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Abstrac t:Oxidative destruction of pheno lic com pounds in rea lw ate r and buffer w ith po tassium fe rrate w as investiga ted by static sha-

king and jar tests. It was found that fe rra te oxidation leads to rapid destruction o f pheno l in realw a te r, w hile approx im a te 80% deg ra-

dation was achieved in 10 m inutes. Add itional a lum coagula tion enhanced the pheno l rem oval but the enhancem ents w ere insign ifican.t

It wa s a lso found tha t the ox ida tion of pheno ls in pure w aterw as highly pH-dependen .t The max im um pheno l deg rada tion w as ob ta ined

at neutra l o rw eak a lkaline pH conditions in the tests. Ac tually, the op tim um degrada tion pH w as suggested to be co rre la tive to pKa of

pheno ls. The differen t e ffec ts of nitro and ch lo rine substituent groups on the pheno ls deg rada tion w ere a lso d iscussed in th is paper.
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Pheno l and its de rivatives are im portant synthesis

in term ed iates in the chem ica l industry and w idely used

as raw m ate ria l in m any petrochem ica l, chem ical and

pharm aceutical industries. A t presen t, the im portance

of pheno l is proved by its eve r increasing production

w hich reached 1900 m illion o f kilog ram s in 1995 for the

USA alone. A s a resu lt, pheno ls have been found in

the w astew ater of m any industrial processes, and also

found in wood, coa l and househo ld ga rbage to a lesser

deg ree.

Pheno ls a re considered as prio rity po llu tants fo r

they are harm ful to organism s at low concentrations,
and m any of them have been listed in hazardous po llu-
tants because of the ir po tentia l harm to hum an hea lth.

Pheno ls are a lso precurso rs of halogenated by-products

and lead to the form a tion of ch lo rophenols in drinking

w a ter disinfection proce ss. Ch loropheno ls have strong

organo leptic effectsw ith rather low taste thresho ld (0.1

ppb) and thus de terio rate the finished w a te r quality.

Besides, ch lo ropheno l com pounds have been studied in

recent years in view of the ir persistence and po ten tia l

hazard in the environm en.t

Am ong the m ethods fo r rem ov ing pheno l from a-
queous w astes, so lvent ex traction is on ly econom ically

attrac tive if the phenol concentration is h igh enough , .i

e. over 1%. L ikew ise, bio logica l treatm ent is appro-
pria te for low pheno l concentra tions due to the bacteri-
cide properties o f the pheno lic com pounds. H ow eve r,

these tw om e thods are no t suitab le for pheno ls rem ova l

at the concen tration leve l in surfacew a ter. C onven tion-
al coagu lation-sedim entation p rocesses are still the

m a in approach for the particu lates(e.g. c lay, silica)
and disso lved impu rities (e.g. o rganic m a tte rs) re-
m ova l from surface w ater. Unfo rtunate ly, m any o rganic

m a tte rs, such as pheno ls, are hardly rem oved by these

processes.

Chem ical pre-ox idation is seem ed to be a prom is-
ing w ay for pheno l rem ova l in drinking w ater trea tm en.t

Chlorine w as w ide ly investigated as p re-ox idants, bu t

the negative e ffec ts of fo rm ation of disinfection by-p rod-
ucts(DBPs) lim it the w ide app lication o f pre-ch lo rina-
tion. A lternative pre-oxidants such as chlorine diox ide

and ozone also have associa ted draw backs. O zone dis-
in fec tion leads to the fo rm ation of b rom a te and brom o-
form in the presence of brom ide ions

[ 1]
. A fte r decom-

position, chlorine dioxide gives rise to the form a tion o f

harm ful ch lo rite and ch lo rate ions
[ 2]

.

Fe rrate (V I) is the higher ox ida tion sta te of iron

and has a strong redox po tential through the entire pH

range ( from - 2.2 V in acid to - 0.7 V in base)
[ 3]

.

