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ABSTARCT

Novel meso-zero valent iron (mZVI) was investigatint treating complex wastewater
containing toxic heavy metal €rand organic compound phenol. This study is fifstsokind
illustrating coupled removal in single-step with®4 playing a major role as an oxidant and
reductant. The mechanism involved was electrorstearfrom F&%* to CFf* resulting in F&"3*
which in turn was consumed for phenol oxidatiommeing as F& into the system for further
Cr®* reduction. While comparing, single-step simultare removal of & and phenol
showed better performance in terms of pollutant oneath Fé"®* recurrent reaction and
precipitation generation, doullep sequential removal performed better in ironivaet
corrosion time. It was also observed that the emédox cycle of Cf-Cr**-Cr®* was reusable
for co-contaminant phenol degradation at all pHhwitie recurrence of BeFe’*-Fé**. The
proposed technique was checked for its viabilityaisingle batch reactor and the complex
chemistry of the reactions are unfolded by conagctthemical speciation and mass balance
study at every stage of reaction. The unique fantctg of mZVI was proven with micro-
analysis of ZVI's surface and compared with grandlél, cZVI. The results obtained from
this study open the door for a safer and cleamglesitreatment system in removing both toxic
heavy metals and organic compounds from contandratgace water, groundwater and many

such industrial effluents.
KEYWORDS

Coupled organic and heavy metal removal, sequeantidlsimultaneous treatment, single-step
treatment, chromium and phenol, Fenton like reactimeso-zero valent iron, series and

coupled removal.
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HIGHLIGHTS

» Study of gZVI & mZVI based coupled toxic organicwgpound & heavy metal removal
« Beneficial single-step treatment synchronizin§"@eduction & phenol oxidation

* More pollutant removal/unit mZVI, with least unwadtiron-sludge even at neutral pH
» pH-focus chemical speciation, mass balance & radicay at every stage of reaction

» Scrap Fe recycled mzVI im/ex-situ Cr & phenol removal without buffer/stabilizer
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1 INTRODUCTION

Highly complex industrial wastewater dischargedhwé multitude of toxic organic and
inorganic compounds necessitates a robust and irslsia technique for simultaneous
degradation of mixed pollutants(Aksu and Gonen,62@ekkouche et al.,2012; Bokare and
Choi, 2011, Ciesla et al.,2007;Deng and Stone, 1B8§/itz and Fish, 1994; Katsoyiannis et
al.,2008; Mahlambi et al.,2015).Hexavalent chromi(@f*) and phenol co-exist in painting,
printing ink, leather and textile industrial disches apart from dumpsite leachates. Together,
they exhibit compounded toxic effects resultingimecreased complexity and remediation
expenses (Elovitz and Fish, 1994; Golbaz et al42&umar et al.,2017; Lee et al.,2003;
Lu,2000; Zang et al.,2015). Physico-chemical tregtirtechnologies such as adsorption and
chemical precipitation merely transfer the pollasafrom one phase to another without
detoxifying them (Jorgensen,1979; Manahan, 2012919997). Biological treatment, on the
other hand, suffers from slow rate of removal, gemsmicrobial kinetics and in many cases
result in incomplete removal of pollutants (Massaidl.,2009; Rajasulochana and Preetha,
2016; Todd and Josephson, 1996).There are no ssteperemoval treatment techniques
available for the removal of heavy metals and ok@aompounds. Iron enabled Fenton’s
phenol oxidation and €ireduction is extensively studied for separate heagtal and organic
pollutant removal but not for the complex wastewatmntaining both. Over the past decades,
usage of zero-valent iron (ZVI) which acts as tberse for F&" has gained popularity in
removing organic contaminant but fails often du¢hi® choice of either granular or nano ZVI
as reactive media. The reasons for lack of fieldoagplishment could be the limitations

associated with iron corrosion rate, longevity aodtenance of the system(Cao et al., 2013;
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Jiang et al., 2015; Jiao et al., 2009; Mu et all(Noubactep, 2008; Noubactep and Care,
2010; Ryu et al.,, 2011; Shi et al.,, 2018; Vilardi a&.,2019; Yao et al.,2019; Yoon et
al.,2011).This necessitates selecting an altermdbirm of ZVI that performs better in pollutant
removal and overcomes the shortcomings of grardNdr-(gZVI) and nano ZVI
(nZVI)(Ambika et al.,2016; Noubactep and Care, 2020biri et al.,2014; Reynolds et al.,2013;
Yuet et al.,2019). The authors proved the efficatyneso-ZVI (mzZVI) for separate removal
of phenol in comparison with coarse/nano ZVI (Anabigt al.,2016) and observed better
degradation efficiencies even at circum-neutral Beparate Cf reduction using mzVI also

