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a b s t r a c t
The study on 4-bromophenol (4-BP) removal using wet oxidation in-situ liquid ferrate(VI) has been 
conducted. The effects of pH, ferrate(VI) dose, 4-BP initial concentration and temperature on the 
4-bromophenol degradation were investigated. In the various pH conditions, 4-BP has the highest 
removal efficiency in the neutral condition (pH = 6.8). A removal efficiency of 65.79% has been 
observed after a reaction period of 30 s, and 84.1% after a reaction period of 10 min. A ferrate(VI) dose 
of 0.467 mM was sufficient to remove most of the 4-bromophenol with the efficiency of 96.71% and kapp 
value of 1596 M–1s–1. Increasing the molar ratio ([ferrate(VI)]/[4-BP]) enhanced the reaction rate of 4-BP 
removal. However, the reaction rate decreased when the molar ratio was more than 140:1. The optimal 
temperature has been observed at 25°C. The activation energy obtained was 29.25 kJ/mol. The 4-BP 
degradation was proposed through an oxidative pathway which involves the formation of phenoxy 
radical with isobutyraldehyde as the non-aromatic degradation product.
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1. Introduction

Ferrate(VI) is a versatile compound which contains a 
hyper-valent species of iron, Fe6+. Ferrate(VI) can perform 
as the disinfectant [1], coagulant [2] and oxidant [3] simul-
taneously. The oxidation power of ferrate(VI) in the acidic 
condition is the highest among other oxidants (Table 1). Iron, 
unlike chromium and manganese, is considered non-toxic. 
Hence, ferrate(VI) is a suitable compound to remove contam-
inants in water and wastewater. In recent years, ferrate(VI) 
has attracted many researchers to employ it as an oxidizing 
agent for the organic contaminants removal, especially phe-
nolic compounds.

Bromophenols are the phenolic compounds generally 
used as the flame retardants. Moreover, bromophenols 
are also used as polymers materials, resorcinol precursors 
and pesticide components [5,6]. Bromophenols production 

volume was estimated to be 9,500 tons per year worldwide 
in 2001. Furthermore, bromophenols are also found in the 
environment from the production of some organisms [7]. 
On the other hand, bromophenols are listed as the primary 
pollutants by US EPA. Bromophenols accumulation in the 
environment has led to harmful effects for organisms and the 
environment [8]. These problems encourage the researchers 
to establish an effective method to remove bromophenols. 
One of the hazardous bromophenols which is exemplified in 
this paper is 4-bromophenol (4-BP).

Several studies related to the degradation of 
4-bromophenol have been conducted. Sahoo and Pakshirajan 
investigated the degradation of 4-bromophenol using 
Arthrobacter chlorophenolicus A6 [9]. In addition, Levy et al. 
also studied 4-bromophenol oxidation by the recombinant 
fused protein cellulose-binding domain-horseradish per-
oxidase immobilized on cellulose [10]. Further research 
regarding 4-bromophenol removal using direct photolysis 
was reported by Kochany [11]. However, problems still exist 
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in the application of those methods due to the low removal 
efficiency and expensive operation costs. On the other hand, 
the study concerning 4-bromophenol removal using liquid 
ferrate(VI) is limited. Liquid ferrate(VI) has been reported 
as an oxidizing agent for organic contaminants which has 
high removal efficiency [12] and low operational costs [13]. 
Consequently, liquid ferrate(VI) is expected to be one of the 
best available technologies to remove 4-bromophenol.

Previous studies have focused on the examination 
of the ferrate(VI) possibility as an agent of disinfection 
and coagulation. Only a limited amount of research has 
been  conducted on the application of ferrate(VI) for 
the 4-bromophenol removal. One of them was conducted 
by Lee et al. which used solid ferrate(VI) (K2FeO4) to remove 
4-bromophenol [14]. However, that study only focused on 
the determination of phenolic endocrine disruptor and 
4-bromophenol kapp value at the neutral pH condition. 
However, this paper presented information concerning 
the application of liquid ferrate(VI) for 4-bromophenol 
removal in various conditions. The parameters such as pH, 
ferrate(VI) dose, 4-BP initial concentration, and tempera-
ture were investigated. Degradation pathways have been 
proposed using GCMS analysis. Furthermore, this research 
also employed in-situ liquid ferrate(VI) which has never 
been used for the removal of 4-bromophenol.

