calculated based on the RB4 concentrationadaach sampling port using either a
pseudo first-order rate equation (for 1 and 10Cepaiumes) or a zero-order equation
(for 400 and 450 pore volumes)(Table 6.5). Basedhese results, it appears that the
RB4 decolorization transitioned from pseudo fireler to zero-order kinetics during the
long-term column operation (Figure 6.8). Such simftreaction rate order can be
explained by the saturation of reactive ZVI surfastes. Several studies on ZVI
treatment have used a site saturation model toribesthe shift of rate order at higher
solute concentration (Johnson et al., 1996; NamTaathyek, 2000; Agrawal et al, 2002).
However, the data fit based on the site saturatiodel (equation 5-5) was very poor
because of limited data points. Figure 6.9 showas &éls the pore volumes increased the

observed decolorization rate constantss(ki') decreased as expected. However, the
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Table 6.5. Results of the long-term, continuousg#ld@VI RB4 decolorization using
column B at 23C

Kobs 2 Extent of
Vollilcr):(aas‘i‘ pH’ (Cr)nF\z/I; First-order  Zero-order Vslue Decolorig ation
(hh (mg/L-h) (%)
1.0 9.3 -154  1.892+0.223 0.987 97.5
5.0 7.7 -538 1.127+0.238 0.942 88.1
25.0 8.1 -562 0.836+0.195 0.918 89.4
58.0 8.2 -548 0.506+ 0.130 0.863 87.9
100.0 8.2 -535 0.351+0.097 0.801 81.6
200.0 8.1 -572 N/A® N/A® 55.3
300.0 8.2  -583 N/A® N/A® 50.7
400.0 7.9 -554 0.069+0.009 0.917 36.8
450.0 7.9 -565 0.042+ 0.003 0.968 17.1

aConversions: 1 Pore Volume = 270.5%n%.5 hours based on 1.0 mL/min
® Measured in column effluent samples
“ Meanz standard error

4 Based on the column effluent RB4 concentration @uesd at sampling port X6)
®Not available
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Figure 6.8. RB4 decolorization kinetics by a comtins-flow ZVI column (1.0 mL/min
flow rate; 1000 mg/L influent RB4 concentration@3ambient temperature).
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data were non-linear with respect to the squareaobthe pore volumes, and appear to be
best fit by an exponential function. This obsematcan be explained due to the fact that
each component of RB4 has a different rate constadtdue to ZVI surface sites were
heterogeneously saturated due to non-ideal trahsparacteristics of the column.

To determine the decolorization capacity of coluBinthe following bed depth

service time (BDST) model was used (Hutchins, 1%&&ist and Aly 1987):

T, = —°% - |n(——1J (6-11)

where: T, = time required for the effluent to reach the ktlheough concentration (h);N
= average decolorization capacity per volume ofieoi bed (mg dye/cHi Z = bed
depth (cm); G = column influent dye concentration (mg/L); v adar flow rate through
the bed = Q/A (cm/h); k= decolorization rate constant (L/mg-h); €allowable effluent
dye concentration at breakthrough point (mg/L).

The BDST model has been successfully used in dsgriand predicting the
performance of columns (McKay et al., 1984; Walkeal., 1997; Marlovska et al., 2001,
Netpradit et al., 2003). At 50% breakthrough @iCg= 0.5, Co/G = 2, the logarithmic
term in equation 6-11 becomes zero, reducing th&BI2quation to the following

relationship:

Tg = (6-12)

where: o= time required for the effluent concentration ¢ach 50% (i.e., C/C= 0.50)
breakthrough (h). A plot of the 50% breakthroughky)@ata versus the column bed depth
(2) is shown in Figure 6.10.sd increased with increasing column bed depth asaegde

According to equation 6-12, and based on the shdae, the 50% decolorization
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depth.
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capacity of the ZVI column () was calculated to be 167.0 mg dyeicBased on a total
column bed depth of 32 cm and a pore volume of 267, column B can be operated
with 1.0 mL/min for 67 days with a decolorizatioffi@ency up to 50% and be able to

treat a total volume of RB4 solution equal to 10@ithout any regeneration.

6.4 Summary

Key parameters of the ZVl/sand column, such as iy,o pore volume,
uniformity coefficient, hydraulic conductivity, andtrinsic permeability were evaluated.
Based on Kl and KBr tracer tests conducted at kv fate 10 mL/min, asymmetric
shapes and extended tailing of the breakthroughesuwere observed, indicating non-
ideal transport. Curve fitting of the data basedt@convection-dispersion equation and
using the CXTFIT 2.0 program correctly described #xtended tailing, but failed to
describe the asymmetric tracer concentration pewk umderestimated the pore water
velocity. Such non-ideal transport characteristias be explained by (1) high dispersion
coefficients due to the relatively large size grainthe iron/sand mixture, (2) non-
homogeneous iron/sand mixture packing, and (3)tsorpand dye aggregation-related
non-equilibrium transport.

