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Abstract

The monochloroacetic, dichloroacetic and trichloeiec acid (MCAA, DCAA
and TCAA) removed by metallic iron under controllddsolved oxygen conditions
(0, 0.75, 1.52, 2.59, 3.47 or 7.09 mg/L DO) wasestigated in well-mixed batch
systems. The removal of CAAs increased first amah tthecreased with increasing DO
concentration. Compared with anoxic condition, tba@uction of MCAA and DCAA
was substantially enhanced in the presence gf vihile TCAA reduction was
significantly inhibited above 2.59 mg/L. The 1.52)fin DO was optimum for the
formation of final product, acetic acid. Chlorineass balances were 69-102%, and
carbon mass balances were 92-105%. With sufficieads transfer from bulk to the
particle surface, the degradation of CAAs was kaiiby their reduction or migration
rate within iron particles, which were dependenttmchange of reducing agents and
corrosion coatings. Under anoxic conditions, thduotion of CAAs was mainly
inhibited by the available reducing agents in tbaductive layer. Under low oxic
conditions, the increasing reducing agents andlépiocrocite layer were favorable
for CAA dechlorination. Under high oxic conditiorte redundant oxygen competing
for reducing agents and significant lepidocrocitewgh became the major restricting
factors. Various CAA removal mechanisms could beepiially applied to explaining
the effect of DO concentration on iron efficien@y tontaminant reduction in water

and wastewater treatment.

Keywords. Dissolved oxygen (DO); Iron; Corrosion productgnidval mechanism;
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Chloroacetic acids

1. Introduction

In recent years, zero valent iron {Fand F&doped particles have been shown
very efficient for the aqueous removal of varionsrganic and organic contaminants
(Cundy et al., 2008; Fu et al., 2014; Gunawardaré €2011; Henderson et al., 2007;
Li et al.,, 2006; Noubactep, 2008; Scott et al., 1J0IThe potential effect of the
coexisting oxidants on iron corrosion, such as exy{) or chlorine, has attracted
considerable attention (Jung et al., 2011; Rahnmah Gagnon, 2014; Sarin et al.,
2004a, 2004b; Stratmann and Mduller, 1994; Wangl.et2812; Zhang and Huang,
2006). However, limited investigation have been plated examining the influence
of O, on the removal of contaminants by iron (Ghauchl¢t2010, 2011; Huang and
Zhang, 2005; Wang et al., 2010). The rate condtantarbon tetrachloride reacting
with iron under an oxic condition was significantbwer than that under an anoxic
condition (Helland et al.,, 1995). The presence of i® the iron-water system
decreased the removal efficiency of nitrate (Wéstirand James, 2003) and bromate
(Xie and Shang, 2007), and slowed the reductiobromoacetic acid (Zhang et al.,
2004), trichloropropanone (Lee et al., 2007) amibfietnac (Ghauch et al., 2011). The
rapid removal of carbon tetrachloride and trichlhylene using iron and
palladized-iron cathodes was not interfered eveanwburging the raw water with air
(Li and Farrell, 2000). The nitrate reduction couldintain stable under various oxic

conditions if amending iron with the aqueous fesraan (Huang and Zhang, 2005).
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The existing @ failed to inhibit with the quick degradation ofbitomoacetic acid,
trichloronitromethane and trichloracetonitrile, wii were mass transfer limited
species (Lee et al.,, 2007; Zhang et al., 2004). Saitiractive results have been
reported on the enhancing effect of @n iron efficiency for the removal of dye
(Wang et al., 2010) and diclofenac (Ghauch et28110) in a batch system, and the
reduction of nitrate (Westerhoff and James, 200@) éhromium (Yoon et al., 2011)
in a packed column.

A potential mechanism for different,Qoles was involved the formation of
various iron corrosion products, which served gehgsical barrier, a semiconductor
or a coordinating surface in the core-shell stmectof iron corrosion (Scherer et al.,
1998; Sarin et al., 2004a; Yan et al., 2010). UyaBemirer and Bowers (2003)
reported @ acted as an irreversible inhibitor of the triclolethylene reduction based
on the assumption of magnetite and maghemite foramethe iron surface. Huang
and Zhang (2005) reported maghemite or lepido@ogtoduced under oxic
conditions would decrease the removal efficiencyrarfi, while magnetite even in a
substantial thickness might not impede the nitratkiction. In these researches® Fe
was widely regarded as an effective reductant ¢tineduction), which was
responsible for the decrease of contaminants (@illland O'Hannesin, 1994; Li et al.,
2006; Matheson and Tratnyek, 1994). Due to ubigsitoxide films decreasing the
accessibility of iron surface, the observed remowal contaminants was
predominantly mediated by aqueous and/or solid oston products through

adsorption, co-precipitation and subsequent intirecuction by other reducing
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agents except for BéNoubactep, 2008, 2010, 2011, 2014; Noubactep. e2@10).
The reducibility of aqueous and solid iron corroswas usually ignored, although the
aqueous, absorbed or structural divalent irofl&s thermodynamically capable of
reducing some pollutants (Chun et al., 2005, 200ther et al., 2002; Schlautman
and Han, 2001; White and Peterson, 1996). The eenaent on removal efficiency
of iron was reported with coexisting iron mineradach as magnetite (Coelho et al.,
2008; Huang and Zhang, 2006; Mak et al., 2011 emyrest (Cho et al., 2010), pyrite
(Kim et al.,, 2013) and ferric hydroxide (Song et, &013). The availability of
aqueous or solid Fementioned above was almost conducted under amoxidition

to restrain the rapid oxidation of Fey O,. Hence, the evolution of reducing ability
or agents for contaminants in iron/water systemeundrious oxic conditions was
necessary to investigate in order to promote idiegtion in the treatment of surface
water and wastewater.