showed excellent results and encouraged to inwastithe coupled removal of phenol and

cr,

The present work is the first of its kind in bringiout the potentialities of mZVI to achieve
coupled removal of Ef and phenol as a single step in an unbuffered mystée chemical
reactions amongst Cr, phenol and Fenton's reagantb® complex, but the treatment system
is believed to be relatively simple with adjustmenty with the pH of the solution and dose of
H,O, added. It is hypothesized that ferrous and fdaims of iron generated during the redox
reaction could recycle between®Creduction and Fenton's phenol oxidation and satia¢
entire process devoid of external addition of zemtent iron. It is essential to understand the
potential of mZVI in coupled removal of a heavy aleind an organic compound aiming zero

leaching and effective contaminant removal devéisecondary sludge formation.

The objectives of this study were to i) to undemst the catalytic activity of mzVI
during CP* reduction and phenol oxidation; ii) to evaluate tseparate €f and phenol
removal, sequential and single-step simultaneods r®de’s efficiency inCY and phenol

removal, including variation in pH; iii) to invegtite the kinetic model fitting with €&and
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phenol removal in separate, sequential ahdfSreatment iv) to evaluate the reuse of mzV!I
and quantify typical number of cycles until exhaustof active sites. Since mZVI was

employed for the first time for coupled removal ofganic and inorganic aqueous
contaminants, the insights from this study are etquk to alleviate the secondary sludge
formation and extra addition of ZVI during the ti@ant of highly complex mixed wastewater
generated from industries. The mode and efficiefgollutant removal, reaction kinetic rates,
utilization of F&/Fe**/Fe**, F€*IF€** cycling, activeness of the system and Fe/Cr pitatipn

were determined by performing a series of batclesrgents.
2 METHODOLOGY
21 CHEMICALSAND MATERIALS

Major chemicals that were used in this study wesgagsium dichromate ¢€r,0;), phenol

(CeHsOH) and hydrogen peroxide {8, 30%). All solutions were prepared using Millipore
water. The mzVI (I3, ~20.9um, specific surface area ~2.10%/ca, crystalline size based on
Scherrer equation 17 nm) were obtained by grin@mgm gZVI in a high energy planetary
ball mill (Fritsch P5) for 10 h (Ambika et al.,2016The surface composition of mzZVI
analyzed by Energy Dispersive Spectroscopy (EDS)wseld that the surface primarily

comprised of 98% of pure iron (Fe) and trace anwuohSilica (Si).
22 EXPERIMENTAL PROCEDURE AND ANALYTICAL METHODS

All experiments were carried out in 100 mL glasakers stirred in an orbital shaker at
a stirring velocity of 150 rpm for 60 min. Unlestherwise stated, €t were fixed at 2 mg/L,

phenol at 5 mg/L and mzZVI at 20 mg/L. The®4 concentration varied between 1.58 mM to
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9.5 mM. All experiments were carried out in the &mnb laboratory atmosphere at room

temperatures between2& and 301C.

Three types of experiments were carried out ascated in Fig. S1, representing separate,
sequential and simultaneous modes of" Geduction and phenol oxidation. A first set of
experiments were done as shown in Fig. Sl(a-bgmuimtlependent-mode showing separate
removal of phenol and €rwith the same concentration of mZVI, resemblingl Zvediated

Cr®* reduction and Fenton’s phenol oxidation.

The two-step sequential removal of°Cand phenol as shown in Fig.S1(c) was investigated
with synthetic wastewater with the concentratiaioraf Cf**, phenol and mzVI maintained as
2:5:20. The experiments were started with mzVlisted CP* reduction. Post Ef
stabilization as in reactions (1) and (2), phenahsformation as Fenton reactions (3) and (4)
was investigated with respect to addition of predatned moles of kD, in the same reactor.

Presence of residualkB, was quenched with sodium sulphite before furtimeysis.