The decolorization of RB4 was performed with a oamus-flow, ZVI column at
typical reactive dyebath conditions (1 g/L dye,/ base and 100 g/L salt) in order to
determine the feasibility of a long-term, continadlow, dyebath decolorization process.
Based on the observed RB4 effluent concentrati@¥ &lecolorization of RB4 was
achieved for the first 110 pore volumes (21 day8®it. of a 1000 mg/L RB4 solution).

Porosity losses were observed after 300 pore vauchge to formation of iron
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precipitates and/or dye aggregation, which resuteah increase of pore water velocity
and a shift of reaction kinetics from pseudo fostler to zero-order, which in turn may
be attributed to saturation of reactive ZVI surfades during the long-term operation of
the column. The 50% decolorization capacity of cbkimn, estimated from a bed depth
service time plot, was equal to 6350 mg dyé/awhich amounts to treatment of a total
volume of dye solution equal to 100 L without angluenn regeneration. This

information, based on the BDST model, can be usextale up and design ZVI columns

for the continuous-flow decolorization of anthragume-bearing reactive dyebaths.
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CHAPTER 7

BIODEGRADATION ASSESSMENT OF RB4 DECOLORIZATION PRO DUCTS
IN A MIXED, AEROBIC HALOPHILIC CULTURE

7.1 Introduction

Although some research has been conducted on dioetree ZVI decolorization
of azo dyes, followed by biomineralization of theéecolorization products (Tan et al.,
1999; Perey et al., 2002;), limited information ®gion the reductive transformation
(decolorization and mineralization) of reactive haatjuinone dyes and their
decolorization products. Additionally, very limitedsearch has been conducted on the
decolorization of spent reactive dyebaths contgimigh concentrations of both dye and
salt, typically present in spent reactive dyebdttee, 2003; Epolito, 2004; Lee et al.,
2005). This is mainly because typical anaerobic romi@l communities (e.g.,
methanogens) cannot function at relatively high sahditions (Fontenot et al., 2003).
Lee (2003) investigated the decolorization of anspeeactive Blue 19 (RB19) dyebath
by a mixed halophilic culture under various coratis. The spent RB19 dyebath was not
decolorized under aerobic conditions, whereas deealtion up to 87% was achieved
under anoxic conditions. The research presentethis chapter was based on the
hypothesis that ZVI reductive transformation ofhaatjuinone dyes may result in the
formation dye decolorization products that are moramendable to
biodegradation/biomineralization by a mixed, aetobhalophilic culture. RB4

decolorization products were prepared using a Zfimn with recycle, and then were
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fed to a batch halophilic culture in order to ass#®e biodegradation/mineralization
potential of the RB4 decolorization products.

The objectives of the work reported in this chaptegre as follows: (1)
evaluation of RB4 decolorization kinetics and regration of a ZVI column; (2)
assessment of potential inhibitory effects of RBdcalorization products on the
halophilic culture; (3) assessment of possible égrddation and biomineralization of the

RB4 decolorization products under aerobic condgiosing the halophilic culture.

7.2 Materials and Methods
7.2.1 ZVIColumn

In order to generate RB4 decolorization products ttee biodegradation
assessment, a continuous-flow ZVI column (50 cnglenl.9 cm I.D.; Plexiglas) was
constructed (Figure 7.1). Column valves and tubwgse made of polypropylene and a
variable speed (1 to 100 rpm) peristaltic pump (fde=ex; Model 7523-30; Cole-
Parmer) was used to pump the RB4 stock solutiooutiir the column in an up-flow
mode to prevent gas entrainment. The column wakeplawith only sonicated/methanol
treated iron fillings (Connelly-GPM Inc., Chicaghli,) and operated with recycle to
produce and collect a relatively large volume ofalerization products. The first 10 cm
section of the column was packed with iron filingsich passed through an ASTM 12-
mesh stainless-steel sieve to obtain uniform flomt 80 prevent tubing clogging. Larger
filings retained on the ASTM 12-mesh sieve weredusepack a 40-cm column section.
The top 10 cm section of the column was then packidid smaller filings. The total

weight of iron filings was 318.3 g. A 5-L dye stos&lution was prepared at 1000 mg/L
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Figure 7.1. Schematic of the ZVI column used tbe preparation of the RI
decolorization products for the biodegradation gs$section A (10 cm), iron filing
passed through the -mesh sieve; section B (30 cm), iron filings re¢airon the 12nest
sieve; and section C (10 cm), iron filings pas$edugh the 12-mesh sieve].
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of reacted RB4 which represents typical dyebathditmms and was added to a glass dye
reservoir. The dye stock solution reservoir wgst keder a He gas atmosphere wrapped
with a black plastic sheet to prevent any light@syre. The column pore volume was
determined by pumping a known volume of the dyelstsolution through the dry
column at a very low flow rate and collecting tHBuent; the difference in volume was
taken to be the total column pore volume.