As important byproducts of the chlorination of wai@nd wastewater, the
chloroacetic acids (CAASs) including monochloroacetcid (MCAA), dichloroacetic
acid (DCAA) and trichloroacetic acid (TCAA) werdeeted as the model compounds.
The batch experiments with a controlled DO coneiutn ranged from 0 to 7.09
mg/L were analyzed over a 2-h reaction period, rdusvhich the liquid and solid
were periodically sampled to determine the evolutid CAA degradation processes
and iron corrosion products. The removal mecharo§r@AAs affected by various
DO concentrations was also explored in the iroréwaystem.

2. Materialsand methods
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2.1. Chemicals

The analytically pure MCAA, DCAA and TCAA were bdutgfrom the Tianjin
Fuchen Chemical Regents and Sinopharm ChemicaleReg@hina), respectively.
The standard solution for CAAs (2000 mg/L eachjmie acid, ammonium formate
and sodium carbonate (analytical reagent) werehaised from Sigma-Aldrich (USA).
The chromatographically pure methanol and aceitivere obtained from Fisher
Chemicals (USA). The analytically pure sodium cider hydrochloric acid, sodium
hydroxide, ferrous chloride and magnetite were hodigpm Beijing Chemical Works
(China). Akaganeite substituted for lepidocrocitaswsynthesized for convenience
(Chitrakar et al., 2006).
2.2. 1ron pretreatment

The raw iron particles were collected from a lotenufacturing factory, which
had some grease on the surface. The particles fivergpassed through two sieves
(0.2 and 1.0 mm), then soaked in a detergent soldtr 24 h for oil removal, then
rinsed in sequence with tap water, deionized water ultrapure water for residual
detergent removal, and finally stored in ultrapuvater. The final iron particles
contained black coatings and the specific surfaea aneasured via BET was 1.50
m?/g. Fresh iron without oxide films was preparedwitM hydrochloric acid lasting
for 10 min, then rinsed with deoxygenated watelilurd chlorine ion detected in
water.
2.3. Dissolved oxygen control

Refreshing the headspace at a 10-min intevaal an effective way to maintain a
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stable DO concentration in the reactor. This openatonsisted of the following steps.
(1) A reactor was taken down from the rotator. T&p needles were inserted through
the silicone stopper of the reactor and one of theam connected with high-purity
nitrogen gas (B lasting for 20 s. (3) A specific amount of @as injected into the
headspace. (4) Two needles were palled out afteémgdor 3-5 s, ensuring that the
gas pressure in the reactor was the same as anpiéssiure. The volume of adopted
Oz included 0, 0.5, 2, 5 and 8 mL and a stream p#@s used to provide the highest
DO concentration.
2.4. Experimental System

The initial solution containing approximately 25 p®@AA was prepared using
ultrapure water. After adjusting pH to 7.0 with Na@nd HCI, CAA solution was
purged with N for 1 h. Deoxygenated CAA solutions (55 mL) ar@hiparticles (0.55
g) were transferred into a 65-mL brown bottle. Hoétle was sealed a screw thread
cap with PTFE-faced silicone septa, then suppligd ®,, and finally loaded onto a
rotator at 40 rpm. The samples were collected &t @0, 20, 30, 45, 60, 75, 90 and
120 min. Approximately 2 mL samples were prefemdhtiwithdrawn from the sealed
reactor for prompt DO measurement. A certain amainsolutions, after passing
through a 0.2 um pore size syringe-mounted filiate collected for the chemical
concentration analyses. The suspended precipitateater and corrosion coatings on
iron surface were collected to analyze their ptagigicoperties. All batch experiments
were performed at room temperature (25 + 1 °C}Yhis paper, data represented the

mean and standard deviation of duplicates.
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2.5. Analytical methods

MCAA, DCAA and TCAA were determined by LCMS withoptetreatment. A
high-performance liquid chromatography (Agilent Q29SA) was equipped with an
Agilent Eclipse Plus C8 RRHD (1i8n x 2.1 mm x 50 mm). The two mobile phases
were pure methanol and ultrapure water containid§oOformic acid and 0.125 mM
ammonium formate. A triple-quadrupole mass speattem(Agilent 6460, USA) was
equipped with an electrospray ionization sourceraipe in the negative ion mode.
The optimized mass spectrometry parameters weremanaed as follows: gas
temperature of 300 °C, gas flow of 7 L/min, nebedipressure of 35 psi, sheath gas
heater temperature of 325 °C, sheath gas flow df/dfin; capillary voltage of 0 V.
The precursor and product ion for MCAA weréz 93 andm/z 35.1, and those for
DCAA werem/z 127 andn/z 83 and those for TCAA were/z 116.9 andnwz 35.

AA and chloride ion were analyzed using an IC (Mdkin 761, Switzerland)
coupled with a conductivity detector and a Metro8epupp 7 column together with a
background electrolyte containing 5% acetonitritd 8.6 mM sodium carbonate. DO
was measured using an oxygen electrode (INESA #OSHK; China) calibrated with
deoxygenated water and air-saturated water at reomperature. BET surface area
was observed by a porosimetry analysis (Micronesrifiristar 3020 1, USA). To
detach corrosion coatings, iron particles were aotetl in an ultrasonic cleaner (Kun
Shan KQ-500DB, China) at 200 W power lasting formiih (Zhuang and Huang,
2006). After filtration, both suspended precipitaéed surface coatings were prepared

for X-ray diffraction (XRD) (Rigaku Dmax 2500, Japaand scanning electron
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microscope (SEM) (Carl Zeiss Merlin, Germany).
2.6. Experimental result expression

The pseudo-first order model (1) was applied tacdles the removal of CAA in
reaction system since iron particles used was kepixcess (10 g/L) toward each
CAA (25 pM).

c=Ce™ (1)

WhereC was the CAA concentration (UM) at any reactionetinfmin), Co was
the initial CAA concentration (LM was the pseudo-first-order rate constant {in
The observed pseudo-first-order rate constants determined from the slope of the
linear regressions obtained by plotting3iTy) versus reaction time,
3. Results
3.1. Dissolved oxygen concentration

When the reactor headspace was periodically refcesising above-mentioned
procedures, the DO concentration was kept stalle @f75 + 0.14, 1.52 + 0.17, 2.59
+ 0.23, 3.47 £ 0.25, and 7.09 £ 0.83 mg/L (Fig. The negligible DO concentration
detected in the anoxic system could be attributedhe Q dissolution during
determination.
3.2. CAA removal and reaction kinetics

The effect of DO concentration on the reductiol€éfAs by iron was shown in Fig.