Cré* + Fely — Cr3* 4 Fe?* (1)
Crét + Fe?t — Cr3*t + Fe3* 2)
Fe?* + H,0, + phenol - Fe3* + C0, + H,0 (3)
Fe3* + H,0, + phenol - Fe?* + C0, + H,0 (4)

Third set of experiments was conducted to depiuglsistep simultaneous %Snode, where
Cr®*, phenol, mzVI and kD, were added in the same order to promote simultanegmoval

of the pollutants as shown in Fig. S1(d).
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In all the above-said three experiments, the pafiutemoval capacity of mZVI was quantified
by multiple use of ZVI or repeated addition of°Cior/and phenol after stabilization of
Cr®*/phenol in the previous use based on the desigexpériments. All the three types of
experiments were conducted at Britton Robinson dvaff system which maintained the
desired pH between 3 to 10, to confirm the reactimchanism (Reynolds et al.,2013). The
details of the preparation of the buffer is given dupplementary material. Influence of
increased Cf concentration during phenol removal and vice vevaa also demonstrated as
distinct experiments. Auxiliary experiments with eth different combinations of

F&2"31C****Iphenol/HO, were conducted to confirm the kinetics and mecrasiinvolved

in the coupled pollutant removal.

Similar experiments were carried out parallellying20 (mZVI concentration) and 2000 mg/L
of gZVI (depicting the same surface area of 20 ngf/InZVI1) as the catalyst to compare the
efficiency of mzVI in folds and to reason out theique performance by mzZVI. At regular

intervals, aliquots were collected and analyzegfblutants and Fe speciation.

Quantitative analysis of phenol was done using tpghformance liquid chromatography
(HPLC), Dionex USA equipped with a diode array d&de and C-18um HPLC column
(L=250 mm, dia. 4.6 mm). Total iron and’heas analyzed using UV-Vis spectrophotometer
by modified ferrozine method (Keenan and Sedlak820The concentrations of residual’ Fe
and total Fe in solid and aqueous phase were neshsBoth solid and aqueous phasé'Fe
were analyzed and Fewas found by subtracting the feconcentration from total Fe
concentration in respective phases. Mass balanseciwacked by comparing the measured
total iron with initial mZVI concentration. Similaanalysis and mass balance were done for Cr

by measuring total Cr and €rby UV spectrophotometer by diphenyl carbazide mweth
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(Ansaf et al.,2016). The radicals were measureagusispective quenching agents (Ambika et
al.,2016; Henry and Donahue,2011; Lloyd et al.,)9&Fectron Microscopy (Nikon eclipse
LV100, Japan) images of the surface and crossesectiZVIs were captured during and at the

end of experiments.
3 RESULTSAND DISCUSSION
31 SYSTEM PERFORMANCE

The results are discussed in terms of pollutanoremhefficiency, utilization of mzVvi, F&’*
cycle and Fe precipitation in separate, sequeatid!S-mode of treatment systems. In the first
place, the results reinstate the fact that the dfémtoxidative mineralization of an organic
compound coupled with removal of any inorganic cooma requires the contribution of non-
selective, highly reactivéDH radicals and the activity of Fe ions even intradlalkaline
conditions. This is in accordance with an earligpart about the origin ofDH in Fenton
reaction (Bremner et al.,2006; Lloyd et al.,199%)e stability of the redox states of inorganic
compound over a wide pH range also influences twpled removal (Kabdasli et al.,2010;
Segura et al.,2013; Vilardi et al.,2019), espegiall the study pH range 3 to 10. The batch
tests in this study witnessed the dual-role gdjhs both an oxidant and reductant depending
on pH of the aqueous solution promoting both thiicion of Cf* to Cr*and oxidation of
phenol which are explained in detail in the follagisections.The concentrations of dissolved
Fe and Cr ions at the end of the experiments wetewbdetectable limit (0.001 mg/L)
indicating that there is no dissolution of tracdlygants in the system.Fig. 1(a-d) shows the
first three cycles of mzVI and its transformationseparate Cf, separate phenol, sequential

and S treatment modes.
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When the redox capability of mzVI was checked, teehuential and*3nodes showed 1.3 to
3.3 times better pollutant removal rate than sepa®&* and phenol removal for the entire pH
range as represented in Fig. 1(a-d). . The expetaheesults, obtained by repeated cycles,
with an initial concentration of 2 mg/L of €5 5 mg/L of phenol and 20 mg/L mzVI and
circum-neutral pH are shown in Fig. 2(a-c). In fhlist cycle, half-life of CF*reduction was
achieved in a time span of 5 min while the subsegeagcle took 150 min. The redox reactions
occurred simultaneously as well as sequentially whie aid of F&***" and[OH radicals and
both modes showed enhanced utilization of mzVI bpw 21% at circumneutral pH as
indicated in Fig. 2(b). Electron transfer from’Fe Cf* resulting in C¥" along with phenol
degradation was found to be the main process iaratg sequential and-Biodes. Compared