The ZVI column was operated under two differentdibans (two runs). The first
column run was conducted with a flow rate of 1.0/min for the first 8 days, and then
changed to a flow rate of 5.0 mL/min. UV/Visiblesabbance and pH of the column
influent and effluent were periodically measuredluthn operation was stopped after 14
days. After regeneration of the column (see bel@angecond column run was conducted
with a flow rate of 1.0 mL/min and was stopped afdedays in order to achieve a
relatively high concentration of RB4 decolorizatimoducts (based on absorbance at 485
nm). UV/Visible absorbance, dissolved organic carfidOC), and pH were measured at
each sampling time. Samples used for absorbancsumegaents were first centrifuged at
14,000 rpm for 5 min. The RB4 decolorization pragusbtained with the two column
runs were kept under a He gas atmosphere°@t uhtil they were used for the
biodegradation assay.

After each column decolorization run, column regatien was used in order to
reactivate the ZVI column, as follows. The colummswfirst flushed with 6-L of
deoxygenated D.I. water, and then flushed with & Ildeoxygenated sulfuric acid (0.01
N H,SQy) at various flow rates (10~20 mL/min). The columas also tapped gently, if

needed, during the regeneration. The column effldenng regeneration was collected
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and a DOC mass balance was performed for the secegeheration. The column
regeneration efficiency was assessed by companagye decolorization kinetics before

and after column regeneration.

7.2.2 Halophilic Stock Culture

A suspended-growth, halophilic, aerobic mixed a@ltwas used in the present
study. This culture was previously enriched fromamoxic sediment sample obtained
from Mono Lake, California (Beydilli, 2001; Lee, @8; Matthews, 2003). Mono Lake is
alkaline and hypersaline with an average pH ofa®@ salinity ranging from 75 to 90 g/L
of NaCl (Oremland et al., 2000). Other researclmerge isolated halophiles from the
anoxic sediments of Mono Lake (Bum et al., 2001chfield and Gillevet, 2002). The
culture was maintained at @2 under fully aerobic conditions and separately igth
glucose and a medium containing yeast extract, nalirsalts, trace metals, vitamins as
well as NaCl at 100 g/L. The composition of thecktbalophilic culture media used in
the development and maintenance of the culturbog/s in Table 7.1 and the metal and
vitamin stock composition can be found in Table® &nd 7.3, respectively. The stock
halophilic culture media did not contain any chesthreducing agent to avoid any abiotic
dye reduction and color removal. The feeding medied for this culture contained 100
g/L NaCl, 0.02 g/L yeast extract, 6.6 g/L NaHC&and 62.6 mL/L of the concentrated
stock media.

The culture was transferred to a 9-L reactor (Bguid volume) where it was
maintained on a 6-hour feeding cycle and aerated vompressed air delivered by a

pressure/vacuum pump (Welch) passed through a watgr (to achieve air
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Table 7.1. Composition of the halophilic stock audt media

Component Concentration Ft(efgi:%iﬁﬁggi)on C Orllggll:lli’gtti off
1. K.HPO, 12.00 g/L 750 mg/L 600 mg/L
2. KH,POy 6.70 g/L 418.75 mg/L 335 mg/L
3. NH,CI 58.06 g/L 3628.75 mg/L 2900 mg/L
4. CaC}-2H:,0 1.35 g/L 84.38 mg/L 67.5 mg/L
5. MgCh-6H:0 2.70 g/L 168.75 mg/L 135 mg/L
6. MgSQ-7H,0 5.35¢g/L 334.38 mg/L 267.5 mg/L
7. FeC}-4H,0 1.35g/L 84.38 mg/L 67.5 mg/L
8. Tracer metals stotk 13.40 mL/L 837.5 mL/L 0.67 mL/L
9. Vitamin stocR 13.40 mL/L 837.5 mL/L 0.67 mL/L

& Composition given in Table 7.2
® Composition given in Table 7.3
“Based on the total feed volume (i.e., glucose +ia)gur feeding
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Table 7.2. Composition of the trace metal stockitsmh used in the preparation of the
halophilic culture medfa

Component Concentration (9/L)(1gexeg:&%e%?lzﬂgz_) Co%:{gr/%gg{tion
ZnCh 0.50 31.25 25
MnCl,-4H,O 0.30 18.75 15
H;BO3 3.00 187.5 150
CoCh-6H,0 2.00 125 100
CuCh-2H,0 0.10 6.25 5
NiSOy-6H,0 0.20 12.5 10
NaMoO,-2H,0O 0.30 18.75 15

& Adopted from Wolin et al. (1963)
b Based on the total feed volume (i.e., glucose +iaqxbr feeding
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Table 7.3. Composition of the vitamin stock solaotiosed in the preparation of the

halophilic culture medfa

Component Concentration Feeding Solution Ccl)rr]lfciLéﬁggtion
(g/L) (16 x diluted) (mg/L) (mg/L)
Biotin 0.20 12.5 10
Folic Acid 0.20 12.5 10
Pyridoxine Hydrochloride 1.00 62.5 50
Riboflavin 0.50 31.25 25
Thiamine 0.50 31.25 25
Nicotinic Acid 0.50 31.25 25
Pantothenic Acid 0.50 31.25 25
Vitamin B12 0.01 0.625 0.5
p-Aminobenzoic Acid 0.50 31.25 25
Thioctic Acid 0.50 31.25 25

