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Abstract Oxidative destuction of phenolic can pounds n realwater and buffer with potassim fewrate was investigaied by static sha

king and jar tests Itwas found that fermie oxidation leads to mpid destuction of phenol in realwates whik approxinae 80% degm

daton was achieved in 10m nutes Additbnal alm coagulation enhanced the phenol removalbut the enhancen ents w ere insign ificant

Itwas ako found that the oxidation of phenols in pure waterw as highly pH dependent The maxmum phenol degradation w as ob tained

at neutralorweak akalne pH conditions in the tests Actally the optmun degradation pH was suggested to be cowehtive to pKa of

phenols The differenteffects of nitwo and ch brine substiient groups on the phenols degradation were ako discussed n this paper
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Phenol and its derivatives are m portant synthesis
niemediates in the chamical ndusiry and w dely used
as raw material in m any petochemical chem ical and
pham aceutical industries At presend the mportance
of phenol is poved by its ever increasing production
which reached 1900 m illion of kilogran s in 1995 for the
USA alome As aresult phenols have been found in
he wastewater of many industrial processes and also
found in wood coal and househol gaibage to a ksser
degree

Phenols awe consdered as prority polltants br
hey are ham ful b omganiss at bw concentrations
and many of then have been listed in hazadous pollr
tants because of their potential ham to hun an health
Phenols ar also precursors of halogenated by poducts
and kad to the fomatbn of chbwphenols n drinking
water disinfection pwcess Chlorophenols have stiong
organo kptic effectsw ih raher low tase threshold (0. 1
ppb) and thus deterbrate the finished waker quality
Besides ch bophenol canpounds have been studied in
recent years in view of their persisience and poten tial
hazard in the environment

Among hem ethods for ranoving phenol from a
queous wastes  solvent extracton is only econam ically
attractive if he phenol concentratbn is high enough i
e over 1%). Likewise biobgical treament is appro
priate for lov phenol concentrations due to the bacteri

cide properties of he phenolic canpounds However
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these womethods are not suitabk for phenols mmoval
at the concen tration level in surfacewater Conven tion
al coagulation sedimentation pwcesses are still the
¢ lay

omanic maters) 1e

mai approach for he particulates (e. g silica)
and dissolved mpurities ( e. g
moval fran surface water Unfortunately many oganic
maters such as phenols awe hardly mmoved by hese
pocesses
Chan ical pre oxdation is seemed to be a pum is
ngway for phenol removal n drinking water treament
Chlorine was widely investigated as pre-oxiants but
he negative eflects of fomation of disinfection by p wd
ucts (DBPs) lin it the w ile app lication of pre chbrina
tion A ltemative pre oxidants such as chlorine dioxide
and ozone also have associaed drawbacks O zne dis
nfection leads to he fomation of bumate and bumo
fom n the presence of bran ide ions . A fer decan
chlorine dioxide gives rise to the fomation of
ham ful chbrite and chbrate ions
Ferrate (VI) is he higher oxidation state of iron
and has a strong redox potential through he entileI SP]H

mange (fum —2.2V in acid © -0.7 V in base) .

Ferrate has been swudied as a disinfectant by m any

position

vestigabrs and it was found that ferrate inactivated
w ide varieties of micworganisn s in buflered water Fer
rte (VI) can also destroy several priority pollitants n
stimulated soft watet”. W e have found that femate
pre-oxidation follwed by akm inium coagu htion effee
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tively decrased residual akae concentatbn
cipitated heavy metal bns ai the mmovalof wibidity
. In addition

co pre
n omwanic rich waet’ recent sudy
found that ferrate treament does not produce any ren ai
nng mutagenic by products during the treament
pocess (Deluca et al, 1983b). The onl product of
ferraie decanposition in water is ferric hydroxde

which coul be canpletely removed by the following al

um  coagu lation sedinentation . Due to the unique
charac eristics of canb n ng oxidant and coagu lant qual
ities of ferrale (V 1),