to the sequential-mode, number of ZVI reuse (hunafesycles) was higher in the’>#hode
due to the effectual recycling of £8" ions. About 20% to 50% of enhancement in number of
mZVI reuses was observed in the pH range of 3 toTle results are supported by statements
given by (Fu et al.,2013; Liu et al.,2006; Vilaeti al.,2019) who proved that only catalysts
regeneration could improve the ®@eduction efficiency and in this study the regetiera
happened through cyclic reactions betweefi Bad F&" through Ct* reduction and Fenton,

and Fenton like oxidation as represented in reast{®-4)

More number of mZVI usages was observed in coupfedtode followed by sequential and

separate modes during®reduction, whereas the order 65Separate>sequential-mode was
observed during phenol oxidation. This is due ®ttho facts, firstly, the dual role of,B, as

an oxidant and reductant depends on the pH condéia secondly, the change in route of
pollutant removal mechanism and synergistic eftédctadical generation in the system that

will be discussed in the following sections. Thespeciation of the stabilized system (no more

10



213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

removal) as shown in Fig. 2(a-b) demonstrated (ihahe sustenance of the coupled removal
depends on the concentration of %, especially at least 0.02 mg/L of?Fenust be present in
the current system for further #&" cycling. Below this F& concentration, no coupled
pollutant removal was observed (i) both sequerdiad $ treatment modes enhanced the
utilization of mzVI by 21% and 8% respectively atl Y and 10 as indicated in Fig. 2(b)
precipitation of Fe was delayed about 5 to 10 tieésr pH 7 due to the synergistic effect of
Cr®* reduction and Fenton phenol oxidation in the sseamode. All the above observations
prove that F&”" recycling is working best for3&han sequential mode, particularly during
Cr**reduction at low pH and phenol oxidation at alkalpH with effective utilization of mzVI

(Fig. 2(a-b)).

This crucial finding that mzZVI can be reused withoegeneration makes mZVI a successful
reactive media during®3node of phenol and €removal in field applications. Compared
with the sequential removal>&ode removed 1.3 to 1.9 and 1.6 to 3.33 times radteand
phenol, respectively from pH 3 to 10 as shown i B(a). Good removal of phenol and®Cr
were obtained for independent separate modesr&irXi3 cycles; however, mZVI active sites
exhausted quickly showing a smaller number of mi&lse cycles as indicated in Fig. 1(a-b)

and Fig. 2(a).

Another set of experiments were done where premdted amount of KD, in incremental
supply of about 1.513 to 1.1 times (Fig. S3 andld&4) was added. The auxiliary addition of
H,0, was to satisfy the dual role played byQd as a reductant (at p&l7.1) and as an oxidant
for the entire pH range. It was expected that iruabuffered $mode, the redox cycling of
Ccr*/Cr ®* and Fé&'/Fe* cycling can be achieved in repeated cycles in glesibatch reactor

without regenerating Gt and without addition of mzVI. This hypothesis vwaagain confirmed
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with the results obtained from the auxiliary expents as in Fig. S4, by measuring Fe and Cr

speciation at different reaction times.

All experiments aimed to remove ©mand phenol from aqueous solution proved that the S
mode of batch operation to be efficient and mostanable and hence preferred because of
the following reasons i) The use of mZVI reactiveedia after many cycles without
regeneration of Fe ion was found to be higher®im8de, say at pH 3 the number of recycles
obtained for C¥ reduction were 8, 9, and 13, and at pH 7, the saere found to be 3, 5, and
6 for separate, sequential and Bodes, respectively. Hence °Crreduction with co-
contaminant phenol degradation can be achievedutitextra addition of mZVI compared to
the other two systems; ii)#, was used as a reductant in acidic condition tmfér* and as