& Adopted from Wolin et al. (1963), and Mah and Sn{itB81)
b Based on the total feed volume (i.e., glucose +iaqxbr feeding
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humidification) and a fine pore diffuser. The glsedeed solution and media were added
separately via two peristaltic pumps (MasterFlexadel 7523-30; Cole-Parmer) with the
ON time controlled by a timer. The glucose feedusoh (75 g/L glucose) was kept at
4°C to prevent spoilage due to microbial growth addeal to the culture once every 6
hours at a rate of 30 mL/feeding (2.25 g glucoselifey) resulting in a glucose organic
loading rate of 1500 mg glucose/L-d. The culturealmeolution was added to the culture
once every 6 hours at a rate of 120 mL/feeding. diure was maintained with a 10-
day hydraulic (and solids) retention time and lijwolume between 6 and 7.2 L by
removing 1.2 L of culture every two days. This atdtwas maintained under this feeding
protocol for 10 months. Routine stock culture momitg included pH, dissolved oxygen
(DO), volatile suspended solids (VSS), and dissblweganic carbon (DOC).

In order to determine the biological activity aresific decay rate constant (b,
day?) of the culture, oxygen uptake rate (OUR) measergmwere performed. Culture
aliquots of 1 L were transferred to a 2-L glasscteaat the end of the 6-hour feeding
cycle (i.e., just before culture feeding). The wordt wasaerated with pre-humidified
compressed air passed through a fine-pore stohesedifand was maintained without any
feeding (i.e., under starvation). A magnetic stinpeovided continuous mixing of the
culture. The OUR measurement was started a day déter transferred from the main
reactor in order to confirm starvation conditiorfstiee culture. After one day aeration,
culture samples were then transferred from the redctor to a 300-mL BOD bottle.
Then, an oxygen probe (YSI, model 5750; Yellow 8gsi, Ohio) was immediately
inserted into the BOD bottle which contained a nedignstirring bar. After the meter

reading had stabilized, the initial DO was recorded then monitored over time. The
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OUR was determined from the slope of a plot of ok DO readings (mg/L) versus
time (min) using linear regression. Several OUR sneaments were conducted with the
same culture under starvation over a period of gs.d&ach OUR measurement was
carried out at 2ZZ. The VSS and DOC were also monitored in ordedettermine the
specific oxygen uptake rate [SOUR, mg DO/g VSS.-Tije SOUR was calculated as
follows:

OUR>< 60min
VSE h

SOUR=

(7-1)

where: OUR = oxygen uptake rate (mg/L - min); VS8cfatile suspended solids (g/L).
Under starvation conditions (i.e., substrate cotre¢ion= 0), the net biomass growth can
be described by the following equation:

9% X (7-2)
dt

where, X, = active biomass concentration (mg VSS/L); b =c#medeath rate constant

(d™h). Due to the fact that OUR is proportional tg ¥quation 7.2 can be written as:

A= -pouR) (7-3)

Integration of equation 7-3 yields

In{ OUR } - bt (7-4)

OURo

The specific decay rate constant (b, §awas determined by linear regression

from the slope value of a plot of In[(OUR)/(OE)Rversus time (days).
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7.2.3 Batch Aerobic Biodegradation Assay

In order to assess for any possible inhibitory @ffeand further biodegradation
and/or biomineralization of the RB4 decolorizatipmoducts, an aerobic batch assay was
performed with the mixed, aerobic halophilic cutuAliquots of 3-L of the halophilic
stock culture were concentrated by centrifugatio3®00 rpm for 25 min in order to
obtain a 5-fold concentrated biomass. Four suhiest were prepared using 2-L glass
reactors (1.0 L total liquid volume) as follows és&€able 7.4). One sub-culture was
amended with reacted RB4 (culture A), two sub-a@suwere amended with RB4
decolorization products generated with the firal a@cond ZVI column run (culture B
and C, respectively), and one sub-culture withawt dye (control culture). In addition,
one 2-L reactor was prepared with RB4 decolorizafwoducts generated with the
second ZVI column run and served as an abioticrobnthe control culture without any
dye or dye decolorization products was set up deoto assess any inhibitory effect of
RB4 and/or its decolorization products on the hhiap culture. The abiotic control
reactor was used in order to determine any effédevation on the decolorization
products. An aliquot of 50 mL of the concentratéack media was transferred to each
sub-culture, and then adjusted to pH 7.0 with 1.GHGI. An aliquot of 200 mL of
concentrated halophilic stock culture was then dfamed to each reactor except the
abiotic control. The total liquid volume was 1 Esulting in 25% dilution of the RB4 dye
and its decolorization products. The NaCl conceioinavas adjusted to the same level as
in the stock culture (100 g/L), and then 2 mL oD2¥L glucose solution was added to
each active sub-culture. The initial biomass andcgte concentrations were 1500 mg