Ferrate has been studied as a disinfectant by m any in-
vestiga to rs, and it w as found that ferrate inactivated

w ide varieties ofm icroorganism s in bu ffe red w ater. Fer-
ra te (V I) can also destroy seve ral priority po llu tants in

stimu lated soft w ater
[ 4]

. W e have found tha t fe rrate

pre-ox idation fo llow ed by alum inium coagu la tion effec-
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tive ly decreased residual a lgae concentra tion, co-pre-
cipitated heavy m e tal ions, a id the rem ova l o f tu rbidity

in o rganic-rich w a te r
[ 5, 6]

. In addition, recent study

found that fe rrate treatm ent does no t produce any rem ai-
ning m utagen ic by-products during the trea tm en t

proce ss (Deluca et a.l , 1983b). The on ly product o f

ferra te decom position in w a ter is ferric hydrox ide,
w hich cou ld be com plete ly rem oved by the fo llow ing al-

um coagu lation-sed im en tation
[ 7]

. Due to the unique

charac te ristics o f comb in ing oxidant and coagu lant qual-
ities o f ferra te (V I), it is a desirab le pre-ox idan t in

drinking w a te r treatm en.t

The ob jec tives o f this pape r are to investigate the

potential of ferra te ox idation against pheno ls in the wa-
ter. Pheno l and tw o substitu ted pheno ls, i. e.2, 4-de-
cho lrophenol(2, 4-DCP) and p-n itropheno l(p-NP),
w ere se lected as target com pounds. The variables o f

chang ing expe rim enta l conditions included tw o w a ter

backg rounds, .i e. rea lw ater and buffer, ferra te dos-
age, reac tion tim e, and pH. The im pac ts of substituted

functional groups on the ox idation e fficiency w ere also

discussed.

1　Mater ials and m ethods

1.1　Chem ica ls and so lut ions

Po tassium ferrate [ K2FeO4 ] w as prepared by the

m odification o f the m e thod of reaction be tw een OC l
–

and Fe (OH)3 (ge l) in strong ly basicm edia and iso-
lated from saturated KOH so lution, and sto red in the

desiccators. The purityw as dete rm ined by the A rsenite-
B rom ate m ethod Phenol, 2 , 4-dechloropheno l (2, 4-
DCP) and p-nitropheno l(p-NP)(+99% purity, Be i-
jing chem ical L td, Be ijing, China) we re pu rified be-
fo re use. The pheno ls w ere disso lved in to doub le dis-
tilled w ater to m ake a stock so lu tion and sto red in the

re frige rator a t4 oC. The stock so lutionsw ere freshly di-
lu ted to 100 μg /L to m ake testing so lutions just before

tests. The pH of phenol testing so lu tions w as adjusted

to a ce rta in values just be fore tests by KH2PO4 -

K 2H PO 4 buffer (0.05M , pH 5.0, 6.0, 7.0, 8.0,
9.0), Na2B4O7 10H2O - Na2CO3 buffer (0.05M ,
pH 10.0, 11.0) and 0.1N HC l(pH 3.0 , 5.0). O r-
ganic bu ffe rsw ere no t adop ted in the tests in o rder to a-
vo id the undesirab le reaction be tw een ferrate and organ-
ics. Real rive r w ater from northern pla in area w as co l-
lec ted and sto red in the refrigerator at 4 ℃. Thew a ter

w as brought back to room tem pera ture (22 ℃) before

tests. A ll chem ical so lutions and buffer so lutions w ere

prepared in double distilled w ate r. Thew a te r qua lity o f

realw a terw as listed as follow s:turb id ity 12 NTU;Co l-
or 16 CU;pH 7.1;to tal hardness 120 m g /L C aCO3;

tota l a lkalinity 55 m g /L CaCO 3;DOC 5.3 mg /L.