2. Materials and methods

2.1. Materials

The chemicals such as FeCl3.6H2O, NaOCl and NaOH 
for the liquid ferrate(VI) production were purchased from 
Junsei Company (Ltd., Japan) with extra pure grade quality. 
The buffer solution for the determination of ferrate(VI) con-
centrations contained Na2B4O7.10H2O and Na2HPO4.12H2O. 
These chemicals and HCl were purchased from Crown (Ltd., 
Japan). The 4-bromophenol was obtained from Sigma-Aldrich 
with 98% purity. Stock of 4-bromophenol was prepared in a 
stirred glass flask, which was sealed with a Teflon-covered 
rubber stopper to prevent organic vapor from escaping.

2.2. Experimental procedures

2.2.1. Synthesis of ferrate(VI)

The preparation of the sodium ferrate(VI) was based on 
Thompson et al. (1951) wet oxidation method with some 
modifications. The modification of method was conducted 
to enhance the yield. It will be useful because the liquid fer-
rate(VI) will be used directly after the synthesis. The first step 
to synthesis liquid ferrate(VI) was the addition of 31 g NaOH 
into 60 mL of NaOCl. Afterward, the mixture was stirred 
until a homogeneous solution formed. After a homogeneous 
solution was formed, 4 g of FeCl3.6H2O was added into the 
solution. The mixing process was carried out over a period 
of 11 min. Lastly, spectrophotometer UV-Vis technique at the 
multi wavelengths of 254, 390, 505 and 680 nm was used to 
determine the concentrations of ferrate(VI) [15].

2.2.2. Degradation of 4-BP

Reactions between 4-bromophenol and liquid ferrate(VI) 
were performed using a closed zero-head space glass reac-
tor with a port for sampling, pH probe, thermometer, 
and ferrate(VI) inlet. The ferrate(VI) solutions used in the 
experiments were produced from the synthesis processes. 
After the addition of ferrate(VI), the solution in the reactor 
was stirred and then 3 ml of samples were taken at certain 
time intervals. Afterward, the samples were extracted by 
n-hexane using the liquid-liquid extraction method. The 
extracted 4-bromophenol samples were then analyzed using 
gas chromatography (Technologies Co. 4890D) equipped 
with Rxi-5 ms column (L = 30 m, internal diameter = 0.25 µm), 
and an electron capture detector (ECD). The temperatures of 
the injection port and detector were 250 and 300°C, respec-
tively. The temperature program began at 50°C, followed 
by a 50°C/min ramp until a final temperature of 250°C was 
reached. The experiments were performed in duplicate.

2.2.3. Intermediate study and degradation pathway

The gas chromatography/mass spectrometry (GC/MS) 
technique was used to analyze intermediate products. To 
stop further degradation reaction, a quenching  process 
using sulfuric acid had been conducted. GC/MS analy-
sis was performed with Mass Spectrometer Systems (GC/
MS-QP2010Plus, Shimadzu, Japan) and an AT-1 capillary 
column (60 m × 0.32 mm I.d × 1.0 µm film thickness). The 
injection port temperature was 300°C and the column tem-
perature, initially 100°C, was held constant for 5 min, fol-
lowed by 50°C/min ramp until a final temperature of 250°C 
was reached and held for 7 min.