2. When the DO concentration was at 0, 0.75, 258 3.47 and 7.09 mg/L, the final
removal efficiency of MCAA was 1.25%, 19.6%, 27.524,.3%, 19.9% and 14.4%,

and that of DCAA was 26.1%, 64.2%, 68.1%, 49.4%9%3and 22.4%, and that of
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TCAA was 77.2%, 80.5%, 75.3%, 54.4%, 42.0% and %6.6espectively. It was
found that gradually increasing DO concentratiorthia reactor, the CAA removal
efficiency increased first and then decreased. dgtanum DO concentration for the
MCAA and DCAA reduction was 1.52 mg/L and that foe TCAA reduction was
0.75 mg/L.

As shown in Table 1, owing to the, Qupplement, the rate constant for MCAA
was dramatically enhanced at three orders of madmitigher than that under the
anoxic condition. MCAA removal was insensitive he tchange in DO concentration
under oxic conditions, for similar rate constamghie range 1.35-2.73 x fonin™.
The rate constants for DCAA detected at 0 and m@A- were obviously lower than
those ranged from 5.02 x @0 8.85 x 10 min™ at residual DO concentrations.
TCAA was quickly removed at DO concentrations bex®9 mg/L. The removal of
TCAA was significantly inhibited by further incraag DO concentration, for its rate
constant of 2.95 x Tdmin™ at the highest DO concentration was nearly onettionf
10.22 x 10 min™ in the absence of OThe susceptibility of CAAs to iron at all DO
concentrations strictly followed the order of TCABCAA, and lastly MCAA,
probably influenced by the number of substituerdorche (Li et al., 2012; Zhang et
al., 2004). However, the susceptibility of CAA retian improved by @followed the
order of MCAA, DCAA, and lastly TCAA. The differems in observed rate constants
for CAAs gradually decreased with the increase 6f @ncentration, especially for
approximate rate constants for DCAA and TCAA atgdhme DO above 2.59 mg/L.

The degradation process of CAAs was composed of thass transfer from

10



223 bulk water to particle surface, migration across ¢brrosion coatings and subsequent
224  redox reaction. The overall mass transfer coeflicier MCAA, DCAA and TCAA
225 was calculated at 0.202, 0.184 and 0.170 “mirespectively. Details of the
226 computations were supplied in the appendix A. Sitlee ratio of observed rate
227  constant to overall mass transfer coefficient w&¥ Gt most, the three CAAs were
228 not belonged to mass transfer limited species. &fbeg, the migration or reduction of
229 CAAs would become the limiting step in their dega@oin processes, which might
230 vary with the DO concentration.

231 3.3. CAA degradation processes

232 TCAA degradation processes influenced by various &@Dcentrations were
233 shown in Fig. 3. The removal processes of both MCa# DCAA were also
234  provided in the appendix B. At DO concentratiorssléhan 2.59 mg/L, the amount of
235  TCAArreduction was similar and ranged from 19.921049 uM. However, there was
236  obvious difference in its dechlorination produci€AA was transformed into 16.92
237 UM DCAA, 3.66 uM MCAA and 0.46 uM AA without £© The accumulation of
238 DCAA was related to its low rate constants under @hoxic condition. TCAA was
239  dechlorinated into 5.31 uM DCAA, 13.20 uM MCAA aBb0 pM AA at 0.75 mg/L
240 DO, and 3.81 pM DCAA, 11.12 uM MCAA and 4.98 uM A&k 1.52 mg/L DO.
241 Under these low oxic conditions, MCAA became themT&CAA degradation product,
242 companying with a notable increase in the AA foiorat This phenomenon might
243 result from the enhanced rate constants for var@das. The reduction of TCAA
244  and generation of corresponding products were imgbechder high oxic conditions,
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while MCAA was maintained as the major product. ibgra 2-h reaction period, the
amount of AA formation gradually exceeded the DCAdncentration in the DO
range 1.52-3.47 mg/L. Owing to the different rabvestants for CAAs affected by,O

the distribution law of TCAA degradation productsaried at various DO

concentrations.

In this study, the mass balance of total carb@n {he sum of AA and all CAAs)
was 92-105% in all anoxic and oxic systems. TheeefGAAs were mainly removed
by the chemical degradation within the system. Tdtal chlorine consisted of the
chloride ion measured by IC and combined chlormewated from CAAs. The mass
balance of total chlorine was only detected in dhexic systems, 69-95% for other
oxic systems. Based on the carbon mass balanceothbined chlorine content in
CAAs was stable, so the total chlorine loss reduftem a decrease in the chloride
ion, probably involved in the dissolution of corias products (Lytle et al., 2005;
Moore and Yong, 2005) or trapped within the lattteicture of oxides (Gilberg and
Seeley, 1981).

The oral LDy (lethal dose causing 50% mortality) in rats forAKC DCAA,
MCAA and AA is 3320, 2820, 55 and 3310 mg/kg, respely, which indicated that
the formation of MCAA or DCAA might increase theolmgical toxicity of raw water.
Combined to their biodegradability (Tang et al.12)) AA was the most desirable
product from the degradation of CAAs by iron. A®wh in Fig. 4, the formation of
AA during CAA degradation was enhanced first andntlpartly hindered with an
increase of DO concentration, and the optimum Dreatration was 1.52 mg/L.

