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Abstract The  decomposition of  phenol and
trichlorophenol (TCP) by using granular ferric hydroxide
(GFH) as a photo-Fenton catalyst was investigated and
compared with homogeneous photo-Fenton process.
Experiments were conducted in a batch mode, duplicate for
the degradation of phenol and TCP in the presence of solar
light for both the processes. The effect of operating vari-
ables for heterogeneous photo-Fenton process like pH,
peroxide concentration and GFH concentration on the
degradation of the model compounds was optimized by
univariate approach. The optimum conditions for the
degradation of phenol and TCP were pH 3.0 £ 0.2, per-
oxide concentration 29.4 mM for phenol and 14.7 mM for
TCP at GFH concentration of 0.5 g/500 mL. At optimum
conditions, the mineralization efficiency of phenol and
TCP by heterogeneous process was compared with
homogeneous process. The mineralization efficiency for
phenol and TCP was 96 and 86 %, respectively, for
heterogeneous photo-Fenton process, while almost com-
plete mineralization (~96 %) was observed for homoge-
neous process. In heterogeneous photo-Fenton process,
longer reaction time was witnessed for complete mineral-
ization of the compounds studied. Low molecular weight
aliphatic acids like oxalic acid, acetic acid and inorganic
chloride ion (in case of TCP) were observed during both
the processes. In these processes, the reaction proceeds by
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hydroxyl radical (-OH) abstraction of the model compound
studied. The mineralization of phenol and TCP obeys
pseudo-first-order kinetics irrespective of the processes
studied. The results indicate that GFH can be an effective
heterogeneous photo-Fenton catalyst for the degradation of
phenol and TCP.
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Introduction

Advanced oxidation processes (AOPs) have been widely
applied in the treatment of refractory, recalcitrant organic
compounds in water and wastewater treatment. AOPs
produce highly oxidative, non-selective transient hydroxyl
radical (-OH) as the primary oxidant for the destruction and
mineralization of organic compounds (Vilhunen and Sil-
lanpaa 2010) in aqueous media. Among different AOPs,
Fenton process employs ferrous ion and hydrogen peroxide
which are capable of generating -OH radical at room
conditions. The efficacy of Fenton process is accelerated by
applying solar/UV light, regarded as homogeneous photo-
Fenton process (since ferrous ion is dissolved in aqueous
solution) for degrading wide range of contaminants in
water and wastewater (Babuponnusami and Muthukumar
2014). However, this process suffers from serious limita-
tions in the removal of iron sludge formed during the
treatment process. The reusability of iron sludge for
treatment of phenol (Kavitha and Palanivelu 2004), lea-
chate (Bolobajev et al. 2014) and dye (Li et al. 2007) has
been reported. Moreover, the concentration of iron in the
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treated water by homogeneous photo-Fenton process
exceeded the discharge limit of 1 mg/L prescribed by
pollution control boards and European Union Water Frame
work Directive (EU Directive 2000/60/EC). In order to
comply with the regulations of statutory agencies, many
attempts have been made by several researchers to develop
a newer, efficient catalyst like immobilization of iron onto
solid support like Nafion (Sabhi and Kiwi 2001), zeolite
(Bossmann et al. 2001), laponite clay-based iron
nanocomposite (Feng et al. 2003), Fe-loaded mesoporous
silica SBA-15 (Shukla et al. 2010), Al-Fe pillared inter-
layered clays (Catrinescu et al. 2012) or by utilizing natural
iron minerals like goethite (Lu et al. 2002; Andreozzi et al.
2002), iron oxides (Pouran et al. 2014; Gupta et al.2011;
Teel et al. 2001; Valentine and Wang 1998). In these
processes, iron is not dissolved in aqueous media, and
hence, it is regarded as heterogeneous photo-Fenton pro-
cess. The synthetic heterogeneous catalysts are expensive
in nature and contribute to meagre mineralization. It has
been reported by Huang et al. (2001) that some of the iron
oxides like granular ferrihydrite and goethite are inactive
towards degradation of chlorophenols compared to hae-
matite. Bandara et al. (2001) have accounted that o-Fe,O3
catalysed the degradation of chlorophenol and o-FeOOH
degraded only 2,4-dichlorophenol, while other chlorophe-
nols cannot be degraded by iron oxides.