1.2　Batch tests

Ba tch tests including shaking tests and jar te sts

w e re conduc ted in the labora to ry. Ferrate solution w as

prepared by d isso lving po tassium ferrate solid in double

distilled w ater just be fore use in order to m inim ize the

loss of ferra te in w ate r. In the case o f shaking test, an

a liquo t o f potassium fe rrate so lu tion at 3 m g /L w ere in-
jec ted into a series of glass bo ttles (200 m L) con tai-
ning 100 m L buffered pheno l testing solutions, then the

bo ttles we re shook a t275 tim es /m in for a pe riod a t am-
b ient tem perature (22 ℃). A fte r that, the reaction

w as quenched by adding exce ss sod ium su lfite at vari-
ous tim e in terva ls. And then, the wa ter sam ples w ere

subjected to phenol m easurem en.t The jar tests w ere

carried ou tw ith a six-unit stirrer apparatus. Rea lwa ter

w as first spiked w ith 50 μg /L phenol and transferred

into 1000 m L bakers. A liquot o f ferrate solution w as

m ixed w ith w a ter sam ples in each beaker for a period

befo re the add ition o f alum. Som e of the w ater sam ples

w e re sub jec ted to coagulation w ith the addition o f spe-
cific vo lum e of alum so lution at 300 rpm fo r 1 m in.

Therea fte r, the sam ples w ere slow ly stirred fo r 10 m in

at 60 rpm , and then settled for 30 m in. The residua l

pheno l concen tration o f supernatantw asm easured.

1.3　Analyt ica lmethods

Concentration of pheno ls w as analyzed by a stand-
ard m e thod based on spec trophoto-m etric analysis a t

510 nm of the developed co lo r results from the reaction

of pheno lw ith 4-am inoantipyrene
[ 8]

. The Fe rrate (V I)
w o rking solutions we re prepared by d isso lving fe rrate

solid in doub le distilled w ate r just before use in order to

m inim ise the lo ss of ferra te. A m o lar abso rption coeffi-
cientε510 nm =1 150 M

- 1
cm

-1
w as used fo r the cal-

cu la tion of ferrate decom position in bu ffe r so lu tions
[ 9]

.

2　Results and d iscussion

Figure 1 presents the pheno l deg radation by fe rrate

ox idation under natural condition. The results from the

tria lsw ith additiona l alum coagula tion a re a lso presen-
ted in the sam e figu re for com parison. The in itia l con-
centra tion o f phenol in rea l w ater w as 50 μg /L, and

the dosage o f ferra te w as ranged from 1 to 5 m g /L. Fer-
ra te ox idation led to rapid destruction o f phenol in rea l

w a ter, the re sidua l phenol further decreased w ith in-
creasing fe rrate dosage (Fig.1a). The low est pheno l

residual(16.2 μg /L, about 67 % reduction)w as ob-
tained at the dosage of 5 m g /L. The residual concen-
tra tion w as no t propo rtional to the do sage o f ferrate.

Th is m ay be attributable to the consum ption o f fe rrate

by o ther reduc tivem a te ria ls or the products from pheno l
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ox idation in the w ater. The residua l phenol concentra-
tion from the tria lsw ith additiona l a lum coagu lation w as

low er than that from so le ly fe rrate oxida tion, bu t the

diffe rence w as no t significan.t This is because alum co-
agulation is no t effective in rem ov ing pheno l from wa-
ter.

The re sidua l pheno l also varied w ith reac tion tim e

(F ig.1b). The residua l pheno l dropped rapidly w ithin

the first period o f reaction tim e (5 m in), and then

gradually decreased w ith pro longed contact tim e, and

then reached the lowest plateau at 10 m in (about 80 %
deg rada tion). This ind ica ted a qu ick ox idation o f phe-
nol by ferrate in real w a te r. Additional alum coagu la-
tion led to slight enhancem ent in pheno l rem ova.l

F ig. 1　Pheno l deg radation by ferrate oxida tion in rea l wa ter

Figu re 2 illustrats the variation o f residual pheno l

in pu re w ate r w ith reac tion tim e a t various pH values.