12
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3.4. 1ron and corrosion products

As shown in Fig. 5, the raw iron was mainly compgbeézero-valent iron based
on the XRD analysis. After hermetically storing water for a period, the iron
particles used had been covered with a signifieambunt of magnetite, presenting a
dense surface with cracks from the SEM image. Uttkderanoxic condition, both
suspended precipitates and surface coatings werdifidd as magnetite (E@.),
which was showed as black partly rounded crysféle detected sheet or platy
structure might result from part oxidation duringtefmination. Under the oxic
conditions, lepidocrocitey{FeOOH) and magnetite were simultaneously detemnine
in suspended precipitates while magnetite was tihe mineral in surface coatings,
probably for the insufficient amounts of lepidodtecn the surface of iron particles.
The weak adherence of lepidocrocite might relateidistirregular plates morphology.
Lepidocrocite as a visible brownish-yellowish ppet@Ete was only observed in the
presence of @

The change of CAA concentration was observed int&w containing specific
corrosion products. Details of preliminary expenmg@rocesses and results were
supplied in the appendix C. Negligible loss of CA&sder neutral condition were
observed in the presence of synthetic or mixedostwn products with/without
ferrous iron, which was accordant with other reg@ttun et al., 2005). The amount
of Fé' detached from iron core was supposed to zerotforapid oxidation by
agueous @ at pH above 7 (Morgan and Lahav, 2007). Combineith warbon
recovery mentioned above, the adsorption or redoctf CAAs by suspended

13



289  corrosion products was limited in this study.

290 The removal of CAAs by iron with acid pretreatmemfis carried out to
291 investigate the role of corrosion coatings as showiig. 6. The decreasing order of
292  iron efficiency over 2 h of reaction toward threAAS was: iron with oxic corrosion
293  coatings > iron with anoxic corrosion coatings esfr iron. TCAA and DCAA could
294  be partly removed by green rust as oxic corrosather than by magnetite (Chun et
295 al., 2005, 2007), which might prove powerful redunts formed in oxic systems. At
296 end of removal experiment, there was no substadéatease of DCAA in the fresh
297 iron system and almost no loss of MCAA in the alosenf Q, while considerable AA
298 was formed in the presence of.@his comparison suggested that corrosion coatings
299 on the surface of Becore were responsible for the evolution of CAA oa
300 efficiency within various iron/water systems.

301 4. Discussions

302 Due to the mechanical abrasion in well-mixed bagghtems, a thin layer of
303  corrosion coatings was expected on the core 8f(Beang and Huang, 2006). The
304 corrosion product in the ferrous state (FeO) waseeted to be closest to the core
305 (Noubactep, 2008; Sarin et al., 2004b). The blageiy solution of iron corrosion at
306 the high stirring speed and loss of chlorine madaricte under oxic conditions could
307 be a sign of the presence of green rust, which s@asmon intermediate species of
308 chemical oxidation of ferrous to ferric iron by, @nd ultimately transformed into
309 stable lepidocrocite (Morgan and Lahav, 2007; Whsté and James, 2003).
310 Combined with the observation of XRD and SEM, two&ure of corrosion coatings

14
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were proposed to explain the CAA removal mechanisider the anoxic and oxic
conditions in Fig. 7.

As a possible limiting step, the migration of CAAsross the corrosion coatings
primarily depended on film permeability and affinibetween contaminants and
corrosion oxides (Nesic, 2007; Noubactep, 2008; hdatep, 2012). The dissolution
constant (pKa) of CAAs was in the range of 0.5172a8d the point of zero charge
(pHpzc) of magnetite and lepidocrocite were 6.4#h8l 7.3 (Pecher et al., 2002). At
pH range of 7-9 in this study, both CAAs and iramrosion product were negatively
charged. Hence, the weak affinity was helpful te thigration of CAAs and their
products in corrosion coatings. The porosity (ornpeability) against density
increased from metal towards the outer surfacexmfeofilm, and the density of oxide
decreased with increasing oxygen content in itsmited structural. Higher ©
availability would lead a larger volumetric expamsiand longer migration path
(Domga et al., 2015). The calculated diffusion fiots of 10'*-10° cnf/s were
compatible with ion diffusion through a semi-poraugstrate (White et al., 1994). It
seemed to be very important for subsequent eldetraal or chemical reduction.

As the other possible limiting step, the reductioin CAAs was related to
available reducing agents, which originated fromnircorrosion affected by the
electronic and ionic properties of surface oxid&at¢, 2001). The quantitative
contaminant directly removed by Feore was nonrealistic due to dense corrosion
coatings decreasing the accessibility of &arface (Noubactep, 2008). However,
contaminant removal through electrons was feassilee the FeO, E®, and/or

15
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green rust layer were electronic conductive (O’Glaet al., 2013; Yan et al., 2010),
while few electrons could penetrate the outer legidcite layer (the band gap of 2.3
eV). In addition to structural Ben iron (oxy)hydroxides, the electronegative oside
were easy to adsorb agueous cations and thenntoiiolirect reducing agents that are
more powerful than Fesuch as atom hydrogen or absorbel] Réth -0.65~-0.34 V
for Fé' compared to -0.44 V for BdWhite and Peterson, 1996; Noubactep, 2012).
Surface complex attached'Faight be helpful to the adsorption of CAA ion frahe
agueous solution by the electromotive force. Threnfdion of oxidized layers (such
asy-FeOOH) on structural or absorded' Fexides diminished the rates of aqueous
metal reduction due to the required transfer ofbelectrons and Eefrom the
underlying unoxidized mineral to the aqueous iatesf (White and Peterson, 1996),
which leaded to no significant loss of CAAs by sersgied corrosion products. Hence,
only oxides with continuous replenishment of electand F& could rapidly reduce
CAAs, as the conductive layer coated on the suréfcE€ core. Certainly, it was
necessary for the reduction of contaminants to fpaieethe outer nonconductive layer.
The diffusion or migration of CAAs within the condive layers as reactive
interfaces was not considered in this study.

The reduction of CAAs by iron was shown in the doum(2), and their removal
rates were dependent on the available reductaikSCa#s on the reactive surface

(Noubactep et al., 2010).

Reductants+ CAAs- CAAorAA+C (2)

The reducing agents for CAAs under anoxic and ewieditions was shown in

16
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the following equations (3). In addition to formisglid corrosion products, soluble
ferrous iron was released into bulk water by pextielg the little cracks in the oxide
layer, and possibly through atom exchange withfélhneus in lattice (Cwiertny et al.,
2008; Pedersen et al., 2005). This diffusion raecrelsed with increasing
concentration of aqueous ferrous iron, eventudbying the rate of iron corrosion

and electron release.