3. Results and discussion

3.1. Synthesis of ferrate(VI)

FeCl3.6H2O performed as the iron (Fe) source in the fer-
rate(VI) production. A red purplish color was formed as a 
result of the reaction between iron source (FeCl3.6H2O) 
with NaOH and NaOCl. Ferrate(VI) (FeO4

2–) has been suc-
cessfully produced with the concentration 42,000 ppm 
(Fe) after 11 min of reaction time. The ferrate(VI) was the 
result of the conversion of FeCl3 into Na2FeO4with the yield 

Table 1
Redox potential of oxidants/disinfectants in water and 
wastewater treatment [4]

Disinfectant/ 
oxidant

Reaction E°, V

Chlorine Cl2(g) + 2e ↔ 2Cl– 1.358
ClO– + H2O + 2e ↔ Cl– + 2OH– 0.841

Hypochlorite HClO + H+ + 2e ↔ Cl– + H2O 1.482
Chlorine dioxide ClO2(aq) + e ↔ ClO2

– 0.954
Perchlorate ClO4

– + 8H+ + 8e ↔ Cl– + 4H2O 1.3989
Ozone O3 + 2H+ + 2e ↔ O2 + H2O 2.076
Hydrogen 
 peroxide

H2O2 + 2H+ + 2e ↔ 2H20 1.776

Dissolved oxygen O2 + 4H+ + 4e ↔ 2H2O 1.229
Permanganate MnO4

– + 8H+ + 3e ↔ MnO2 + 2H2O 1.679
MnO4

– + 8H+ + 5e ↔ Mn2+ + 4H2O 1.507
Ferrate(VI) FeO4

2– + 8H+ + 3e ↔ Fe3+ + 4H2O 2.2
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of 86.1%. The concentration of liquid ferrate(VI) achieved in 
this  experiment was considered high. It was because in the 
previous study by Batarseh et al. the yields of sodium liquid 
ferrate synthesized by the wet oxidation method was only 
70%. The ferrate(VI) formation followed the reaction below.

2FeCl3 + 3NaOCl + 10NaOH → 2Na2FeO4 

 + 9NaCl + 5H2O + 4O2 (1)

3.2. Effect of pH

Ferrate(VI) is a powerful oxidant in the entire pH 
range [16]. However, the oxidation power of ferrate(VI) is 
dependent on the pH condition [17]. The experiments have 
been carried out at pH 3.2, 6.8 and 10.2. Ferrate(VI) has the 
highest redox potential in acidic condition. However, acidic 
condition led to the self-decomposition of ferrate(VI) into Fe 
(III) and oxygen. At its basic condition, ferrate(VI) is very sta-
ble due to the oxygen ligand of ferrate(VI) exchange which 
is very slow with water [16,18]. Therefore, a decrease in the 
removal efficiency has been observed at the acidic and basic 
condition. As a result, the highest degradation efficiency has 
been achieved in the neutral condition. The results of pH 
effect on 4-BP degradation were shown in Fig. 1.

The initial concentration (Co) of 4-BP in this experiment 
was 1 mg/L with the ferrate(VI) concentration ± 0.23 mM. The 
highest removal was observed at the neutral condition with 
the efficiency of 84.1%. The results also showed that the lowest 
efficiency was observed at the basic condition. These results 
were caused by the combination effects between Ferrate(VI) 
speciation and halogenated phenol speciation. Ferrate(VI) is a 
stronger oxidant upon protonation and speciation. Thus, the 
reaction rate to remove contaminants is expected to increase 

[19,20]. The ferrate(VI) speciation  compounds were H2FeO4 
(Eq. (2), Rush et al.) and HFeO4– (Eq. (3), Sharma et al.). These 
two compounds have great oxidation power and exist in pH 
acid and neutral.

H2FeO4 ↔ HFeO4–+ H+, pKa, H2FeO4 = 3.50 (2)

HFeO4–↔ FeO4
2–+ H+, pKa, HFeO4– = 7.23 (3)

From the removal efficiency data, kapp values can be deter-
mined using the second order reaction rate equation. The 
reaction of ferrate(VI) with an organic compound is the sec-
ond order reaction rate [21]. The second order reaction rate 
law can be described by Eq. (4).