In this paper, the potential feasibility of using granular
ferric hydroxide (GFH) as a photo-Fenton catalyst towards
degradation of phenol and 2,4,6-TCP was studied. Several
researchers have focused on GFH by exploiting its appli-
cation in wastewater treatment as a sorbent for removing
arsenic (Chen et al. 2015), antimony and vanadium (Kolbe
et al. 2011), phosphate (Kartashevsky et al. 2015), phos-
phonate (Boels et al. 2012), or hydrogen sulphide (Sun
et al. 2014). GFH used in the present study is a f-FeOOH
or akaganeite type possessing high specific area and is
porous in nature (Cornell and Schwertmann 2003). The
choice of selecting phenol and 2,4,6-trichlorophenol (TCP)
as a model compound for the present study is due to their
toxic, carcinogenic nature, and it has been regarded as
‘priority pollutants’ listed by USEPA. The operating vari-
ables in the process like pH, catalyst concentration and
peroxide concentration were optimized together with the
stability of the catalyst in order to assess the efficiency of
the process. The mineralization efficiency of the process
was compared with homogeneous photo-Fenton process,
and the formation of stable intermediates was also moni-
tored in order to elucidate the possible reaction mechanism.
The kinetics of both these processes was explored to
examine the efficacy of the process.

Date and location of the research were July, 2012, and
Centre for Environmental studies, Anna University,
Chennai (Tamil Nadu), respectively.
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Materials and methods
Chemicals

Analytical-grade reagents, phenol and 2,4,6-TCP were
purchased from SD Fine Chemicals and Fluka, respec-
tively. All chemicals were used as received without any
purification. Ferrous sulphate heptahydrate (AR, CDH) was
prepared at a concentration of 90 mM Fe*" in sulphuric
acid. Hydrogen peroxide was prepared at a concentration of
6.7-6.8 N and stored at acidic pH. GFH (GEH® 102)
containing ~52-57 % of B-FeOOH and Fe(OH); with a
grain size of 0.32-2 mm was purchased from Wasserche-
mie Gmbh & Co. KG (Germany) and used as a source of
iron in heterogeneous photo-Fenton process. Its specific
area was 250-300 m?/g as given by manufacturer specifi-
cation. The point of zero charge (p,,.) for GFH was found
to be 4.6 + 0.1 as described in Noh and Schwarz (1989).
The solar intensity and luminance during the experimental
run were in the range of 700-792 W/m? and 90-96 Klx,
respectively.

Homogeneous photo-Fenton process

Experiments were conducted in duplicate, batch mode and
in shallow glass troughs (23.5 x 14 cm) using phenol and
TCP as model compounds. The initial concentration of the
phenolic solution during the experimental run was 200 mg/
L, and the total volume of the reacting solution is 500 mL.
The glass trough containing the acidic phenolic solution,
ferrous ion and peroxide was exposed to solar light and
aerated using air bubbler for 2 h.

Heterogeneous solar-Fenton process

Batch studies were conducted in shallow glass troughs as
described above using phenol and TCP as model com-
pounds. The glass trough containing 500 mL of acidic
phenolic solution is at a depth of 2.2 cm in order to
ensure maximum solar radiation penetrates through the
upper open surface of the trough. A known amount of
GFH was added as a source of iron to the phenolic
solution containing peroxide. The solution was aerated
using air bubbler and exposed to solar light for a maxi-
mum of 4 h.

Heterogeneous UV-Fenton process

Experiments were performed in immersion-type photore-
actor (Heraeus, TQ150) of 500 mL capacity. A medium-
pressure mercury lamp of 150 W was used as an UV
source, which emits characteristic wavelength of 254 nm.
The reacting solution containing the phenolic solution and
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GFH surrounds the UV lamp. It is surrounded by another
Pyrex glass vessel. The double surface of immersion type
permits the circulation of cooling water in order to reduce
the heat generated by UV light. The whole assembly was
mounted on a magnetic stirrer. The lamp was switched on
with the simultaneous addition of peroxide which marks
the beginning of the experiment.