The dosage of fe rratew as se lected to be 3 m g /L as nor-
m a lly used in surface w ater trea tm en.t G enerally,
“ tw o-stage” tim e-dependent pattern in residual pheno l

w ith steep slope in the first stage (w ith in early 5 m i-
nutes) follow s a slow slope w ithin prolonged reaction

tim e in the secondary stage was observed. The “ two-
stage” pattern w as m uch clear at pH 3, 5 and 11, in

w hich an obvious inflex ion w as obta ined. Th is phenom-
enon is consistentw ith the results in the rea lw ate r(see

Fig 1b). The initial sudden d rop o f residua l pheno l in-
dica ted the rapid reaction ra te between ferra te and phe-
no l, especially in the case of low pH cond itions. It is

w o rth to note tha t the decrease in the first ox idation

stage a t low pH condition w as large r than tha t a t high

pH condition , fo r exam p le the residual pheno l concen-
tra tion a t differen t pH condition after 3 m in ox idation

w as in the o rde r of pH 3<pH 5 <pH 7<pH 9 <pH 11. It

seem ed that there ex ists corre lation be tw een the first

stage oxida tion efficiency and the redox poten tial o f fer-
ra te, fo r ferra te has h ighe r oxida tive po ten tia l in ac id

solution than in base
[ 10]

.

F ig.2　Pheno l deg rada tion by fe rra te ox ida tion unde r

v arious pH cond itions( ferrate 3 mg /L, as K2 FeO4)

The residua l phenol further decreased in the sec-
ondary stage w ithin the prolonged reaction tim e, but the

decreasing ra te varied large ly am ong various pH condi-
tions. S low ly reducing rate in pheno l residual at pH 3,
5 and 11 w e re observed, in contrary re lative h ighe r re-
duc ing rate w ere ob tained at pH 7 and 9. The higher

ox idation rate in the secondary stage resu lted in re la tive

low er residua l pheno l at pH 7 and 9, com pa red to tha t

at pH 3, 5 and 11.

The da ta of these trialsw ere reo rganized and p lo t-
ted in F igure 3 to illustrate the function of pH a t va rious

reaction tim es. Itw as quite clear that the higher pheno l

destruction w as achieved at longer reaction tim e (m ore

than 10 m inu tes) unde r neutra l pH conditions, for ex-
am ple a tpH 9 the re sidua lphenol dropped from 88 μg /

L to 16 μg /L as reaction tim e extended from 1 m in to

30 m in. W h ilst under acid and alka line cond itions, on-
ly sm a ll im provem ents in reduction we re obtained w ith

pro longed reaction tim e. The phenol residua l concen-
tra tion w ith the function of pH a t longe r reaction tim e

could be best described by “U” shape curves. Th is

phenom enon w as m ainly attributab le to the chang ing
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stability of ferra te in w ate r.

F ig. 3　Pheno l degradation by ferrate oxidation w ith the

function of pH ( fe rrate 3 m g /L, as K2 FeO 4)

Figu re 4 show s tha t the decay o f ferra te in aqueous

sy stem at various pH values w ith initial concentration 3

m g /L. The ex istence of reductivem a te ria ls in the so lu-
tion m ay acce lerate the decom position of fe rrate. In th is

study, the decomposition of fe rrate while co-existed

w ith phenol w as not m onito red. Ferrate becom es m ore

and m o re stab le in the w ate r w ith the increasing pH

value, this ag rees w ith the findings of m any othe r re-
sea rchers

[ 11]
. H igher stability provides sufficien t long

ox idation in neural and a lkaline conditions (pH 8 -

10), the refo re leads to substan tial reduction o f pheno l

(see Fig.2).