–d[4-BP]/dt = kapp[FeO4
2–][4-BP] (4)

Eq. (4) was rearranged and d[4-BP]/dt was integrated to 
become Eq. (5).

ln 4 BP 4 BP   app−(  −  = −  
−∫/ )

0 4
2

0
k FeO dt

t

 (5)

where FeO dt
t

4
2

0

− ∫  was the level of ferrate(VI) exposure, the 
time integrated concentration of ferrate(VI) (was?) due to the 
instability [20,22]. The values of kapp which were the apparent 
of second-order rate constant have been achieved by plotting 
the natural logarithm of 4-BP concentration (ln C/Co) with the 
ferrate(VI) exposure (Fig. 2). From this plotting, the rate of 
oxidation reaction can be determined.

In the previous research conducted by Lee et al., the kapp value 
of solid ferrate(VI) (K2FeO4) at pH 7 to remove 4-bromophe-
nol was 86 M–1 s–1 with the ferrate dose 2 mg/L [14]. However, 
the kapp value of in-situ liquid ferrate(VI) at pH 6.8 to remove 
4-bromophenol from this experiment was 896.74 M–1 s–1 with 
the  ferrate(VI) dose 28 mg/L. Even though both of these exper-
iments used different kinds of ferrate(VI), the ratio of the kapp 
value and ferrate(VI) doses (kapp/ferrate(VI) dose) from both 
experiments were only slightly different. The difference might 
be caused by the different pH condition and ferrate(VI) dose. 
However, further investigation needed to be conducted to con-
firm this hypothesis.

Fig. 1. Results of 4-BP degradation (%) in the various pH condi-
tion, Co = 1 ppm, ferrate(VI) concentration 0.23 mM, temperature 
25°C.

Fig. 2. Plot of ferrate(VI) exposure and ln C/Co in the determina-
tion of kapp value of 4-BP’s degradation by ferrate(VI).
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3.3. Effect of ferrate(VI) dose

One of the important parameters that affects removal 
efficiency is ferrate(VI) dose [20]. The ferrate(VI) dose exper-
iments were carried out with the dosages of 0.1167, 0.23, 
0.35 and 0.467 mM. The ferrate(VI) dose effect on the 4-BP 
removal was shown in Fig. 3.

The ferrate(VI) dose of 0.467 was sufficient to remove 
most of the 2-bromophenol in the reactor with the efficiency 
of 96.714%. The kapp values of ferrate(VI) in the various doses 
were calculated graphically in Fig. 4. The kapp values have a 
proportional relationship with the increasing of ferrate(VI) 
doses. Fig. 5 showed the correlation between ferrate(VI) 
doses and kapp values. Removal efficiency increased because 
increasing the ferrate(VI) doses increased the amount of fer-
rate(VI) available to initiate oxidation reaction.

3.4. Effect of 4-BP initial concentrations

Identifications of 4-BP initial concentrations effect 
toward removal efficiency have been conducted. The 4-BP 

concentrations used in these experiments started from 0.578, 
0.867, 1.156, 1.445, 2.89, 5.78 and 8.67 µM with the ferrate(VI) 
dose 0.23 mM. The results of the experiments were shown in 
Fig. 6.

The removal efficiency of 4-BP were strongly dependent 
on the ratio of ferrate(VI) dose and the target compound 
initial concentration in the reactor [23]. However, an excess 
amount of ferrate(VI) led to the decreasing of removal effi-
ciency. This is due to the fact that an excess of ferrate(VI) 
induced the self-decomposition of ferrate(VI). The optimal 
ratio can be observed from the kapp values shown in Table 2.

Jiang and Lloyd in their review suggest that the optimal 
removal of various compounds achieved with the ratio of 

Fig. 5. Plot of ferrate(VI) dose and kapp value showed linier trend.

Fig. 4. Ferrate(VI) exposure and ferrate(VI) doses plot in the 
determination of 4-BP degradation kapp value.

Fig. 6. 4-BP degradation (%) in various 4-BP initial concentra-
tions, pH = 3.2, 0.23 mM ferrate(VI) dose, and temperature 25°C.