VSS/L and 500 mg glucose/L, respectively. Aeratafreach culture was provided by
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Table 7.4. Batch biodegradation assay set-up

Component Control Abiotic Sub-culture A Sub-culture B Sub-culture C

culture Control (RB4) (RB4-products 1) (RB4-products 2)
Salt and base
solution (mL} 750 250 i i i
RB4 dye stock
solution (mL} i i 750 i i
RB4 decolorization i 750 i 750 750
products (mL)
Stock media (mL) 50 - 50 50 50
Concentrated 200 : 200 200 200
culture (mL}
Glucose stock
solution (mL} 2 i 2 2 2
Total volume (mL) 1000 1000 1000 1000 1000

@ SGalt, 100 g/L NaCl; base, 3 g/L }&0O; and 1 g/L NaOH

® 500 mg/L reacted RB4 stock solution with salt hade

¢ RB4 decolorization products (RB4-products 1 and4RBoducts 2) were prepared with ZVI
column run 1 and 2, respectively.

4 3-L of the halophilic stock culture was 5-fold centrated by centrifugation at 3500 rpm for 25
min.

€250 g glucose/
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pre-humidified compressed air passed through agdore stone diffuser. A magnetic
stirrer provided continuous culture mixing. Thedbaassay lasted for 28 days. A second
phase of the batch assay began with another additiglucose at the same concentration
(500 mg glucose/L) and lasted for 13 days. UV/\Mesiabsorbance, VSS, DOC, and pH
were periodically measured during each phaSamples used for absorbance
measurements and DOC were first centrifuged atOD4pm for 5 min. All assays were

conducted at 2Z.

7.3 Results and Discussion
7.3.1 RB4 Decolorization by a Continuous-flow [Z%Ilumn

The continuous-flow, ZVI column decolorization kires and regeneration
efficiency of the column were investigated with iafluent RB4 concentration of 1,000
mg/L at high salt and base conditions typicallycduge reactive textile dyebaths. The
porosity and pore volume of the ZVI column wereedetined to be 0.663 and 94.0 mL,
respectively. As explained in the Materials and i\els section above, two column runs
were performed. As a result, two different solus@fi RB4 decolorization products were
generated and were kept d&C4under a He gas atmosphere (RB4-products 1 and RB4
products 2, respectively). Dye concentrations bagsedUV/Visible absorbance
measurements were used to determine decolorizadit®s based on the pseudo first-
order rate equation (equation 5-1) by non-linegression. RB4 profiles during the first
column run and non-linear regression fits to theup® first-order rate equation are
shown in Figure 7.2. All regression fits resulted/ values greater than 0.994. As the

flow rate increased the observed overall, decation constant increased. During the
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Figure7.2. Influent and effluent concentration @d4Rduring the first column run with
recycle: (A) RB4 concentration profiles over thestfi8 days at a flow rate of 1.0
mL/min; (B) RB4 concentration profiles after theciease of the flow rate to 5.0

mL/min (closed system with recycle of the columftueit to the dye reservoir).
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column operation, about 40 and 50% of the initia dolution DOC was not accounted
for in the column influent and effluent, respectwvé-igure 7.3), which is attributed to
either adsorption of decolorization products andlpe aggregation in the ZVI column.
Figure 7.4 shows the UV/Visible spectra during ¢oatinuous-flow ZVI decolorization
of RB4 at an initial concentration of 1,000 mg/Ls Aye decolorization proceeded, the
absorbance at 598 nm gradually decreased and Hwebaimce at 485 nm increased as
expected due to the formation of RB4 decolorizaporducts. A lower absorbance at 485
nm was observed for the RB4 decolorization prodotisined in the first column run
after 14 days of column operation compared to thsodbance of the decolorization
products obtained in the second column run afteda$s of column operation. As
explained in the Materials and Methods section abthe goal of the second column run
was to achieve a significant degree of RB4 deczdbion, but also a relatively high
concentration of decolorization products.

The regeneration efficiency of the column was eatdd using D.l. water and a
sulfuric acid solution after the first and secowtuon run. Due to the fact that 40 to 50%
of the dye stock solution DOC was not accountedbfprDOC measurements of the
column influent and effluent, a DOC mass recoves\investigated by trapezoidal
integration of the area under the column efflue@@concentration curve. Based on the
DOC value of the RB4 decolorization solution and tOC recovered during column
regeneration, a DOC balance of 92 and 86% was eethiéor the first and second
column run, respectively. As mentioned in previebapters, loss of column reactivity
may be attributed to (1) aggregation and adsorptbiRB4 and its decolorization

products; and/or (2) ZVI surface coverage by ironr@sion products. During column

111



DOC (mg/L)
=
8

75
50 _
O  Influent (= reservoir)
25 O Effleunt
0 EJ_I T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time (Days)