an oxidant at neutral or near alkaline pH oxidizinghenol and regenerating
Cr®*simultaneously. (the details are explained in rsextion). This method avoids the overall
treatment cost expected in sequential or sepagateval where pH adjustment must be made
for obtaining the same results; iii) The existilgdry that maintaining acidic pH conditions
alone can promote contaminant removal can be rwlet considering the satisfactory
performance in terms of Fe utilization (47% to 6680Q pollutant removal (18% to 42%) at
circumneutral pH. In addition, dissolved iron contration was also reduced at this pH
showing a residual concentration of less than 0/0@A. for all the conducted experiments.
Also, there was no dissolution of €reven though the solubility of €is high in aqueous
solutions, iv) The redox reactions can occur siandbusly as well as sequentially with the
help of Fé" and generated oxidants.?#&" recycling was found to be working better fok S
mode than sequential-mode, during’Geduction at low pH and phenol oxidation at aliali

pH conditions with effective utilization of mZVinithe $-mode, CF* reduction and phenol

12
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oxidation depended on Fenton’s process and thdioaaates increased with time making
multiple cycles possible in a short span of tinfeor an instance, separate, sequential ahd S
mode took 4, 3 and 0.5 h, respectively for comptetielation of phenol at pH 7 as shown in
Fig. 1(b-d) and the resultant first order kinetates were 0.025, 0.033 and 0.053 Tin

respectively as given in Table S(b-d).

Whereas, the sequential removal experiments expatke limited cycle as listed in Table
S2(c), as pH gets increased under acidic pH camditiupto pH 7.5) and addition of®, was
needed to complete the reaction besidéécBnversion being very slow and v)®removal
with simultaneous phenol degradation can be actiexthout extra addition of mzZVI and pH
adjustment. Above all, the sustenance of the sanattus removal depends on the
concentration of P&, a least of 0.02 mg/L of Eemust be present in the current system for

further Fé*/** cycling. Below this F& concentration, there was nd®ode of pollutants.
3.2 ROLE OF MzVI

Ball milled mZVI acted as an effective reactive eral and has provided a new dimension in
overcoming the limited usage of ZVI and the majactbrs hindering the sustainability of
Fenton’s process in groundwater remediation. Coathéw bulk gZVI, mZVI was capable of
45-68% of better and consistent phenol degradati@eparate-mode (Ambika et al.,2016; Fu
et al.,2013; Kabdasli et al.,2010; Keenan and &e@208; Neyens and Baeyens,2003; Obiri et
al.,2014) with lesser secondary sludge productmilar results were observed with separate
Cr’reduction systems as well. With mZVI, the systenpegienced an initial lag time and
subsequent delay in reaction at all pH conditiofise initial lag time of 5 to 10 min was

observed between mzV!I addition and phenol &f @moval which is exactly the time needed

13
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for the generation of iron corrosion products sashFé" and FeOOH for its action on
pollutants (Fig. 1(a-d)). In many situations, iaidvantageous to delay the reaction and allow a
small lag time for effective interaction betweer ttontaminant and ZVI. In case of gZVI, the
lag time was 0.5 to 1 h which further hinders thiégation of reaction and offered required
time enabling the precipitation.Compared to gZVidmagd experiments (Fig. S2), mZVI are
found to be better in Fe utilization by 48 -68%gimved the interaction between’Fens and
H,O.by 25-32% promoted good radical generation by 1%.48nd effective F&/Fe’* cycling

by 50-70%,along with 88% less precipitation andyolelss than 2% unreacted mZVI and
meagre sludge production. The kinetic rates ofed#iit systems using gZVI (2000 mg/L
depicting the same specific area as 20 mg/L of mZ¥és represented in Table S3 and Fig.
2(d-f) for three different modes of experimentspwh that gZVI performed about 10 folds
lesser than mZVI (Table S2(a-c). The experimeniglaoted with 20 mg/L of gZVI resulted in
lethargic removal of pollutants in 24 h that showrithimum1000 times lesser kinetic rates

than mZVI, and hence the discussion on that exrisnwere omitted.

Though CP'reduction can be achieved with mergplin pH controlled systems, addition of
mZVI as reactive media enhances‘@eduction and minimises Cr precipitation, as Cr{OH
particularly in the presence of an aromatic orgasmpound like phenol. This may be the
reason for thin passive layer associated with mAMiring this transformation, suggested
mechanism of phenol removal included formation efri€ oxyhydroxide [Fe(OH) from

oxidation of mZVI and oxidation by €Efitself.