Fig. 3. Result of 4-BP degradation (%) in the various ferrate(VI) 
doses, pH = 3.2 with 1 ppm initial concentration temperature 
25°C.
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ferrate(VI) dose and target compound initial concentration 
ranged between 3:1 and 15:1. However, further research 
regarding the relationship between ferrate(VI) doses and 
4-BP initial concentrations needs to be conducted. The opti-
mal kapp value 1358 M–1s–1 was observed from this experi-
ment (Fig. 8). In the investigation of molar ratio, significant 
improvement of rate reaction occurred in the ratio of 21:1 
until 140:1 (Fig. 7). After reaching the optimal ratio, the 
removal efficiency slightly decreased.

3.5. Effect of temperature

Temperature was one of the important parameters that 
affects ferrate(VI) stability. The purpose of this experiment 
was to observe the effect of temperature on the removal 
efficiency. Therefore, the optimal temperature condition to 
remove 4-bromophenol will be established. The experiments 
were conducted with temperatures 10, 25, 35 and 45°C. From 
the experimental results, the optimal temperature for the 
4-BP removal was observed at 25°C with the efficiency of 
81.4%. The results of 4-BP degradation in various tempera-
tures were shown in Fig. 8.

The removal of 4-BP by ferrate(VI) in this experiment 
was established as a second order reaction. Fig. 9 shows 
the kapp in the temperature range from 10 to 45°C with the 
highest kapp value observed at a temperature of 25°C. It was 
caused by a slow reaction of ferrate(VI) at 10°C because of 
the low temperature. On the other hand, at 35 and 45°C 
ferrate(VI) decomposed rapidly due to the instability of 
ferrate(VI) at a high temperature. Decomposition kinet-
ics of ferrate(VI) were enhanced when the temperature 
increased [24–26].

The Arrhenius equation can be used to determine acti-
vation energy. The activation energy for 4-BP degradation 
reaction was 29.252 KJ/mol. This result was obtained from the 
measurement using the Arrhenius equation (Eq. (6)). Where 
ea was activation energy; R was constant value (8.314 J K–1 
mol–1); and T is temperature (K).

ln
rate
rate

ea
R T T

1

2 1 2

1 1
= − −









  (6)

Table 2
kapp value of 4-BP degradation using liquid ferrate(VI) in the 
 various 4-BP initial concentration

4-BP Initial 
 concentration 
(µM)

kapp (M–1s –1) Standard 
deviation1 2 Average

0.578 1047.7 1064.5 1056.1 11.87939
0.867 1082.29 1068.71 1075.5 9.60251
1.156 1338.88 1368.72 1353.8 21.10007
1.445 1228.84 1203.56 1216.2 17.87566
2.89 864.11 832.69 848.4 22.2173
5.78 819 816.5 817.75 1.767767
8.67 605.3 609.73 607.515 3.132483

Fig. 7. Plot of ferrate(VI) dose and 4-BP initial concentration ratio 
and kapp value.

Fig. 8. 4-BP degradation (%) in various temperatures, acid 
 condition, 1 ppm initial concentration and 0.23 mM ferrate(VI) 
 concentration.

Fig. 9. kapp value in temperature variation acid condition, 1 ppm 
initial concentration and 0.23 mM ferrate(VI) concentration.
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3.6. Intermediate study and degradation pathway

The degradation mechanism of 4-BP has been observed in 
this experiment. The degradation of the phenolic compounds 
by ferrate(VI) usually started with the oxygen transfer and 
proton addition [27,28]. The GCMS results from this experi-
ment were shown in Fig. 10.

The oxidation reaction mechanisms of 4-BP by ferrate(VI) 
can be described using the distribution of reaction products 
and the differentiation between the primary and non-primary 
in the GCMS results. The oxidation of 4-bromophenol was 
proposed through an oxidative pathway which involves the 
formation of phenoxy radical [29]. A 2,4-dibromophenol 
compound has been detected as the primary reaction prod-
uct. On the other hand, several non-primary products were 
also detected in the GCMS results. The detected non-primary 
intermediate products were 2-hydroxy-3-methyl-butanoic 
acid; 4,6-Dibromobenzene-1,3-diol; 1-Hepten-3-ol and 
2,3-dichloro-2-methyl-propanal (Table 3). The proposed deg-
radation pathway was shown in Fig. 11.