Analytical methods

Samples were withdrawn from the batch process and anal-
ysed immediately without any storage for chemical oxygen
demand (COD), dissolved organic carbon (DOC), dissolved
iron (Fe>* and Fe**) and also for their stable intermediates
formed during the reaction. The degradation efficiency was
studied by the reduction in COD. For COD measurements,
the samples were pretreated with 6 N NaOH to quench the
reaction, heated at 40 °C to remove any residual H,O,
(Jones 1999) and determined by dichromate titrimetric
method as described in APHA (2000). The mineralization
efficiency was estimated by the decrease in the DOC con-
tent of the reacting solution. The DOC concentration was
measured using TOC analyzer, Analytik Jena Model 1997
equipped with liquid autosampler ALS-C-104. The degra-
dation efficiency or mineralization efficiency was calcu-
lated by the following Eq. (1)

Degradation/mineralization efficiency (%)
— Co— C,/Cy % 100 (1)

where C, is the initial COD or DOC of the phenolic
solution in mg/L, C, is the COD or DOC of the phenolic
solution in mg/L at time ¢ (min).

The concentration of dissolved iron (Fe*™ and Fe*") in
the treated solution was determined by Fe(Il)/1,10
phenanthroline complex at 510 nm (APHA 2000) using
Spectronic Genesys-20 spectrophotometer. Aliphatic acids
like oxalic acid and acetic acid formed during the processes
were quantitatively determined in ion chromatographic
system (Dionex DX120) provided with an Ion Pac AS-14
column. The mobile phase consisted of 3.5 mM Na,CO3
and 1.0 mM NaHCOj; operated at isocratic mode and at a
flow rate of 1.2 mL/min. The peaks were detected at
2.68 + 0.3, 3.10 & 0.3 and 7.84 £ 0.3 min for acetic acid,
chloride and oxalic acid, respectively.

Results and discussion
Homogeneous photo-Fenton process
Fenton’s reagent is a mixture of ferrous ion and peroxide

and generates a highly reactive non-selective hydroxyl
radical (-OH) in situ according to Eq. (2)

Fe’* + H,0, — Fe’* +-OH + OH™ (2)

When peroxide is added to an aqueous phenolic solution
containing ferrous ion in the presence of solar light, the
colour of the solution changed from colourless to brown
and turbid during the initial stages of the reaction. As the
reaction proceeded, the dark colour changed to colourless
and clear within 1 h of the reaction. The pH of the treated
solution was reduced to 2.5 & 0.1 during the reaction. The
parameters involved in homogeneous Fenton process are
H,0, and Fe?" which are varied from 10 to 60 and 0.1 to
0.6 mM, respectively, at pH 3.0. The optimum conditions
obtained for the degradation of phenol and TCP are pH
3.0 £ 0.2, H,O, of 29.4 mM [phenol], 14.7 mM [TCP]
and ferrous ion of 0.4 mM [phenol], 0.12 mM [TCP],
respectively.

Heterogeneous photo-Fenton process

When GFH was added to acidic phenolic solution at room
conditions or by exposing at UV 254 nm, neither adsorp-
tion/degradation of phenol nor dissolution of GFH takes
place up to 24 h. Experiments were performed in the
presence of peroxide at room conditions and in the pres-
ence of UV up to 5 h. During the experimental study, there
was no detectable change in the reacting media or no
change in DOC was observed. The results indicate that
GFH is less efficient in absorbing UV 254 nm. Mazellier
and Bolte (2000) have reported that the disappearance of
2,6 dimethylphenol takes place upon irradiation of goethite
at 546 nm which is consistent with the results observed.
Hence, an aqueous suspension of aerated phenol-GFH was
exposed to solar light in the presence and absence of per-
oxide. On irradiation with GFH alone, there was no change
in DOC or dissolution of iron. However, in the presence of
peroxide, the phenolic solution changes to brown within
1 h, then to yellow and finally to colourless at the end of
4 h together with reduction in DOC. The degradation
exhibited by B-FeOOH in the presence of solar light is due
to its low band gap energy of 2.2 eV (Mohapatra et al.
2010) which corresponds to the visible portion (560 nm) of
the spectrum. In order to assess the photo-catalytic beha-
viour of GFH, experiments were conducted with H,O,
alone (in the absence of GFH); phenol removal was
observed, but there is negligible removal in DOC. The
parameters involved in heterogeneous system are varied by
univariate method.