F ig.4　Decom position o f ferrate unde r va rious pH va lues

Itw as conc luded tha t the redox po tential and the

stability w e re tw o key factors influencing the pheno l

deg rada tion efficiency in the ferrate-pheno l reaction

sy stem. The stab ility increases w ith increasing pH val-
ue while the oxidative po ten tia l o f ferrate drops off from

2.2 to 0.7 in aqueous sy stem. In the case of low pH

condition, e.g.pH 3 and 5, h ighe r ox idative po ten tia l

of fe rrate led to fast phenol ox ida tion and resulted in

sudden d rop in residual concen tra tion in the first stage

(see Fig.2). A fter tha t, the rap id decom position o f

ferra te alm ost ceased the reac tion and left an inflex ion

in reduction curve. It is wo rth to no te that the residua l

pheno l further decreases to a sm all extent after com plete

decom position of fe rrate, fo r qu ick decay o f typ ica l vio-
let co lor of ferra te w as observed (w ithin several m i-
nutes). This ind ica tes that ferrate decom position m ay

genera te som e inte rm edia te ox idative m ate ria ls, such as

Fe
5+

and Fe
4+

species, and caused further oxidation.

W hile in the neu tra l and alka line conditions, low-
er redox potential of ferra te led to slow oxidation rate

and consequent gradual reduction in pheno l residua.l

Rathe r low pheno l degradation a t pH 11 in the first

stage w as ob tained, together w ith the low decreasing

ra te in the long reaction tim e, ind ica ting the slow reac-
tion rate of ferra te and pheno lw ith in the whole reaction

period. A ctually, the characteristic v io let co lor o f fer-
ra te persisted throughou t the w ho le reaction tim e while

ferra te co-ex isted w ith pheno l in a lkaline so lution (pH

11) because o f the ex trem e high stability o f fe rrate a t

pH 10 -11
[ 3]

.

In addition, the re lative distribu tion of phenol and

phenate species (C6H5OH /C6H 5O
-
) is suggested to

be ano ther im po rtan t factor, as the phena te ion ismuch

m o re suscep tible to ox idation than pheno l
[ 12]

. The

large fo rm ation o f the ionized spec ies at higher pH val-
ues cou ld increase the activity o f pheno l to ferra te ox i-
dation and supp lem entary contribu te to the pheno l deg-
radation w ith the increasing pH. Th is w ill be d iscussed

later based on the fo llow ing resu lts.

The ox ida tion of tw o substituted pheno ls, i.e. 2,
4-d ichloropheno l (2, 4-DCP) and p-nitropheno l (p-
NP), w as a lso conducted in this study. The variations

of residua l concentra tion at different reaction tim e w ere

sim ilar to those of pheno l and no t show n in th is pape r.

The re sidua l concen tra tions o f tw o substituted pheno ls

as the function of pH at various reaction tim es are illus-
tra ted in Figu re 5. The data from pheno l a re also pre s-
ented in the sam e figure to com pare and facilitate the

discussion. It is obv ious tha t the pattern of ox idation

curves o f p-NP and 2, 4-DCP w as sim ila r to that o f

pheno l except for the op timum pheno l deg radation pH.

Th is indicates tha t the oxidation of p-NP and 2, 4-DCP

by fe rrate is also pH-dependen.t

It is wo rth to no tice the apparent differences in op-
timum degradation pH be tw een three k inds of pheno ls.

The op timum pH w as around 8 for 2, 4-DCP, 7 fo rp-
NP, and a narrow range around 9 fo r phenol, respec-
tive ly. The different pK a value ( the nega tive logarithm

expression of the ac idity constant) o f 2, 4-DCP, p-NP

and pheno l cou ld be the reasonab le explanation for a-
bove d iffe rences, for the optim um ox idation pH ap-

105



中山大学学报 (自然科学版) 第 45卷　

peared around the ir ow n pK a va lue. The pKa values fo r

phenol, 2, 4-DCP and p-NP are 8.98, 7.8 and 7.25,
respective ly, w hich co rresponds to the optim um oxida-
tion pH (see Fig.6). The pH determ ines the degree o f

dissoc iation of the pheno l and substitu ted pheno ls, and

th is im pac ts the reac tion to som e certain ex ten.t In the

w eak acid conditions be low pK a, phenolmo lecule dom-
inates the species in the so lu tion. The concen tra tions o f

phenate ions increase w ith pH va lue and reach the e-
qua l leve l to pheno l m olecule at pKa, after tha t the

phenate ions prevail in the w eak a lkaline conditions a-
bove pKa. The de-pro tonated com pounds, refered to

phenate ions in this paper, have been found to bem ore

reactive in ox ida tion. The inc rem en ts o f phenate ions

in so lution could con tribute to the deg rada tion e fficiency

by ferrate ox idation. In the case for pheno l oxidation,
as the pKa of phenol (9.89) is close to the pH zone