Also, a color change was detected during the mixing pro-
cess between 4-bromophenol and ferrate(VI). The color of 
the solution changed into yellow after the addition of liquid 
ferrate(VI) in the acidic condition. This result supported the 
mechanism given in Fig. 11. The color change was caused by 
the complex formation between ferric(III) and phenoxy radi-
cal [29]. The reaction is initiated with the scavenging of phe-
nol by FeO4

2– to form the phenoxy radical and FeO4
3–.

The intermediates detected in the experiment were not 
only bromophenol but also bromo-chlorophenol. The forma-
tion of bromo-chlorophenol was caused by 4-bromophenol 
chlorination reaction. The Cl radical presented in the solution 
caused the reaction of 4-bromophenol into 4-bromo-2-chlo-
rophenol and further chlorination into 4-bromo-2,5 dichloro-
phenol. The reaction mechanism was shown in Fig. 12.

The source of the detected chloride radical in the GCMS 
result was from FeCl3 and NaOCl. These two compounds 
were used to synthesize ferrate(VI). Since the ferrate(VI) 
used in this experiment was in-situ  liquid  ferrate(VI), liquid 
ferrate(VI) taken directly from the reactor contained Cl (chlo-
rine radical) as the side  product of the reaction.

The intermediate study showed 4-bromo-2-chlorophenol 
as the dominant intermediate product. The 4-bromo-2-chlo-
rophenol was categorized as acute health hazard chemicals 
so the productions of this intermediate product need to be 
minimalized. However, further investigation to determine 
concentration of 4-bromo-2-chlorophenol did not conducted 
since it did not become focus of this research. Therefore, the 
potency of the terminal degradation product, whether it was 
benign or harmful cannot be determined. In order to get 
better results, the alternative Cl free reagent such as Fe2O3 
instead of FeCl3 and H2O2 instead of NaOCl can be used at 
the future study.
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Fig. 10. GCMS spectra from the degradation of 4-bromophenol by liquid ferrate(VI).

Table 3
GCMS Result from the degradation of 4-bromophenol by liquid 
ferrate(VI)

Compound name Structure Ret time
Butanoic acid, 2-hydroxy-3-methyl-

OH

OH

O 2.037

Propana1,2,3-dichloro-2-methyl-
Cl

Cl

O

2.143

Phena1, 4-bromo-2-chloro-
OHBr

Cl

4.746

Pheno1, 2,4-dibromo-
OHBr

Br

6.609

Pheno1, 4-bromo-2,5-dichloro-
OHBr

Cl

Cl 8.651

4,6-Dibromobenzene-1,3-diol
OHBr

Br

HO 9.015
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4. Conclusion

The ability of ferrate(VI) to remove 4-BP has been 
investigated. In the various pH conditions, the neutral pH 
condition has been observed as the best condition with the 
84.1% 4-BP degraded (kapp value 896.7 M–1s–1) compared 
to the acidic condition (81.4%) and the basic condition 
(73.6%). A higher ferrate(VI) dose increased the degra-
dation efficiency of 4-BP. However, the degradation effi-
ciency decreased when the ferrate(VI) ratio versus 4-BP 
initial concentration reached 140:1. In the observation of 
temperature effects, 25°C was the optimal temperature 
condition to degrade 4-BP with the kapp 814.545 M–1s–1 in 
acidic condition. The activation energy of 4-BP degrada-
tion using ferrate(VI) was 29.25 kJ/mol. The degradation 
reaction pathway was proposed based on intermediate 
products identified using GC/MS. The 4-BP’s degradation 
occurs through an oxidative pathway which involves the 
formation of phenoxy radical.
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