Effect of pH
Degradation studies were carried out by varying the pH of

the solution from 2.0 to 6.0 in the presence of peroxide and
solar light as shown in Fig. 1. Maximum degradation
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Fig. 1 Effect of pH on heterogeneous photo-Fenton process using
GFH (experimental conditions: [phenol]: 2.12 mM, [TCP]: 1.01 mM,
[H,O,]: 18.38 mM, [GFH]: 0.5 g/500 mL, time: 4 h)

efficiency is achieved at pH 3.0 which is in accordance
with Neppolian and Choi (2004), He et al. (2002) and
Yaping et al. (2010). The increase in photo-catalytic
degradation at acidic pH can be explained in terms of point
of zero charge (p,pc). The p,,. of GFH was found to be
4.6 £+ 0.3. The effect of pH plays an important role in the
adsorption of phenolic compounds onto GFH surface. The
adsorption is considered to be a prominent step for photo-
degradation reaction (Saleh and Gupta 2011; Gupta et al.
2012). In acidic pH (below p,), the surface of GFH is
positively charged due to prevalent forms of Fe-OH,
(Andreozzi et al. 2002). The phenolic compounds remained
in its undissociated form (at acidic pH) is adsorbed onto the
surface of the catalyst due to electrostatic attraction
between the dipole of phenol and positively charged GFH
surface (Saleh and Gupta 2012). As the pH is increased
(above p,pc), the surface of GFH is reversed, and there is a
repulsion of phenolic anion and GFH surface which con-
tributes to reduction in degradation efficiency. The pH of
the treated solution is acidic (irrespective of the initial pH),
indicating the presence of acidic components in the reac-
tion media.

Effect of catalyst loading

A series of experiments were performed by varying the
amounts of GFH catalyst from 0.25 to 1 g/500 mL to
aerated phenolic solutions containing peroxide at pH
3.0 £ 0.2 and are illustrated in Fig. 2. The degradation
reaction proceeds in the presence of GFH indicating its
vital role as photo-catalyst. As the concentration of GFH
was increased from 0.25 to 0.5 g/500 mL, the efficiency
also increases due to large number of active sites available
for the adsorption of phenol and TCP with concomitant
increase in degradation. On further increasing the
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Fig. 2 Effect of GFH on heterogeneous photo-Fenton process using
GFH (experimental conditions: [phenol]: 2.12 mM, [TCP]: 1.01 mM,
pH: 3.0 £ 0.2, [H,0,]: 18.38 mM, time: 4 h)

concentration from 0.75 to 1 g, the degradation efficiency
remains unaltered that may be due to the screening of solar
light by GFH. Thus, a catalyst loading of 0.5 g/500 mL
was used for further studies.

Effect of peroxide

Experiments that were conducted by aerating the phenolic
solution containing varying concentrations of peroxide at
pH 3.0 £ 0.2 in the presence of GFH are depicted in
Fig. 3. In the absence of peroxide (i.e. by aeration alone),
the recombination of electron—hole takes place rapidly
leading to meagre degradation efficiency at the conditions
employed. The peroxide plays an important role as ‘elec-
tron acceptor’ which suppress the electron—hole recombi-
nation and facilitates the generation of -OH as shown in
Eq. 3, necessary for complete degradation of the phenolic
compound studied

H202 + GEB — -OH + OH™. (3)

The degradation efficiency increases with increase in
peroxide concentration. Above the optimum conditions,
further addition of peroxide did not improve the
degradation efficiency which may be due to

1. Self-decomposition of peroxide as in Eqgs. 4 or 3.

2. The -OH radical reacts with excess peroxide to form
hydroperoxyl radical (HO,) as in Eq. 5 which has
lower oxidation potential than -OH radical towards
phenol degradation. Hence, further experiments were
conducted by aerating and adding optimum peroxide

concentration.
2H202 - 2H20 + 02 (4)
-OH + H,0, — H,0 + HO, (5)
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Fig. 3 Effect of hydrogen peroxide on heterogeneous photo-Fenton
process using GFH (experimental conditions: [phenol]: 2.12 mM,
[TCP]:1.01 mM, pH: 3.0 £ 0.2, [GFH]: 0.5 g/500 mL, time: 4 h)