10-11, w here fe rrate is m uch stab le, a low er optim um

deg rada tion pH appeared (a round 9). S ince the redox

potential and stability o f ferrate, pKa of pheno ls w as all

pH-dependent, pH w as be lieved to be the m ost im por-
tant factor in fluencing the ox idation efficiency of phe-
nols and shape the phenol residua l curve pattern a long

reaction tim e (see Fig.2).

F ig. 5　Pheno l, 2, 4 - dichloropheno l, and p - nitropheno l

degrada tion by ferrate ox idation w ith the function of

pH ( ferrate 3 mg /L, as K2 FeO4)

The figure a lso showes the big difference in pheno l

deg rada tion efficiency am ong three pheno ls ( see

Fig.6). The residual concentra tions at optim um deg ra-
dation pH w ere 15.8 , 13 and 55 μg /L for phenol, 2,
4-DCP and p-NP, respectively. 2 , 4-DCP is the m ost

susceptib le one than pheno l and p-NP. The reasons fo r

th is phenom enon a re no t quite clear at curren t stage bu t

itm ay be a ttribu table to the substitu ted g roups. Itw as

assum ed that the e lectro-w ithdraw ing e ffec t o f nitro

group low ered the reactivity of p-NP to the fe rrate ox i-
dation. Besides, electron-donating resonance effect o f

ch lo rine substitution m ay also lead to the increase o f re-
activ ity

[ 13]
, wh ich resulted in the faster deg radation by

ferra te ox idation.

3　Conclusions

The static tests w ere conduc ted to evaluate the fer-
ra te ox ida tion of phenol, 2 , 4-dich loropheno l and p-ni-
tropheno l in rea l w ater and pure w ate r. It w as found

that ferra te ox idation led to rapid deg rada tion of pheno l

in realw a te r condition. H igher ferra te dosage and lon-
ge r contacting tim e resulted in highe r pheno l degrada-
tion. Additional alum in ium coagulation enhanced the

pheno l rem oval to a sm all exten.t Two stage ox idation

curve o f pheno l deg rada tion (rapid decrease follow ed

by slow reduc tion) along reaction tim e w as obta ined.

Redox po tentia l, stab ility o f ferrate and pKa o f phenols

in aqueous system w ere be lieved to be key facto rs tha t

influence the deg rada tion efficiency. The pheno ls ox i-
dation by ferra te as the function of pH cou ld be de-
scribed by U-shape curves a t long reaction tim e. The

op timum deg rada tion pH for th ree kinds of pheno ls w as

confirm ed to be co rrela tivew ith the ir pKa. In addition,
substituent ch lo rine and n itro g roups on the arom atic

ring enhanced or hindered the phenols oxidation by fer-
ra te.
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高铁酸盐氧化去除水中酚类化合物的研究

梁咏梅 , 刘　伟
(中山大学环境科学与工程学院 , 广东 广州 510275)

摘　要:采用实验室试验研究了高铁酸盐氧化分解水中酚类化合物的效果。研究发现 , 高铁酸盐能够在短时间内氧化地

表水中的苯酚 , 10 m in可以分解 80%以上。后续采用硫酸铝混凝可以强化苯酚的去除。 另外 , 高铁酸盐氧化酚类化合物受

pH影响较大 , 在中性和弱碱性条件下 , 高铁酸盐的氧化速率最高。酚类化合物的最优氧化速度 pH区间与其 pKa相关。酚

类化合物苯环上的硝基和氯取代基也是影响氧化速度的主要因素。

关键词:高铁酸盐;酚类化合物;pH;取代基
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