Figure7.3. DOC profiles during the second ZVI cotunan with recycleof the columi
effluent to the dye reservoir (Influent RB4 equallt000 mg/L) (Error bars represent +
standard error of the mean).
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Figure 7.4. UV/Visible spectra during the continadlow decolorization of reactt
RB4 using a ZVI column with effluent recycl® the dye reservoir (Initial d
concentration 1,000 mg/L; 100 g/L NaCl, 3 g/L.,8&s;, and 1 g/L NaOM (A) first
column run (14 days); (B) second column run (3 glays
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regeneration, the acid solution dissolved and resdaorrosion products which covered
the ZVI surface. After the first column regeneratidhe RB4 decolorization kinetics
under the same column operational conditions werepared to those obtained during
the first column run and results are shown in Fegérs. Based on these results, very
similar RB4 decolorization kinetics were obtaindteacolumn regeneration. However,
the operation time was relatively short (less thdndays) and the column was operated
with recycle of the column effluent back to theueint reservoir. Thus, it is expected that
long-term column operation may result in slower aleczation kinetics due to the
change in column porosity and accumulation of iconrosion and dye decolorization
products. Lai and co-workers (2000) showed thailaed sulfuric acid was the most
effective in restoring the Ni/Fe activity in contious-flow columns, although a decrease
in reaction kinetics was observed with long-ternuom operation and multiple column

regenerations.

7.3.2 Halophilic Culture Performance

The halophilic culture was maintaineader fully aerobic conditions (4.0 mg
O,/L) for 10 months at ZZ. The organic loading rate was 1500 mg glucose/T e
steady-state biomass concentration and pH were 20 + 150 mg VSS/L and 8.6
0.3 (meant standard deviation). Several OUR measurements perermed with a
subset of the halophilic culture which was mainggirunder starvation conditions in
order to estimate the specific death rate constantay'). The results of OUR
measurements along with DOC and VSS data are showable 7.5. Figure 7.6 shows

the DO profiles and the OUR plot for the estimatdrthe specific death rate constant of
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Figure 7.5. Comparison of RB4 decolorization kicgtby the ZVI continuous-flow
column (with recycle of the column effluent to tkhlge reservoir) before and after
regeneration (Initial dye concentration 1,000 mdlay rate 1.0 mL/min).
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Table 7.5. Results of the OUR measurements withhidephilic culture kept under
starvation conditions

Time OUR VSS SOUR DOC
(day) (mg Oy/L-min)® (mg/L)® (mg Qg VSS-h)  (mg/L)"
o 0.118+ 0.002 (0.999; 6) 747+ 32 9.478 58.3+ 19.8
1 0.078+ 0.001 (0.999; 6) 71839 6.476 40.6+ 4.3
2 0.058+ 0.001 (0.999; 6) 704 29 4.960 45.3+ 4.6
3 0.045+ 0.001 (0.999; 6) 624 35 4.288 51.8+ 4.5
4 0.034+ 0.001 (0.997; 6) 636 12 3.245 51.7+2.1
5 0.024+ 0.001 (0.996; 6) 608 15 2.335 56.1+ 0.3

% Initial OUR was measured a day after the cultuas vemoved from the main reactor.
® Meanz standard deviation
° R% number of data points)
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Figure 7.6. DO profiles (A) and OUR plots for thstimation of the specific death
constant (B) of the halophilic culture incubatedienstarvation conditions.
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the halophilic culture based on OUR measuremerdsdan a linear regression of the
OUR data according to equation 7-4. The followisgreate was obtained from the OUR
measurements: b = 0.3&70.008 d" (mean+ standard error; R= 0.994;n = 7). Overall,

a relatively high specific death rate constant #alas observed for this culture. Figure
7.7 and Table 7.5 show DOC, VSS, OUR and SOUR ftatahe halophilic culture
during the OUR measurements. Under starvation tiondi the biomass concentration
and OUR decreased over time as expected. An idiéiadease in DOC was also observed,
but then after the first day of culture incubatmder starvation conditions, the DOC
concentration gradually increased until the lasasneement (day 5). The increase in
DOC is attributed to the very high value of cultdesath rate constant. A similar increase
in DOC was observed in a previous study using #meshalophilic culture (Lee, 2003;

Matthews, 2003).

7.3.3 Biodegradation Assessment of RB4 Decadtion Products

This part of the research examined plogential biodegradation of the RB4
decolorization products with the halophilic, mixedlture as well as their potential
inhibitory effects on the culture. All assays weonducted under aerobic conditions and
lasted for 41 days. The initial biomass concerdratif each culture was 1,520 + 210 mg
VSS/L (mean + standard deviation). During theseayssthe pH in all four cultures
remained between 6.5 and 8.0. After 28 days ofbatian, the cultures pH was adjusted
to 7.0 and all cultures were amended with glucageeasame initial concentration (500
mg/L) in order to examine possible aerobic bioddgt@n of RB4 decolorization