Stability and reusability of the catalyst

In order to assess the stability and efficiency of GFH cat-
alyst, experiments were conducted at optimum conditions
for five times using phenol as a model compound. The
catalyst was separated from the reacting media by filtration
and used as such without any post-treatment. The miner-
alization efficiency remained almost same during the
experimental runs, and the results are given in Fig. 4.
Neither Fe*™ nor Fe’" ions were detected during the
experimental run from I to V which suggests both photo-
dissolution and leaching of iron at pH 3.0 do not take place
which is in accordance with the results observed by
Mazellier and Bolte (2000). In the first run, the mineral-
ization efficiency was 96.7 %. The GFH catalyst was
recovered and used in subsequent runs. In the second, third,

Mineralization Efficiency in %

0 30 60 90 120 150 180 210 240

Time in min

Fig. 4 Reusability of GFH catalyst for the degradation of phenol
(experimental conditions: [phenol]: 2.12 mM, pH: 3.0 & 0.2, [GFH]:
0.5 g/500 mL, [H,0,]: 29.4 mM)

fourth and fifth run, the efficiency was decreased and found
to be 94.2, 93.4, 92.1 and 90.8 %, respectively. The reac-
tion proceeds with minor retardation in its initial stages of
the reaction in all the runs. The slight decrease in efficiency
may be due to reduction in specific catalyst site which
promotes the oxidation process. The results indicate that
GFH can be an efficient photo-Fenton catalyst which is
stable up to five cycles of process.

Comparison between homogeneous
and heterogeneous photo-Fenton process

The mineralization efficiency of phenol and TCP at opti-
mum conditions by homogeneous and heterogeneous
photo-Fenton process is represented in Fig. 5. During
homogeneous process, almost complete mineralization of
phenolics (~95 %) was achieved within 120 min of the
reaction time, while in heterogeneous system, around 95 %
mineralization was observed in 4 h. Almost 70 % of the
organic compound was mineralized within 15 min in
homogeneous system, whereas negligible decrease in DOC
is witnessed in heterogeneous system during this time. In
homogeneous system, almost complete mineralization was
observed in a relatively short time, due to the attack of
highly oxidative -OH radical. The -OH radical generated as
in Eq. 2 attacks the organic compound by abstracting the 7t
electron cloud of the aromatic ring leading to mineraliza-
tion. The mineralization efficiency is increased by photo-
reduction in hydroxylated ferric ion as in Eq. 6, together
with photolysis of hydrogen peroxide as in Eq. 7

FeOH>" + hv — Fe’" +-OH (6)

100

90 A

80 A

70

60

50 A

40 A
——Ph-Homo
—=—Ph-Hetero
—4—TCP-Homo
—&—TCP-Hetero

30

20

Mineralization Efficiency in %

10

100 120 140 160 180 200 220 240
Time in min

0 20 40 60 80

Fig. 5 Mineralization efficiency of phenol and TCP by homogeneous
and heterogeneous photo-Fenton processes (experimental conditions:
[phenol]: 2.12 mM, [TCP]: 1.01 mM, [H,0,]: 29.4 mM for phenol,
147 mM for TCP, [GFH]: 0.5 g/500 mL, [Fe*™] = 0.4 mM for
phenol, 0.12 mM for TCP)
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Fig. 6 Schematic
representation of
photodegradation of phenolic
compounds on GFH surface

H,O

OH
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solar

m

\E cl Degraded Products
TCP
Cl

In this process, four -OH radicals are produced as per
Egs. 2, 6 and 7 which accelerates the mineralization process.

In heterogeneous process, longer reaction time was
witnessed due to low -OH radical concentration. The
photo-catalytic activity of GFH was attributed to chemical
nature of iron. Irradiation of solar light on GFH results in
the formation of electrons and holes. The electrons react
with electron acceptor, H>O,, according to Eq. 3. The holes
react with organic adsorbed on the surface of GFH along
with H,O, or with -OH radical as follows, and the reaction
scheme is represented in Fig. 6

Fe*™ _GFH + hv — Fe’* _GFH (8)

Fe’* _GFH + H,0, — Fe*" _GFH + -OH + OH~ 9)