F€ - Fé +e01PH- Fée Horq DU Fee \Heor o creenr 3)
A relationship of CAA concentration on the conduetisurface and in bulk

solution was roughly functioned as the thickneds df outer lepidocrocite layer

attached, as depicted in the equation (4). Whethibkness was equal to 0, the value

of function was 1. The function value gradually mjved to zero with the continuous

growth of lepidocrocite coating.
CAAS. = CAAS, T (@,-eo0n) @
The addition of reducing agents such as' e H absorbed on various
oxides(Ghauch et al., 2010; Gheju and Balcu, 20&hpanced dramatically the
removal of CAAs, for decreasing order of iron a#fitcy: iron with oxic corrosion
coatings > iron with anoxic corrosion coatings ®shi iron. Under the anoxic
condition, CAAs on the magnetite surface were taes as bulk concentrations due
to the absence of lepidocrocite. Because the adetiom of aqueous ferrous iron,
approximate 7.28 uM detected in this study, gamegative feedback to corrosion of
iron, the degradation of CAAs was limited by avhbiéareductants. Under the low

oxic condition, the reduction of LOby ferrous iron was dominating, with the
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formation of powerful green rust (Stratmann and IBKil1994). The aqueous ferrous
iron could barely be detected above 1.52 mg/L D@ictvwould lead to additional
electron release. Li and Farrell (2000) reporteddéll current was increased from 11
to 18 mA, while the DO concentration was risingnir® to 9 mg/L. The adverse
effect of lepidocrocite could be postponed by tfamsing into magnetite (Kuch,
1988; Ritter et al., 2003; Tamaura et al., 198BSk advantages were remarkable in
the low oxic system, resulting in a notable inceemsrate constants for CAAs. Under
the high oxic condition, the high reactivity of tewlant @ with reductants and
significant growth of lepidocrocite coating becanhe restricting factors of CAA
removal. This phenomenon was confirmed by simikegrddation rate constants for
DCAA and TCAA. These findings have great potentiahnalyzing the effect of DO
concentration on iron reactivity towards the remowé other contaminants in
drinking water, domestic or industrial wastewater.
Conclusions

The removal of CAAs by iron increased first andntlikecreased with increasing
the DO concentration from 0 to 7.09 mg/L. The spsbdity of CAA reduction
improved by Q followed the order of MCAA, DCAA, and lastly TCAAAs a
desirable CAA degradation product, AA was optimaignsformed at 1.52 mg/L DO.
The variation of available reducing agents andagion coatings was responsible for
CAA removals at various DO concentrations. Varid@@AA removal mechanisms
facilitate the preliminary prediction othe effect of DO concentration on iron
efficiency towards the treatment of contaminantsurface water and wastewater.

18



399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

Acknowledgement
The authors wish to acknowledge the financial supfrom National Natural
Science Foundation of China (No. 51290284, 51278ZH9 authors are also very
thankful to the anonymous reviewers who really &élmn improving the quality of
this manuscript.
Appendices: Supplementary data
Supplementary data associated with this article lsanfound in the online
version.
References
Coelho, D.S.F., Ardisson, J.D., Moura, F.C., LagoM., Murad, E., Fabris, J.D.,
2008. Potential application of highly reactive B&@304 composites for the
reduction of Cr(VI) environmental contaminants. Glesphere 71 (1), 90-96.
Cho, D.W., Chon, C.M., Jeon, B.H., Kim, Y., Khan,Al] Song, H., 2010. The role of
clay minerals in the reduction of nitrate in growader by zero-valent iron.
Chemosphere 81 (5), 611-616.
Cwiertny, D.M., Handler, R.M., Schaefer, M.V., Gs&m, V.H., Scherer, M.M., 2008.
Interpreting nanoscale size-effects in aggregagedxide suspensions: Reaction
of Fe(ll) with Goethite. Geochimica et Cosmochimdada 72 (5), 1365-1380.
Chitrakar, R., Tezuka, S., Sonoda, A., Sakane, ®0j, K., Hirotsu, T., 2006.
Phosphate adsorption on synthetic goethite andaaladig. Journal of Colloid
and Interface Science 298(2), 602-608.
Chun, C.L., Hozalski, R.M., Arnold, W.A., 2005. Dradation of drinking water

19



421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

disinfection byproducts by synthetic goethite andgnetite. Environmental
Science and Technology 39(21), 8525-8532.

Chun, C.L., Hozalski, R.M., Arnold, W.A.,2007. Degation of disinfection
byproducts by carbonate green rust. Environmentange and Technology
41(5), 1615-1621.

Cundy, A.B., Hopkinson, L., Whitby, R.L.,2008. Usé iron-based technologies in
contaminated land and groundwater remediation: véewe Science of Total
Environment 400(1-3), 42-51.

Domga, R., Togue-Kamga, F., Noubactep, C., TchateguJ.B., 2015. Discussing
porosity loss of Fepacked water filters at ground level. Chemical iBegring
Journal 263, 127-134.

Fu, F., Dionysiou, D.D., Liu, H., 2014. The usezefo-valent iron for groundwater
remediation and wastewater treatment: a reviewndbwf Hazardous Materials
267, 194-205.

Ghauch, A., Abou Assi, H., Bdeir, S., 2010. Aqueaarmoval of diclofenac by plated
elemental iron: bimetallic systems. Journal of Hdaas Materials 182(1-3),
64-74.

Ghauch, A., Assi, H.A., Baydoun, H., Tugan, A.Mgjiani, A., 2011. FeO-based
trimetallic systems for the removal of aqueous adetac: Mechanism and
kinetics. Chemical Engineering Journal 172(2-333:0044.

Gheju M., Balcu I., 2011. Removal of chromium fr@n(VI) polluted wastewaters by
reduction with scrap iron and subsequent precipitabf resulted cations.