drinking waler treaiment

it is a desirabk pre oxidant in

The ob petives of this paper are b investigate the
potential of fermte oxidation against phenols in the wa
ter Phenol and wo substinted phenols i e 2 4 de
cholophenol (2 4DCP) and p-nitrophenol (pNP),
were selected as target canpounds The variables of
changng expermental conditons inchided wo water
backgwunds 1 e realwater and buffer fermte dos
age reaction tine and pH. The mpacts of substituted

fanctional groups on the oxdation efficiency were also

discussed.
1 Materials and m ethods

1.1 Chem talk and solutbns
Potassium ferrate [ K;FeOs] was prepared by the

modification of he mehod of reaction beween OCT

and Fe (OH); (gel) in stongly basicmedia and iso
lated fran saturated KOH solution and stored in the
desiccators The puritywas detemined by the A rsenite-
Bwm ate method Phenol 2 4-dechlorophenol (2 4
DCP ) and p nitophenol (pNP) ( +99% purity Bei
jing chemical Lid Beijing China) wewr purified be
bre use The phenols were dissolved no double dis
tilled water to make a soock solition and sbred in the
refrigerator at4 . The stock solutionswere freshly di
bied o 100 * g L. to make testing solitions ustbefore
tests The pH of phenol testing solitions was adjusted
to a ceran values just before tests by KH,PO, -
K,HPO, buffer (0.05M, {H 5.0 6.0 7.0 8.0

9.0) NaB,0; - 10H,0 - Na,CO; buffer (0. 0M,

@ 10.0 11.0) and 0. INHC1(pH 3.0 5.0). Or

ganic buflerswere not adop ed in the tests in oder b a
voil the undesirab le reaction betveen ferrate and oan

ics Real riverwater fran northermn plan area was col
leced and stored in the refrigerator at4 ‘C. Thewater
was brought back to wan temperaure (22 ‘C) before
tests A Il chemical solutons and buffer solutonswere
ptepared in double distiled water Thewater quality of
realwaterwas listed as follws wibdity 12NTU Col
or 16 CU;  tH 7.1  total hadness 120 mg /L. C aCOs;

total akaliniy 55mg /L. CaC03 DOC 5.3 mg A
1.2 Bafch ests

Batch tests mcluding shaking tests and jar ests
wermr conducked in the laborabiy. Ferrate solution was
prepared by dissolving potassium ferrate solid n double
distilled water just before use in order to m ini ize the
loss of fermate n water In the case of shaking st an
aliquot of potassium ferrate solition at3mg /L were in
jected into a series of glass bottles (200 mL) con tai
ning 100 m L buffered phenol testing solutions then the
bottles were shook at275 tines inn for a period at an
bient temperature (22 ‘C). Afier hat the reaction
was quenched by adding excess sod um sulfite at vari
ous tme ntewvals And hen the water samples were
subjected to phenol measurement The jar tests were
carried outw ith a six unit stirrer apparatus Realwater
was first spiked with 50 #¢g L. phenol and tansferred
into 1000 mL bakers A liquot of ferrate solution was
m ixed with waler sanples in each beaker for a period
before the addition of alum  Sane of he water sanples
wermr subpcied to coagulation with the additbn of spe
cific volme of alim solution at 300 rpm bHr 1 min
Thereafier the sanpleswere sbwly stired for 10 m n
and then settled for 30 min  The residual
phenol concen tration of supernatantw asm easured
1.3 Analytcalmethods

Concentratbn of phenols was analyzed by a stand

at 60 rpm,

ard method based on spectrophotometric analysis at
510 m of the developed cobr esults fum the reaction
The Ferrate (V1)
woiking solutions were prepared by dissolving ferrate

of phenolw ith 4 am inoantipyrene ¥

solid in doub le distilled w ater st before use in order to
m inin ise the bss of ferrale A molar absomption coeffi
cient€510 nom=1 150M "' an "' was used Hr the cal
|

. o N
cuhton of ferrate decan positon n bufler solitions” .