Fe-GFH-Phenolic + -OH — Reaction intermediates
(Oxalic and acetic acid)

— CO, (10)

During the process, neither Fe>"/Fe*™ ion was detected,
indicating the absence of photo-dissolution of iron which is
in contrary to iron mineral system using goethite (Lu et al.
2002) and ferrihydrite (Valentine and Wang 1998). The
result also indicates that the decomposition of phenolic
compounds does not take place in aqueous phase but on the
surface of GFH catalyst as witnessed by Mazellier and Bolte

’r @ Springer
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OH OH
H,O
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OH
cl cl Degraded Products
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Cl
TCP

(2000), Huang et al. (2001) and Andreozzi et al. (2002).
Lower mineralization efficiency of TCP compared to
phenol is encountered due to steric hinderance of two
chlorine atoms at ortho-position resulting in their resistant
nature towards heterogeneous photo-Fenton system. The
mineralization efficiency increases slowly as the reaction
proceeds which indicates the conversion of phenolic
compound to organic intermediates and finally to CO,.
During the reaction, low molecular weight organic
compounds like acetic acid and oxalic acids are produced
and their concentration profiles are presented in Fig. 7. The
presence of oxalic acid was reported by Kavitha and
Palanivelu (2005) during the degradation of cresol by
Fenton oxidation process. The concentration of oxalic acid
and acetic acid increases during the initial stages of the
reaction and then decreases due to photolysis reactions in
both homogeneous and heterogeneous process. Both these
acids form stable photo-active complexes with ferric ions
in the aqueous media at pH 2—4. These complexes undergo
a series of photochemical reactions in UV-visible range of
250-480 nm as shown in Egs. 10-13 through ligand to
metal charge transfer reactions (LCMT), thereby generat-
ing Fe*" ion and -OH radical with high quantum yield of

(¢%F = 1.11-1.26).
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Fig. 7 Intermediates formed during the degradation of phenol and

TCP by homogeneous and heterogeneous photo-Fenton processes
(conditions were same as in Fig. 5)

[Fe3+(C204)3]3_+ hv — [Fe?* (C204)2}2_+C20;‘_ (1)
C,0; + 0, — 2C0, + 05 (12)
05 +H' — HO, (13)
2HO, — H,0, + O, (14)

11

The peroxide produced in the above reaction reacts with
Fe>" ion producing additional -OH radical. These acids
were removed with concomitant increase in mineralization
efficiency. In homogeneous process, complete removal of
oxalic acid takes place within 60 min for both phenol and
TCP, while acetic acid remains in meagre concentration of
0.016 and 0.13 mM for phenol and TCP, respectively.
Hence, complete mineralization (100 %) was not achieved
in this process. The presence of acetic acid contributes to
residual DOC resulting in 94 and 96 % mineralization for
phenol and TCP, respectively.
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Fig. 8 Inorganic chloride formed during the degradation of TCP by
homogeneous and heterogeneous photo-Fenton process (experimental
conditions: [TCP]: 1.01 mM, [H,O,]: 14.7 mM, [GFH]: 0.5 g/
500 mL, [Fe**] = 0.12 mM)

In heterogeneous process, the concentration of acetic
acid varies from 0.0433 to 0.09166 and 0.00725 to
0.03366 mM for phenol and TCP, respectively. The con-
centration of oxalic acid varies from 0.00855 to 0.04533
and 0.004 to 0.026 mM for phenol and TCP, respectively.
Both these acids were completely removed at the end of the
reaction which contributes to increase in mineralization
efficiency. Minor amount of organic compounds still
remain in reacting media which hinder complete mineral-
ization of organic compound studied.