20



443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

Journal of Hazardous Materials 196, 131-138.

Gilberg, M.R., Seeley, N.J., 1981. The identitycompounds containing chloride ions
in marine iron corrosion products: a critical reviéstudies in conservation 26(2),
50-56.

Gillham, R.W., O'Hannesin, S.F., 1994. Enhancedratigion of halogenated
alophatics by zero-valent iron. Groundwater 32968-967.

Gunawardana, B., Singhal, N., Swedlund, P., 20l&gr&dation of chlorinated
phenols by zero valent iron and bimetals of ironresiew. Environmental
Engineering Research 16(4), 187-203.

Helland, B.R., Alvarez, P.J., Schnoor, J.L., 19RBductive dechlorination of carbon
tetrachloride with elemental iron. Journal of Halars Materials 41 (2),
205-216.

Henderson, A.D., Demond, A.H., 2007. Long-term perfance of zero-valent iron
permeable reactive barriers: a critical review. iEgrvnental Engineering
Science 24(4), 401-423.

Huang, Y.H., Zhang, T.C., 2005. Effects of dissdlvexygen on formation of
corrosion products and concomitant oxygen and teitreduction in zero-valent
iron systems with or without aqueous’-aVater Research 39 (9), 1751-1760.

Huang, Y.H., Zhang, T.C., 2006. Nitrite reductioddormation of corrosion coatings
in zerovalent iron systems. Chemosphere 64 (6,837

Jung, H., Kwon, K., Lee, E., Kim, D., Kim, G., 20ffect of dissolved oxygen on
corrosion properties of reinforcing steel. Corrosigngineering, Science and

21



465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

Technology 46(2), 195-198.

Kim, E.J., Murugesan, K., Kim, J.H., Tratnyek, R.Ghang, Y.S., 2013. Remediation
of Trichloroethylene by FeS-Coated Iron Nanopagtcin Simulated and Real
Groundwater: Effects of Water Chemistry. Industeatl Engineering Chemistry
Research 52 (27), 9343-9350.

Kuch, A., 1988. Investigations of the reduction aaebxidation kinetics of iron (Il1)
oxide scales formed in waters. Corrosion Scienc83®21-231.

Lee, J.Y., Hozalski, R.M., Arnold, W.A., 2007. HKite of dissolved oxygen and iron
aging on the reduction of trichloronitromethaneichtiioracetonitrile, and
trichloropropanone. Chemosphere 66 (11), 2127-2135.

Li, A., Zhao, X., Hou, Y., Liu, H., Wu, L., Qu, J2012. The electrocatalytic
dechlorination of chloroacetic acids at electrodsiea Pd/Fe-modified carbon
paper electrode. Applied Catalysis B: Environmefidl-112, 628-635.

Li, L., Fan, M., Brown, R.C., Van Leeuwen, J., Wadg Wang, W., Song, Y., Zhang,
P., 2006. Synthesis, Properties, and environmeatalications of nanoscale
iron-based materials: a review. Environmental Smeand Technology 36(5),
405-431.

Li, T., Farrell, J., 2000. Reductive dechlorinatiof trichloroethene and carbon
tetrachloride using iron and palladized-iron ca#sdEnvironmental Science and
Technology 34 (1), 173-179.

Lytle, D.A., Sarin, P., Snoeyink, V.L., 2005. Thigeet of chloride and orthophosphate
on the release of iron from a cast iron pipe sectdmurnal of Water Supply:

22



487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

Research and technology 54 (5), 267-281.

Mak, M.S., Lo, .M., Liu, T., 2011. Synergistic efft of coupling zero-valent iron
with iron oxide-coated sand in columns for chroneatd arsenate removal from
groundwater: Influences of humic acid and the meactnedia configuration.
Water Research 45 (19), 6575-6584.

Matheson, L.J., Tratnyek, P.G., 1994. Reductive altgjenation of chlorinated
methanes by iron metal. Environmental Science aedhfology 28(12),
2045-2053.

Moore, A.M., Young, T.M., 2005. Chloride interact® with iron surfaces:
implications for perchlorate and nitrate remediatiasing permeable reactive
barriers. Journal of Environmental Engineering (&)1 924-933.

Morgan, B., Lahav, O., 2007. The effect of pH oe Kinetics of spontaneous Fe (ll)
oxidation by Q in agueous solution — basic principles and a smuristic
description. Chemosphere 68(11), 2080-2084.

Nesic, S., 2007. Key issues related to modellingntdrnal corrosion of oil and gas
pipelines — a review. Corrosion Science 49(12) 3844838.

Noubactep, C., 2008. A critical review on the psxef contaminant removal in e
H,0O systems. Environmental Technology 29 (8), 909-920

Noubactep, C., 2010. The suitability of metallionrfor environmental remediation.
Environmental Progress & Sustainable Energy 22&95;291.

Noubactep, C., 2011. Aqueous contaminant removahétgallic iron: Is the paradigm
shifting? Water SA 37(3), 419-426.

23



509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

Noubactep, C., 2012. Investigating the processe®waminant removal in Béi,0
systems. Korean Journal of Chemical Engineerin§)29050-1056.

Noubactep, C., 2014. Flaws in the design of Fef®ed filtration systems?
Chemosphere 117, 104-107.

Noubactep, C., Care, S., Crane, R., 2012. Nanostadallic Iron for Environmental
Remediation: Prospects and Limitations. Water, and Soil Pollution 223(3),
1363-1382.

Noubactep, C., Schoner, A., Sauter, M., 2010. 8aamice of oxide-film in discussing
the mechanism of contaminant removal by elementain i materials.
Photo-Electrochemistry and Photo-Biology for thestdinablity. Bentham
Science Publishers, 34-55.

O’Carroll, D., Sleep, B., Krol, M., Boparai, H., Kor, C., 2013. Nanoscale zero
valent iron and bimetallic particles for contamatsite remediation. Advances
in Water Resources 51, 104-122.

Pecher, K., Haderlein, S.B., Schwarzenbach, R.F0022 Reduction of
polyhalogenated methanes by surface-bound Fe(IBgumeous suspensions of
iron oxides. Environmental Science and Technold®{83 1734-1741.