With mzVI, the reduced Gf may get incorporated into the growing surface exjhase
rendering C¥" inert and unreactive at low pH (Namkung et al.208ayens and Baeyens,

2003). Typically, Fe(lll) and Gf are likely to form CrxFg(OH); complex which obstructs

14
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precipitation and Fe(0) passivation in case of mg®R4n et al.,2017). Acidic pH enhanced iron
dissolution by 22% resulting i®DH radical production and 7% more in the solutibant on

the mzZV/I's surface. All these were missing in gZitie to its reluctant corrosion.

The other major factor affecting the pollutant reads the probability of contact between the

&2*3* and contaminates Eror phenol which is controlled by the thickness and

catalyst F
nature of surface passivation. Fig. 3(a-c) shdvesmicroscopic images of surface and cross-
sections (c/s) of mzZVI and gZVI during and at the eof experiments. It is well known that
the Fe/Cr oxide precipitation and further passayet formation decide the diffusion of ¥e
ions from core ZVI towards the aqueous contamisahition for its removal. Fig. 3(a) shows
spongy precipitation and presence of thin (#2) and micro-porous passive layer structure in
mzV! which favoured F& dissolution, and pore-scale and bulk-liquid electrtransfer
reactions. With gZVI, it was hardened precipitatend non-porous thick passive layer (~100
um) which hampered the reactions. As a whole, tliléyabf Fe?* ions to transport through the
passive layer is likely to happen only with mZVhéslow and continuous release of Faay
allow easy and consistent contaminant migratiomsecthe newly formed iron oxide. Unlike
gZVI, where passivation ensues soon after the icrganzVI| continuously released ¥eand
thereby enhanced contaminant removal under all @htliions albeit at a lower rate. This

microscopic images of gZVI and mzZVI supported amdidated the experimental data and

speculations of the crucial performance of mZVI pamed to the PRB-applied gZVI.

It is also well-known fact that €t reduction would occur within the matrix of ironroosion
products besides the reduction reactions on thessmlsled ZVI surface which takes own time
to form (Jiao et al.,2009; Liu et al.,2006; Mielcda et al.,2005; Noubactep.,2008; Obiri et

al.,2014; Ryu et al.,2011; Yang et al.,2018; YacakR019; Yoon et al., 2011; Zhang et
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al.,2019). At low pH, removal of phenol may be dieethe adsorption or the complex
formation of phenol with the newly formed surfaegric oxide phase (Namkung et al.,2008;
Nayens and Baeyens, 2003). However, this studyrebdeno adsorption and no changes in pH
value during reductive transformation proving ti@H concentration and catalytic activity of

mZV| dominated the entire coupled process.
3.3 REACTION MECHANISM AND KINTEICS

Cr'reduction can occur via the reactions (5-22) dorethdy the form of Cf at different
pHs. The coupled mode of treatment exhibited nmgkan pH of the solution during reaction
time as shown in Fig. 1(c-d) and hence no changenioval percentage of the®and phenol
between buffered and unbuffered system. The pretame diagram of Cr-#® showed that
HCrO4 being the dominant form of Ertill pH 6.8 and Cr@* for neutral and alkaline pH
conditions. The pe-pH relationship shown in Tablea®o reinstate that the form of°Cis an

influencing factor in transformation of the contauamt.

At pH < 4, pe for HCrQ/Cr*'is greater thanyD,/O, proving that Ct" is the better oxidant
than HO, and CPf* underwent reduction to &rwith 1.5 mM HO,, the system witnessed
92.1%, 66%, 22.8%, 3.89% and 0.03%@rduction at pHs 3, 4, 6, 7 and 7.1 respectivehe T
reduction reaction at pH 4 to 7.1 is because ofptesence of CrG4 species in aqueous
solution for which the pe value of CfICr*">H,0,/O, till pH 7.1. There was neither €r

evolution from C¥* observed for the next 24 h for pH7.1 nor C¥ reduction after pH>7.1

detected by bD; (pe values for Crg/Cr*<H,0,/0,).

The remaining Cf removal is taken by the electron transfer reastivom F&8%* as shown in
reactions (5 and 6) (Anah and Astrini, 2017; Poaldpu et al.,1997).
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HCrO; + 3Fe® + 14H* - 2Cr3* + 3Fe?* + 8H,0 (pH < 4) (5)
2Cr0;~ + 3Fe® + 16H* — 2Cr3* + 3Fe?* + 8H,0(pH 4t0 7.1) (6)

Mauriziopettineet al proposed an intermittent formation of highly un&aBr* species in
H,0, enabled C¥ reduction subsequently converted to stabf& @rm through one-electron
transfer reactions from a coordinated peroxo-gtouine central chromium, which is probably

facilitated by protonation as indicated in reacsi¢gi-15) (Pettine et al.,2002).