The presence of inorganic chloride ions during the
process is a clear indication of TCP decomposition which
is also observed by Teel et al. (2001) during the treatment
of trichloroethylene by iron oxides. The concentration
profile of inorganic chloride is presented in Fig. 8. In
homogeneous Fenton process, more than 50 % of chloride
ion is observed during 1 min of the reaction, suggesting the
possible attack of -OH on chlorine at the second and sixth
position of carbon atom. The organic bound chlorine is
removed as inorganic chloride in an aqueous system. As
the reaction proceeds, the concentration of chloride
increases and remains constant up to 45 min. Near-stoi-
chiometric chloride ions was accounted for TCP degrada-
tion. In heterogeneous Fenton process, the chloride ion
concentration increases as the reaction proceeds and the
concentration reaches up to 2.552 mM. During the reac-
tion, nearly 84 % of stoichiometric organic bound chlorine
was accounted as inorganic chloride. The remaining stoi-
chiometric chlorine is present as oxidized chlorinated
intermediate compounds which support the presence of
residual DOC in the reacting media. The formation of
acetic acid, oxalic acid and chloride ion confirms the
photo-catalytic nature of GFH towards phenol and TCP
decomposition.
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Fig. 9 Pseudo-first-order kinetic plots for the degradation of phenol
and TCP by homogeneous and heterogeneous photo-Fenton processes
(conditions were same as in Fig. 5)

Kinetics of phenolic degradation

The kinetics of phenolic compound degradation by
homogeneous and heterogeneous photo-Fenton processes
is modeled to pseudo-first-order kinetics,

In C,/Cy = —kt (15)

where C, and C, are the initial concentration of phenolic
compounds at time ‘0’ and ‘¢’ min, respectively, and k is
the pseudo-first-order rate constant. During the processes,
the phenolic compounds are removed immediately from
the reacting solution. Hence, it is appropriate to monitor the

concentration of phenolics in terms of residual DOC. Thus,
the above equation becomes

In DOC,/DOCy = —kt (16)

where DOC, and DOC, are the initial DOC and the residual
DOC at time ‘Y min. Pseudo-first-order rate constant
(k) can be obtained through a linear least-square fit for
phenolic data for the above equation, and the kinetic plots
for both the processes are shown in Fig. 9. In heteroge-
neous kinetic plot, the mineralization efficiency up to
60 min was not considered since there was no appreciable
change in DOC, while in homogeneous process, the data
from initial stages till the end of the reaction were
accounted for calculation.

The pseudo-rate constant (k) and the corresponding half-
life (ty,,) of phenolics for homogeneous and heterogeneous
photo-Fenton process are represented in Table 1. The kjyo,
and kjy,..,, represent the rate constant for homogeneous and
heterogeneous photo-Fenton processes. The rate constant
for heterogeneous process is low compared to homoge-
neous process as expected, indicating the slow reaction of
phenolic compounds towards GFH catalyst. The efficiency
of homogeneous process is increased by a factor of 1.5 for
phenol and 3.3 for TCP compared to heterogeneous process
which also suggests the recalcitrant nature of TCP.

Conclusion

The following implications were obtained from the above
experimental study:

The mineralization efficiency of phenol and TCP is 94
and 96 %, respectively, for homogeneous photo-Fenton
process, while 94 and 86 % are achieved for heteroge-
neous process. Even though both these processes have
almost same mineralization efficiency, homogeneous
process is more effective to degrade the compounds in a
relatively short time.

Low molecular weight aliphatic acids like oxalic acid
and acetic acid were detected in both homogeneous and
heterogeneous photo-Fenton processes.

In TCP degradation, near-stoichiometric amount of
inorganic chloride is accounted for homogeneous
photo-Fenton process, while 84 % of organically bound
chlorine is observed for heterogeneous process.

Table 1 Pseudo-first-order rate

. Phenolics Homogeneous photo-Fenton Heterogeneous photo-Fenton Increased efficiency
constant and half-lives (t,,) for
homogeneous and Kiomo (MiN)  T1p (min™") 7 Ko Min) T Min™) ¥ Komo/ Khetero
heterogeneous photo-Fenton
processes Phenol 0.0212 32.69 0.98 0.014 49.5 099 1514
TCP 0.0269 25.76 0.98 0.008 86.62 098 3.363
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Both these processes follow pseudo-first-order kinetics
for the removal of phenol and TCP with the rate constant
of 0.0212 and 0.0269; 0.014 and 0.008 min~! for
homogeneous and heterogeneous photo-Fenton process.
The photo-catalyst, GFH, is stable and reused up to five
cycles of treatment without any major loss in mineral-
ization efficiency. It can therefore be suggested that GFH
can be an alternative photo-Fenton catalyst in mineral-
izing organic compounds by utilizing solar light, espe-
cially for tropical countries like India, while sunlight is
available throughout the year.
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