products with prolonged culture incubation.
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culture under starvation conditions.
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The DOC profiles in all cultures over the entiredegradation assay period are
shown in Figure 7.8A and B. The initial DOC coneatibn in the cultures amended with
either RB4 or its decolorization products was re&y higher than in the control culture
due to presence of the dye or its decolorizatimupects. After the first glucose addition,
the DOC concentration decreased rapidly in allurel. However, after the second
glucose addition, relatively lower rates of glucesemsumption (inferred from the DOC
values) were observed in all cultures, as showfigure 7.8C, especially in the two
cultures amended with RB4 decolorization produdise relatively lower glucose
consumption rates may be attributed to the lowemlaiss concentrations remaining in
these cultures after 28 days of incubation undewation and high death rate (see below).
It is noteworthy, that after the glucose consumptieas complete, the residual DOC
concentration in all cultures, including the cohtrolture, remained relatively unchanged,
which indicates that the dye- and dye productsvedriDOC did not degrade under the
conditions of the halophilic culture even with mmeged incubation. The VSS profiles in
all cultures over the entire biodegradation assayyod are shown in Figure 7.9. Each
culture showed a similar trend of the VSS proféhile the VSS of the control and RB4-
amended culture rapidly decreased by 50% withinfitet 5 days of incubation, a
significant decrease of the VSS concentration enttto cultures amended with the RB4
decolorization products was not observed withira§sdof incubation. This difference in
VSS concentration during the first 5 days of indidsamay be attributed to a possible
utilization of a low concentration of degradablempmnents of RB4 decolorization
products. After a prolonged incubation, the VSSoamtration in these two cultures

decreased and matched that of the control and Rihded cultures (Figure 7.9). Based
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on glucose consumption and VSS data, RB4 and dslolézation products did not have
any significant inhibitory effect on the halophilzulture. Similar results have been
reported for three spent azo dyebaths and thewlalézation products tested with the
same halophilic culture under various conditionsgland Pavlostathis, 2003).

The consumption rate of biodegradable DOC in thtetbhiodegradation assays
was described by the Monod model:

d(DOC) _ k DOC

= (7-5)
dt Ks+ DOC

where, DOC = biodegradable dissolved organic carlpog/L); k¥ = maximum
biodegradable DOC utilization rate for a constantriass concentration (mg DOC/L-h);
Ks = half-velocity coefficient (mg/L)

Integration of equation 7-5 yields

DOC=DO0OGC; - Ks In(DOCj -k't (7-6)
DOGo

Based on non-linear regression of the biodegradal€ data as shown in Figure 7.10
according to the above equation, the followingreates were obtained. Control culture:
Ks= 5.8+ 4.7 mg/L and k' = 260.% 36.7 mg/L-h (mear standard error; R= 0.986:n

= 6); RB4-amended culture:sk 20.5+ 4.5 mg/L and k' = 323.% 4.0 mg/L-h (meart
standard error; R= 0.976;n = 6); culture amended with RB4 decolorization prots 1
(first column run): K = 18.8+ 4.8 mg/L and k' = 289.& 37.0 mg/L-h (meas standard
error; R = 0.974;n = 6); and culture amended with RB4 decolorizatpoducts 2
(second column run): &= 19.5+ 7.7 mg/L and k' = 547.2 101.4 mg/L-h (mear:

standard error; R= 0.988;n = 5).
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Figure 7.10. Non-linear fit of the Monod model teetbiodegradable DOC (glucose)
concentration profiles (A) control culture withany dye amendment; (B) RB4-amended
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during ZVI column run 1 and 2, respectively.
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The UV/visible spectra and absorbance profilesadh 485 and 598 nm for the
cultures amended with RB4, its decolorization patgand the abiotic control are shown
in Figures 7.11 and 7.12. A significant increasehaf absorbance at the characteristic
wavelength of RB4 (i.e., at 598 nm) was not obsgrdering this assay and any
significant change of the absorbance at both 48&amin598 nm was not observed in the
culture amended with RB4. However, a significantrdase of the absorbance at the
wavelength of the RB4 decolorization products (ia¢.485 nm) was observed in both
cultures amended with RB4 products and the abgatitrol. This observation is contrary
to a previous report which attributed the decreasethe absorbance of RB4
decolorization products to aggregation enhancemedecolorization products upon re-
aeration (Lee, 2003). In the case of the abiotittrod, aeration may have resulted in a
low extent of chemical oxidation of RB4 decoloripat products. However, it is
noteworthy that a decrease of the absorbance and8h the cultures amended with the
RB4 decolorization products did not result in aor@ase of absorbance at the 598 nm.
Thus, it is possible that in the case of culturegrded with RB4 decolorization products,
either chemical oxidation took place at a lowereextand/or re-oxidized decolorization
products may have aggregated on the biomass araeehduring the centrifugation step

of sample preparation before absorbance measurement

7.4 Summary
The continuous-flow, decolorization kinetics aedeneration efficiency of a ZVI
column were investigated in order to prepare RBdotteization products for the

biodegradation assay under spent textile reactigbath conditions. During column
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Figure 7.11. UV/Visible spectra during the biodetatgon assay in the halophilic culture
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operation, between 40 and 50% of the initial dyeM®as not accounted for in the
column effluent, and was retained within the coluasy shown by a DOC balance
performed based on the DOC values of the colleR&d decolorization products and the
column effluent during column regeneration. Columgeneration using D.l. water and a
sulfuric acid solution resulted in column reactivat and similar RB4 decolorization

kinetics to these of the original column run.