Pedersen, H.D., Postma, D., Jakobsen, R.. Larser005. Fast transformation of
iron oxyhydroxides by the catalytic action of aqued-e(ll). Geochimica et
Cosmochimica Acta 69 (16), 3967-3977.

Rahman, M.S., Gagnon, G.A., 2014. Bench-scale atialu of drinking water
treatment parameters on iron particles and watalitguWater Research 48,

24



531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

137-147.

Ritter, K., Odziemkowski, M., Simpgraga, R., GilthaR., Irish, D., 2003. An in situ
study of the effect of nitrate on the reductiont¢hloroethylene by granular
iron. Journal of Contaminant Hydrology 65 (1), 1P36.

Sarin, P., Snoeyink, V.L., Bebee, J., Jim, K.K.cBat, M.A., Kriven, W.M., Clement,
J.A., 2004a. Iron release from corroded iron pipegrinking water distribution
systems: effect of dissolved oxygen. Water Resea8qb), 1259-1269.

Sarin, P., Snoeyink, V.L., Lytle, D.A., Kriven, W.M2004b. Iron corrosion scales:
model for scale growth, iron release, and coloredewformation. Journal of
Environment Engineering 130 (4), 364-373.

Sato, N., 2001. Surface oxides affecting metalla@rasion. Corrosion Reviews
19(3-4), 253-272.

Scherer, M.M., Balko, B.A., Tratnyek, P.G., 199&eTrole of oxides in reduction
reactions at the metal-water interface, pp. 301-8225 Publications.

Schlautman, M.A., Han, I, 2001. Effects of pH addsolved oxygen on the
reduction of hexavalent chromium by dissolved fesraron in poorly buffered
agueous systems. Water Research 35(6), 1534-1546.

Scott, T.B., Popescu, I.C., Crane, R.A., Noubadzp2011. Nano-scale metallic iron
for the treatment of solutions containing multipleorganic contaminants.
Journal of Hazardous Materials 186(1), 280-287.

Song, H., Jeon, B.H., Chon, C.M., Kim, Y., Nam,.].8chwartz, FW., Cho, D.W.,
2013. The effect of granular ferric hydroxide anmaedt on the reduction of

25



553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

nitrate in groundwater by zero-valent iron. Chenmnasp 93 (11), 2767-2773.

Stratmann, M., Mdller, J., 1994. The mechanism lé xygen reduction on
rust-covered metal substrates. Corrosion Scienc@)3827-359.

Tamaura, Y., Ito, K., Katsura, T., 1983. Transfotiora of y-FeOOH to FgO, by
adsorption of iron(ll) ion oy-FeOOH. Journal of the Chemical Society, Dalton
Transactions 1983, 189-194

Tang, S., Wang, X.M., Yang, H.W., Xie, Y.F., 201Baloacetic acid removal by
sequential zero-valent iron reduction and biolodycactive carbon degradation.
Chemosphere 90 (4), 1563-1567.

Uludag-Demirer, S., Bowers, A.R., 2003. Effectsofface oxidation and oxygen on
the removal of trichloroethylene from the gas phasieg elemental iron. Water,
Air, and Soil Pollution 142 (1-4), 229-242.

Wang, H.B., Hu, C., Hu, X.X., Yang, M., Qu, J.HQ12. Effects of disinfectant and
biofilm on the corrosion of cast iron pipes in alagmed water distribution
system. Water Research 46 (4), 1070-1078.

Wang, K.S., Lin, C.L., Wei, M.C., Liang, H.H., LH.C., Chang, C.H., Fang, Y.T.,
Chang, S.H., 2010. Effects of dissolved oxygen wa& emoval by zero-valent
iron. Journal of Hazardous Materials 182 (1-3),-896.

Westerhoff, P., James, J., 2003. Nitrate removaleio-valent iron packed columns.
Water Research 37 (8), 1818-1830.

White, A.F., Peterson, M.L., 1996. Reduction of emus transition metal species on
the surfaces of Fe(ll)-containing oxides. Geochanat Cosmochimica Acta

26



575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

60(20), 3799-3814.

White, A.F., Peterson, M.L., Hochella Jr, M.F., 29&lectrochemistry and dissolution
kinetics of magnetite and ilmenite. Geochimica esi@ochimica Acta 58(8),
1859-1875.

Xie, L., Shang, C., 2007. The effects of operatigg@mameters and common anions
on the reactivity of zero-valent iron in bromateluetion. Chemosphere 66 (9),
1652-1659.

Yan, W., Herzing, A.A., Kiely, C.J., Zhang, W.X.020. Nanoscale zero-valent iron
(nZVI): Aspects of the core-shell structure andcteens with inorganic species
in water. Journal of Contaminant Hydrology 118(3-96-104.

Yoon, L.H., Bang, S., Chang, J.S., Gyu Kim, M., KikaW., 2011. Effects of pH and
dissolved oxygen on Cr(VI) removal in Fe(0O)yM systems. Journal of
Hazardous Materials 186 (1), 855-862.

Zhang, L., Arnold, W.A., Hozalski, R.M., 2004. Kines of haloacetic acid reactions
with Fe(0). Environmental Science and Technology238, 6881-6889.

Zhang, T.C., Huang, Y.H., 2006. Profiling iron amsion coating on iron grains in a
zerovalent iron system under the influence of disgboxygen. Water Research

40 (12), 2311-2320

27



Table 1. The observed rate constants for CAAs imbws DO concentrations.