2 Results and discussion

Figure 1 presents the phenol degradatbn by ferrate
ox idation under natural condition The results fran the
rialsw ith additional alum coagulation awre also presen
ted in the same figue for canparison. The nitial con
centiaton of phenol in eal water was 50 g 1, and
the dosage of ferrate was ranged fran 1 o Smg /. Fer
mle oxidation kd to rapid destwctbn of phenol in real
water the msidual phenol furher decreased wih in
creasing ferrate dosage (Fig. 1a). The lowest phenol
esilual (16.2 #g /I, about67 % reduction) was ob-
tained at the dosage of 5 mg /l. The residual concen
tration was not poportional to the dosage of ferrate
Thismay be attrbutable to the consumption of ferrate
by other eductivemagrials or the producits fran phenol
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oxidation in the water The residual phenol concentia
tion fran the trialsw ih additbnal abm coagu lation w as
lower than that fran sokly ferrate oxidaton but the
diflerence was not significant This isbecause alun co
agulation is not effective n removing phenol frm wa
ter

The wmsidual phenol also varied w ih reaction tme
(Fi. 1b). The residual phenol dopped rapidly w ihin
and then
gradually decreased with probnged contact tme and
hen reached he bwest plateau at 10 m in ( about 80 %,
degradation). This indicated a quick oxiation of phe

he first perbd of reaction tme (5 min),

nol by ferrate in ealwater Additional alum coaguk

tion led to slight enhancement in phenol removal
60

(a) Reaction time 5 min

—0— Solely ferrate oxidation
-=+0-~- With alum ceagulation
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(b) Ferrate dosage 5 mg/L.
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_—: -+ -0« - With alum coagulation
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Fig. 1 Phenoldegradation by ferrate oxidation in real water
Figure 2 illustrats the variaton of residual phenol
n pure waterwith reaction tine at various fH vales
The dosage of ferrate was sekcted to be 3mg L. as nor
G enerally
“wo stage” tme dependent pattem in residual phenol

mally used In surface water teament

wih seep sbpe in the first stage (wihin early 5 m+
nutes) follws a slow slope within prolonged reaction
tme n the secondary stage was observed The “ two-
stage” pattem wasmuch clear at pH 3 5 and 1L in

which an obvious inflex bnwas obtained This phenam
enon is consistentw ih he results in the ealwater ( see
Fig 1b). The initial sudden d wp of residual phenol in
dicated the rapid mactbn mie between fermte and phe
It s
worth b note that the decrease n the first oxiation
stage at bw (H conditbn was larger han that at high

M condition brexanpk he residual phenol concen

nol especially in he case of low pH conditions

tration at different pH condition after 3 m n oxilation
was in the oder of pH 3T H5<pHFpHO<H11l It
seemed hat there exists comrelatbn beween he first
stage oxidation efficiency and the redox potential of fer
mie for fermte has higher oxidative potential in acil

. . [10]
solution than n base .

100
80
5
oy
2w
2
£
E
s 40
4
&
Al
0 S " N N N s
0 5 10 15 20 25 30
Time/min

Fig.2 Phenol degradation by fermie oxdaton under
various pH cond itions ( ferrate 3 mg /. as K,F 0, )

The esdual phenol furher decreased in he see
ondary stage within the prolonged reaction tme but the
decreasing mie varied laigely among varbus H condi
tons Slowly educng rate in phenol residual at pH 3
5 and 11 wer observed 1in contrary wlative hgher re
ducing rate were obtained at pH 7 and 9 The higher
oxidation rate i the secondary stage resulied in rehtwve
low er residual phenol atpH 7 and 9
atpH 3 5 and 11