In order to assess possible inhibitory effects aimtlegradation of the RB4
decolorization products, an aerobic batch biodemjrad assay was performed with a
mixed, aerobic halophilic culture. Based on OUR soeements, a relatively high
specific death rate constant was estimated fordhisire. Both the carbon source (i.e.,
glucose) utilization and biomass levels were néecaéd by the addition of RB4 or its
decolorization products. However, significant bigaelation and/or mineralization of
RB4 decolorization products was not observed isdlmiltures maintained under aerobic
conditions. Partial absorbance decrease at theadesistic wavelength of the RB4
decolorization products during aeration may beilaited to either a low extent of

chemical oxidation and/or products aggregationassibciation with the biomass.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

One of the most commercially significant anthraguia reactive dyes, Reactive
Blue 4 (RB4), was chosen for the assessment of-waemt iron (ZVI) reductive
decolorization and the biodegradation of its degpéion products. Significant research
was performed in order to evaluate the key operatigparameters of ZVI batch
decolorization and continuous-flow ZVI decolorizatikinetics under anoxic conditions,
as well as the potential for the biodegradationR&4 decolorization products in a
halophilic culture under aerobic conditions.

In this study it was found that ZVI decolorizatiohRB4 is mass transfer limited
based on two operational parameters (mixing intgmsid initial dye concentration). The
high salt and base concentrations typical of speattive dyebath conditions enhanced
the rate of RB4 decolorization. It was also foulnalt tcontinuous-flow ZVI decolorization
is feasible, but porosity losses and a shift ottiea kinetics can occur in long-term
column operation. ZVI decolorization of RB4 in tmesearch was successfully described
with a pseudo first-order or a site saturation nho@lee decolorization products had no
inhibitory effect on the halophilic, aerobic cukuibut were not further mineralized.

Based on the results of the present study, thewiollg specific conclusions can
be drawn:

1. The ZVI decolorization process is a surfeatlyzed, mass transfer-limited
process. As the mixing speed increased, the oldel®eolorization rate constant

(kob9 increased. As the initial dye concentration iasexl, a decrease of the dye
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decolorization rate was also observed. RB4 was ldezed faster under
hypersaline conditions than RB4 in D.l. water.

Non-ideal transport characteristics were obeerin a continuous-flow ZVI
column. Based on Kl and KBr tracer testy/masetric shapes and extended
tailing of the breakthrough curves were observelde TXTFIT 2.0 program
based on the 1D advection-dispersion equation cityrdescribed the extended
tailing, but failed to describe the asymmetric ¢raconcentration peak and
underestimated the column pore water velocity.

Up to 80% decolorization of 1,000 mg/L RB4swachieved in the continuous-
flow ZVI column for the first 110 pore volumes (2ays or 30 L). Therefore,
continuous-flow ZVI decolorization of anthraquinoneactive dyes is feasible.
However, porosity losses and a shift of reactiametics occurred after a long-
term column operation. Porosity losses were obseafter 56 days of continuous
operation due to formation of iron precipitates /andlye aggregation, which
resulted in an increase of pore water velocity arsthift of reaction kinetics from
pseudo first-order to zero-order.

Both carbon source (i.e., glucose) utilizatiamd microbial growth were not
affected by the addition of RB4 or its decoloripatiproducts generated using a
continuous-flow ZVI column with effluent recycle. oMever, biodegradation
and/or mineralization of RB4 decolorization produgtas not observed after a
long-term incubation of a halophilic, aerobic cuttuPartial absorbance decrease

at the characteristic wavelength of the RB4 de@dtion products (i.e., 485 nm)

130



may be attributed to either a low extent of cheinmadation and/or products

aggregation and association with the biomass.

This research demonstrated the fedgibdf ZVI decolorization of reactive
anthraquinone dyes which will help in the developmef a continuous-flow, dyebath
decolorization process and the possible reuse efréhovated dyebath in the dyeing
operation. Such system could lead to substantchiateon of water usage as well as a
decrease of salt and dye discharges.

One of the limitations for the research presentex hwvas the lack of advanced
techniques for the identification of the RB4 decaation products due to time
constraints. Liquid Chromatography/Mass SpectroymdtrC/MS) analysis was not
conducted at the time this research ended. Sudiisasawill lead to better understanding
of decolorization pathways and identification ofcdkerization products will provide
useful means to investigate the potential for gadesibiomineralization of RB4

decolorization products in future studies.
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APPENDIX A

CALIBRATION CURVES
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Figure A.1. Calibration curve for reacted RB4 in vater (Absorbance at 598 nm).
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