DO Rate constants (xTmin?) @
(mg/L) MCAA DCAA TCAA

0 0.003 £ 0.04 1.95+0.17 10.22 £ 0.75
0.75 1.82 +0.05 7.35+0.46 12.11 £ 0.56
1.52 2.73+£0.04 8.85+0.28 11.13+0.24
2.59 2.19+£0.10 591+0.11 7.19+0.22
3.47 2.07 £0.08 5.02 £0.09 491+0.11
7.09 1.35+0.05 2.53+0.15 2.95+0.19

& Errors represent 95% confidence limits.
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Fig. 1. Various DO concentrations at average values of O (m), 0.75 (o), 1.52 (A),
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using the pseudo-first-order model.
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Fig. 3. Degradation of TCAA (m) by iron at various DO concentrations. Major
products: DCAA (o), MCAA (A) and AA (V). Mass balance analyses: total carbon

(<) and tota chlorine (»).
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Fig. 4. Formation of AA during CAA degradation at various DO concentrations.
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conditions.



v" Theremoval of CAAs by ironincreased first and then decreased with
increasing DO concentration from 0 to 7.09 mg/L.

v" The maximum AA formation during three CAA degradations was obtained at
1.52 mg/L DO.

v/ Two structure of corrosion coatings on iron core were proposed to explain the

CAA remova mechanism under anoxic and oxic conditions.
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Appendix A: Computation of overall masstransfer coefficient

The ratio of observed rate constant to overall niasssfer coefficient should be
calculated before determining the appropriate kirstenario in the mixed reactors. If
the ratio is below to 0.1, the system is consideesttion limited. If the ratio is
approximately equal to 1, the system is mass tearighited. The partially reaction
limited is appropriate for the residual ratios.

The overall mass transfer coefficient of solutethe sum of corrected mass
transfer ratek,* (m/s), multiplied by the geometric surface ardatlee metal per
volume of solutiong (m*m®), as described in following equation (A-1) (Critten et
al., 2012; Harriott, 2003). A correction factorb adjusting minimum mass transfer
coefficient ky, (m/s) is suggested to for a system mixed by reltimg liquid
(Harriott, 1962; Zhang et al., 2004).

Koveran = K @=1.5% k@ (A-1)

The minimum mass transfer coefficient is calculatesing the empirical

correlation as follows (A-2).

Kndly _
D

w

Sh=

2+0.6R&? S&° (A-2)

Where Sh Re and Sc are the Sherwood number, the Reynolds number laand t
Schmidt number, respectively. The latter two patanseare expressed in equation

(A-3) and (A-4).

d
Re= 2P (A-3)
U
Sc=—H_ (A-4)
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Whered, is the particle diameter of iron (np,andp is the density (kg/fh) and
viscosity (Pa-s) of the fluid)y, is the diffusion coefficient of specific solute water
(m?/s), u; is the terminal settling velocity of particles (ln/$he value ofu; can be
calculated via the equation (A-5) (Zhang et alQ£20Vang and Zhu, 2010).

4= -r g (a5)

In which g is gravitational acceleration 9.8 r?n/smdpp is the density of solid
particles (kg/m).

For our system, d, of 0.0005 m was estimated angof 7.86x18 kg/n*for
zero-valent iron was adopted. Therefore, the eatesurface area assuming spherical
particles was 1.527 x Fom?g and corresponding was supposed to 15.27%m°
due to the iron loading of 10 g/L.

The p andp were 0.9970x10kg/m®and 0.8937x18 Pa-s for water at 25 °C.
The diffusion coefficient of MCAA, DCAA and TCAA ithe similar system has been
reported at 1.215x10) 1.057x1F and 0.9445x18 cnf/s, respectively (Wang and

Zhu, 2010). Thexand relevanRewere computed at 0.208 m/s and 116, respectively.

The residual parameters of various CAAs for the srteensfer were listed in Table

A-1.
Table A-1 Mass transfer parameters for the degi@daf CAAs by iron
Compounds Sc Sh K (x210% M/S)  Koveran (Min™)
MCAA 737.74 60.41 1.47 0.202

DCAA 848.01 63.19 1.34 0.184
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TCAA 949.02 65.53 1.24 0.170
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63  Appendix B: Reduction of MCAA and DCAA
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68  Major product: AA (). Mass balance analyses: total carbet) @nd total chlorine
69 (P).
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Fig. B. 2. Degradation of DCAAe( by iron at various DO concentrations. Major

products: MCAA &) and AA (V). Mass balance analyses: total carbt) &nd total

chlorine ¢ ).
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Appendix C: Therole of suspended corrosion products: preliminary test
C.1. The removal of CAAs on synthetic iron minexéh or without ferrous iron.

The initial solution containing approximately 25 p®@AA was prepared using
ultrapure water. After adjusting pH to 3.0 or 7AAA solution (55 mL without M
purge) and corrosion products (1g/L magnetite agakeite and 60 mg/L ferrous ion.)
were transferred into a 65-mL brown bottle underagphere. The bottle was sealed a
screw thread cap with PTFE-faced silicone septd,|l@aded onto a rotator at 40 rpm
for 24 h. In this preliminary study, magnetite daganeite was regarded the main
anoxic or oxic oxide. It should be noted a sigmifit decrease of CAAs occurred

under acid condition, while almost no loss (0.99).& pH of 7.

129 [ pH=3 [ pH=7

0.0+

Control FeOOH FeOOH+Fe(ll) Fe304 Fe304+Fe(ll)

Fig. C. 1. The adsorption of CAA on iron minerats 24 h under different pH,

including 1g/L iron mineral (Magnetite or Akagarmgiand/or 60 mg/L ferrous ion.
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C.2. The removal of CAAs on mixed oxic corrosiongucts.

A dark-green solution (55 mL, supposed to be greset at pH 7 ), formed from
iron/water system stirring at 500 rpm for 2 h undemosphere, were transferred into
a 65-mL brown bottle, and then solid CAA (approxiem@5 pM) was added. The
bottle was sealed a screw thread cap with PTFEdfaitieone septa, and loaded onto
a rotator at 40 rpm for 2 h. This preliminary stuaiyned to simulate the actual
removal by detached oxic oxides, liking green raisti lepidocrocite. It should be

noted there was no reduction of CAAs for 2 h.

1 oh [ 2h

MCAA DCAA TCAA

Fig. C. 2. The adsorption of MCAA, DCAA or MCAA wuspended corrosion

products formed in stirring reactor with 500 rpmapproximate 4 mg/L DO.