The data of these trialswere reoganized and p bt
ted in F gure 3 to illstrate he function of pH at various
ractbn tines Itwas quile clear hat the higher phenol

canpared to that

destmction was achieved at longer reaction time (more
han 10m inues) under neutal pH conditions for ex
anple atpH 9 the esidualphenol dropped fran 88 + g /
L to 16 "¢ /I. as ractbn tin e extended frim 1 min to
30min W hilstunder acid and alkaline cond itions on
ly small mpovanents in reduction were obtaned w ih
polonged reaction tme The phenol esdual concen
trationw ih the function of fH at longer raction tine

could be best described by “U” shape cuwes This

phenan enon was mainly attributable, 1o, he changing
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stability of fermte n water
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Fig 3 Phenoldegradatbn by ferrate oxidation w ith the
functon of pH ( fewate 3mg A asK,Fe),)

Figure 4 shows that he decay of ferrae in aqueous
system at various pH valies with initial concentratbn 3
mg /L. The exisence of reductivematerials in the solr
tionmay acce lerate he decan position of ferrate  In this
suudy the decanpositon of ferrate while co existed
w ih phenol was not monibred Ferrale becanes more
and mor stable m the water wih the increasing pH
valhie this agrees with the findings of many other ©
searchers ' . Higher stabiliy pwovides sufficient bng
oxidation in neural and akaline conditions ( pH 8 —
10). thewrfore leads b substan tial educton of phenol

3
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Fig. 4 Decom position of ferrate under varbus pH valies

Itwas conclided that he redox poential and the
stabiliy were two key factors influencing he phenol
degradation efficiency in the ferrate phenol reaction
system. The stability increases with increasing pH vat
ue while the oxidative potential of ferrate dwps off fran
2.2 0 0.7 n aqueous system. In the case of low [H
condition e.g.pH 3 and § hiher oxiative potential
of ferrate kd to fast phenol oxidation and resulted in

sudden d wp n esidual concen ration in the first stage

(see Fig.2). Afier that te rapd decanposition of
ferrae alnost ceased the reaction and left an inflexion
in reduction curve It isworth to note that he residual
phenol furher decreases to a snall extent after canplete
decan position of ferrats forquick decay of typ ical vie
let color of fermte was obsewed (within several m+
nutes). This ndicates hat ferrate decam positbn m ay
generak sane inlemediake oxilative materials such as
Fe and Fe' species and caused further oxidation
W hile in he neutral and alkalne conditions low-
er redox potential of fermte led to sbw oxidation rate
and consequent gradual reduction in phenol residual
Rather low phenol degradation at pH 11 in te fist
stage was obtained bgether wih the low decreasing
rmle in the bng reaction tme indicating he shw wrac
tion rate of fermte and phenolw ihn the whole reaction
period A cually
rte persised thwughout he whok reaction tme while

the characteristic vplet color of fer

ferrate co- existed with phenol n akalne solution ( g
11) because of he extreme high stability of ferrate at
H 10117,

In additon the rlative distrbu tbn of phenol and
phenate species ( CoHsOH CsHsO ™ ) is suggested to
be anoher mportant factor as the phenake ion ismuch
mowe susceptible to oxilation han phenol 2. The
large fomation of the ionized species at higher pH val
ues coull ncrease the activity of phenol to ferrate oxi
dation and supp bmentary contribute to the phenol deg
radation w ih the mcrasing pH. This will be discussed
later based on the following resu lts

The oxidation of o substituted phenols ie 2
4 dichlorophenol (2 4 DCP) and p nitophenol (p-
NP), was alo conducted in this study. The variations
of residual concentration at different reaction tme were
sm ilar to those of phenol and not shown in his paper
The esidual concentrations of wo substituted phenols
as he fanction of pH at various eacton times are illus
traied n Figue 3 The data fim phenol awe also pres
ented n the sane figure b campar and facilitate the
discussion It is obvbus that he patiern of ox dation
curves of p NP and 2 4DCP was smihr b that of
phenol except for the op tmum phenol degmdation pH.
This indicates that the oxidaton of p NP and 2 4 DCP
by ferrate is also pH-dependent