HOCr0,0~ + H* > HOCr0,0H )
HOCr0,0H + H,0, » HO,Cr0,0H + H,0 (8)
HO0,Cr0,0H + H,0, - HO,Cr0,0,H + H,0 9)
HO0,Cr0,0H - (0,),Cr0(H,0) (10)
2[Cr"10(0,),(0H,) + 2H* = 2[CrV0(0,)(0H,)]* + 0, + H,0, (11)
2[CrY 0(0,)(OH)]* + H,0, > 2[CrV0(0,),(0H,)]” + 2H* (12)
[CTY0(0,)(OH)]* + + 2H,0, = [CrY(0,)s(0H)]?~ + 3H* + H,0 (13)
[CTY0(0,)(OH)]* + + 3H,0, — [CrY((05))]®” + 4H' + 2H,0 (14)
[CTY ((00))]3 + 12H* - 2Cr3* + 6H,0 + 50, (15)

The pe-pH relationship of different species of ‘@r**, H,0,/O, pairs as shown in Table S4

figured out the reducing action o6, on CF*.
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At pH>7.1, where the form of €r subsequently shifts to &3>, H,O, was found to be
superior as an oxidant compared t§'Gpecies. (At pH<4, Ciperformed better as an oxidant
than HO,). At circumneutral pH of 7, newly formed Trexhibited maximum oxidative
capacity and regenerated®CrAt this point, through Gf-Cr°*-Cr**-Cr®* cyclic reaction is
important due to the formation e®H radicals. The influence of Fedetermines the fate of
Cr®" under typical groundwater conditions where pH irsumneutral. For this reason, ¥r
formed from C!* reduction which can easily be precipitated aslitge Cr(OH} at neutral
and alkaline pH, was regenerated to solubfél€iving no Ct concentration in the aqueous

solution according to reactions (16 and 17).
2Cr3* + H,0, + 100H™ - 2Cr0}~ + 160H - (16)
Cr,05~ + 6Fe?t + 14H* - 2Cr3* + 6Fe3* + 7H,0 (pH > 7.5) (17)

The resultant Cf was immediately reduced by Fepresent in the system and hence no
shuttling back of Cf was observed. Befixes the fate of Cf under typical groundwater
conditions where pH>7.2. The #enabled ¥ reduction rate was one order more tha®H
mediated C¥'oxidation. When phenol is present as a co-contamir@H radical generated by
Cr*’®* cycles offers additional treatment efficiencywéas observed that 1.5 mM,&, can
oxidize 0.088%, 6.06%, 5.24%, 3.25% of Cat pH 7.2, 7.5,8 and 10, when 2 mg/L of‘Cr
was added and the respective phenol removal wd9%01.25%, 3.88% and 2.46%. Hence
Cr®* via Fenton-like activation of #D.favors the phenol removal in coupled®Cand phenol
removal at circum-neutral and alkaline pH (Bakad dfspenson, 1983). Using ®Crfor
Fenton-like activation of pD.favors the purpose of coupled removal. Also, it waserved

that a sequential of chromium intermediates liké*@nd Cr* may directly react with bD;
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and produce powerfulDH radicals again to oxidize phenol as indicatedeiactions (Bakac

and Espenson, 1983; Luo et al., 1996; Liu et @D12 Shi et al 1994).
2Crt + ne” - Crdt/ Cr*t / Cr3t (18)
Cré* + Hy,0, - Cr®* + OH- + OH~ (19)

Though the above reactions are strongly favoredaadlic pH, the reactive chromium
intermediates were formed in wide pH range and &é¢he oxidation of phenol was achieved
even in neutral and near-alkaline conditions (Bekand Choi, 2011).Hence using®Cfor

Fenton-like activation of b, favors the purpose of coupled removal.

It is also possible that at circum-neutral pH ofthile nonselectiveHO radical was
replaced by a highly selective Ferryl radical (8022) that promoted oxidation of phenol.

Beyond neutral pH, degradation rate of phenol desere with decreased reactivity of Owith

H205.