It isworth b notice he apparent differences in op
tmum degradaton fH between three knds of phenols
The optmum H was around 8 for2 4DCB 7 forp
NP and a narrow range around 9 for phenol mspec
tivel. The different (K a value ( he negative bgarithm
expression of the acility constant) of2 4DCR p NP
and phenol could be the wmasonabk explanaton for a

bove differences - for the optinum  oxiation pH, .ap
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peared around their own pKa vabie The pKa values br
phenol 2 4DCP and pNP are 8.98 7.8 and 7. 25
espectvely which corresponds to the optinum oxida
tion pH ( see Fig.6). The pH detem ines the degree of
dissociation of the phenol and substituted phenols and
this mpacts the reaction b sane certain extent In the
weak acid conditions below pKa phenolmolecule dam
nates the species in the solition The concen trations of
phenate ions increase wih pH valie and reach the e
after that the
phenate ions prevail in the weak akaline conditbns a
refered to

phenate ions n this papes have been found b bemore

qual level b phenol molecule at pKa
bove pKa The de pwionated canpounds

reactve in oxidation The incrments of phenale ions
n solution could contrbute b the degradation efficiency
by ferrate oxdation In the case for phenol oxidation

as the pKa of phenol (9.89) is close © the pH zone
10-11 where ferrate ismuch stable a lower optinum
degradation pH appeared (awund 9). Sice he redox
potential and stabilily of ferrate pKa of phenols was all
pH-dependent pH was believed to be the most m por
tant factor nfliencng the oxilation efficiency of phe
nols and shape the phenol residual curve pattem abng

reacton tme ( see Fig.2).
100
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—o0—2.4-DiChlorophenol
0 b
~ 8 ~o—p-Nitrophenol /
=
S 60
g
£
E
g 40 7.25
¢
]
< 0
20 9.89
7.8
0 s
2 3 4 5 6 7 8 9 10 11 12
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Fig 5 Phenol 2 4 - dichlomphenol and p - nitwphenol
degradation by ferrate oxidatbn with the functbn of
pH ( ferrate 3 mg /b asK,Fe0,)

The figure also showes the big difference n phenol
degradation efficiency among three phenols ( see
Fig. 6). The residual concentiations at optinum degm
dation pH were 15.8 13 and 55 g /L. for phenol 2
4DCP and pNB respectively 2, 4 DCP is the most
susceptble one han phenoland pNP. The wmasons br
this phenam enon ae not quite clear at curren t stage bu t
itmay be attributable o the substined goups Itwas
assumed that he electrow ithdraw ng effect of nito
group lowered the reactivity of p NP to the ferrate oxi

dation. Besides electon donating resonance effect of

chbrine substitutionmay also kad to he incrase of e
ac‘[ivityI P Which resulted in the faster degadation by

ferrae oxidation

3 Conclusions

The static tests were conducied to evahate the fer
rte oxidation of phenol 2 4 dichlorophenol and p ni
trophenol in real water and pure water Itwas found
hat ferrake oxidation kd to rapid degradation of phenol
in realwatker condition Higher fermie dosage and lon
ger contacting tine resulted in higher phenol degrada
tion Additional alum num coagulation enhanced the
phenol rmoval to a snall extent Two slage oxidation
curve of phenol degradation ( rapid decrase followed
by slw teduction) along reaction tine was obtained
Redox potential stability of ferrate and pKa of phenols
in aqueous systan were believed to be key factors that
inflience the degradation efficiency. The phenols oxi
dation by fermte as the finction of fH coul be de
scribed by U- shape cuwes at long reaction tme The
op timum degradaton fH for hwree kinds of phenols was
confimed to be correlativew ith their pPKa In addition
substiient chbrine and nitro groups on he aramatic
ring enhanced or hindered the phenols oxidation by fer
mte
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