Fe?* + H,0, — (Fe'V0)2* + H,0 (20)
(Fe'V0)%* + H,0, - Fe?* + H,0 + 0, (21)
(Fe'V0)2* + CcHsOH - Fe?t + H,0 + 0, (22)

When surfaceOH radicals become too weak to participate in tbgradation process, Ferryl
radical was found to play an important role ante®rted to have a longer lifetime in solution
even in the absence of,Bb. The role of HO, on the redox cycling of G&/Cr** and

Fe?*/Fe’*cycling for coupled removal of chromium and phewithout pH adjustment, without
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regenerating Gf and without addition of mZVI was thus verified #+mode and represented

in the graphical abstract.

The mechanism was verified by two additional experits as given in Fig. 2(c), (i) Excess
phenol and maintaining the same concentration 8f &d mzVI and (ii) Excess chromium
and same amount of phenol and mZVI. The first capeesented the negative effect of phenol
concentration on €f reduction, where the excess phenol than typican(fL) was used,
Fe?*was exhausted for radical production and hence @siganty supply of electrons or role as
Cr®*reducing agent was observed. Witlf'Qseing excess, phenol oxidation was less at acidic
and neutral pH owing to the fact®, was trying to satisfy only €f reduction. At alkaline
pH, -OH production and phenol oxidation occurred wité kielp of newly formed & (Bokare

and Choi, 2010; Shi and Dalai, 1994). The whole matsm was verified by conducting

different sets of experiments as detailed in F4. S

Reaction kinetics were obtained for separate, seiieand $-mode of both contaminants.
The reduction rates of Erand oxidation rates of Phenol were characterisegseudo first
order rate equation. The data are expressed irstefrthe first order rate constant (Mjn
However, in the $mode, the reaction rates increased with time nwpkinultiple cycles
possible in a short span of time. The kinetic camistvas reduced from the first value of 0.203

min™ to lower values in the subsequent treatment cy@lakle S2(a-c)).

The pseudo first order equation of the reductimegformation of C¥ in this study is given as

ac

i _KpseudoC (23)

KpseudaoC = K[radical] (24)
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It can be seen from the associated kinetic datardduction of chromium fitted fairly
well with the pseudo first order equation at staafretric conditions f~0.989) with increased
rates at acidic pH. The rate constant in this stigdgherefore in proportion to solutid®H
radical concentration. At alkaline pH, radical ¢gmotion and phenol oxidation occurred with
the help of newly formed €t The kinetic data also provides a non-linear pioce the

reaction rates were not proportional to the inaea<CF* concentration.
4 CONCLUSIONS

Cr°* reduction and phenol degradation were investigategZVI and mZVI mediated
Fenton’s system as separate, sequential Amdofe of experiments. More catalysis i.e. about
16.2 mg/LCF* reduction and 48 mg/L of phenol removal was obsgin S-mode at pH 3
using 20 mg/l of mZVI and 1.5 mM of 4, whereas separate-mode removed 8 mgf’ &rd
36 mg/L phenol and doubled the®Creduction and 25% increase in phenol removal.tElac

transfer from F&** to CP* resulting in F&”*

which in turn was consumed for phenol
oxidation returning Féback into the system for further Creduction being the governing
mechanism showed best results when the contaminenéstreated simultaneously rather than
separately or sequentially. At circumneutral pH7pH,O.promotes reduction of Erto CP*
where CF* exhibits maximum oxidative capacity and regener&8*. Cr in turn helps phenol
oxidation with reactive mzZVI and powerft©H radicals. The results recommend coupled and
S®redox mode compared to sequential or separate @nob\ollutants under nearly natural
subsurface conditions. The reduction of‘Cdepends upon the solution pH and nature of
mZV| particle rather than the presence of aromatganic compound like phenol. However,

the reduction was more pronounced in the presehpkamol because of the synergistic effect.

The convincing results of coupled removal of pheand CF* should be encouraged to
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incorporate redox reactions into transport modédiswassessing the fate ofCand phenols

in the environment.
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HIGHLIGHTS

Study of gZVI & mZV I based coupled toxic organic compound & heavy metal removal
« Beneficia single-step treatment synchronizing Cr®* reduction & phenol oxidation

* More pollutant removal/unit mZV1, with least unwanted iron-sludge even at neutral pH
» pH-focus chemical speciation, mass balance & radical study at every stage of reaction

» Scrap Ferecycled mZVI ininfex-situ Cr & phenol removal without buffer/stabilizer
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