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ABSTRACT

The present study is targeted on photocatalytic removal of metal ions from wastewater.
Photoreduction, deposition, and dark adsorption of Cr®, Cu**, Ni**, and Zn%" metal ions
have been investigated using TiO, with UV-irradiated. Also investigated that citric acid as a
hole scavenger and hydrogen peroxide as a oxidant at pH values 2, 4, 6-8, and 10. The
modeling of metal species has been performed and speciation is used as a tool for
discussing the photoreduction and deposition trends. The modeling of metal species at
different pH values has been performed. It was observed that the photocatalytic process
was effective in removing most of the metal ions in specific reaction circumstances. The
maximum reduction and deposition of Cr and Cu®* were found to be favorable at acidic
pH 2-4, while Ni?* and Zn®* reductions were found to be most suitable at neutral to
alkaline pH 10. The photocatalytic reduction and deposition trend of the metal ions prove
the theoretical thermodynamic predictions about a reaction time period (5 h).

Keyword: Photocatalysis; Citric acid; Hydrogen peroxide; Metal ions; PH; Modeling;

Speciation; Adsorption; Reduction; Deposition

1. Introduction

There is a great interest in photocatalytic oxidation
of contaminants using advanced oxidation processes
(AOP) based on photocatalytic oxidation in recent
years [1]. AOP like photocatalysis is a potential
method among heterogeneous photocatalysis employ-
ing semiconductor solids has been applied with suc-
cess for the oxidation of a variety of organic
compounds as well as for the reduction of toxic metals
from aqueous solutions contaminants against the
problem of environmental pollution [2]. Research

*Corresponding author.

work and applications based on AOP in treatment of
water have increased considerably during last 25
years. The photocatalytic bleaching was found to be
the most promising and efficient process in controlling
the environmental pollution, waste water treatment,
etc., in which semiconductor particles act as photocat-
alyst or short-circuited microelectrodes on excitation
[3]. To date, the most efficient procedure for the treat-
ment of contaminated water consists of UV light irra-
diation of suspensions of a semiconductor (TiO,) in
solutions containing the organic and inorganic sub-
strate to be reduced [4].

In the photocatalytic treatment process, the pH is
an important parameter for adsorption of metal ions
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from aqueous solution because it affects the solubility
of the metal ions, concentration of the counter ions on
the functional groups of the adsorbent, and the degree
of ionization [5]. It not only influences the surface
charge properties of TiO,, but also pollutant adsorbed
on the photocatalyst surface, affecting their photore-
duction and deposition trends. It is even more rele-
vant as the speciation of some of the metals and metal
complexes are changed at different pH values, which
thereby change their toxicity. The amount of sludge
generated in the wastewater treatment facility is also
dependent on pH value. Additionally, the final dis-
charge pH of treated wastewater is regulatory require-
ment (discharge limit of pH range 6.5-8.5), thereby
making it an important parameter for wastewater
treatment.

1.1. Photocatalyst at different pH

The pH is a crucial factor for designing a photocat-
alytic wastewater treatment facility. It not only influ-
ences the surface change properties of the
photocatalyst used like TiO; in the study, but also pol-
lution absorption on the photocatalyst surface. The pH
of the aqueous solution significantly affects the parti-
cle size, the surface charge and the band edge posi-
tions of the TiO, due to its amphoteric character. The
zero point charge (pHzpc) or pH at which the surface
of an oxide is uncharged, value for TiO, is around 7.
Above and below this value, the catalyst is negatively
or positively charged according to Egs. (1) and (2). In
consequence, the photocatalytic degradation of organic
compounds is affected by the pH [6-8].

TiOH < TiO™ + H* ¢))
TiOH, « TiOH + H* 2

The amphoteric character of TiO; is due to the for-
mation of hydroxyl surface groups after the chemi-
sorptions and dissociation of water molecules on the
oxide surface [8,9]. Under these conditions, the photo-
catalytic degradation of the organic and inorganic
compounds is affected by it. But the variations are fur-
ther dependent on the thermodynamic driving force
and chemical speciation of these compounds at differ-
ent pH range. These differences have been observed
in the present study, which lead to variations in
reduction trends. Another aspect of pH dependence of
TiO,/wastewater interface surface charge is that, it is
the determining parameter in the colloidal stability of
oxide particle suspensions. This is exemplified in
Fig. 1 for TiO, Degussa P-25 [6,10]. The zero surface
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Fig. 1. Mean particle size of TiO, (P-25) suspended in
water versus pH, (TiO,=0.2 g/L) [6].

charge yields zero electrostatic surface potentials that
cannot produce the interactive rejection necessary to
separate the particles within the liquid. This induces a
phenomenon of aggregation and TiO, clusters become
larger.

1.2. Effect of pH on metal speciation and toxicity

The Cr* are soluble in water and highly toxic.
Under toxic conditions, chromium can exist as bi-
chromate (HCrO;) or chromate (CrOj), depending
on the pH of the aqueous system. These oxy-anions
are readily reduced to trivalent forms when the elec-
tron donors (reducing reagents) exist in aqueous
solution. The reduction rate increases as the pH
decreases. Trivalent chromium (Cr’") species are
very stable with respect to the oxidation reduction
potential. They can react with particulates and form
metal salts as Cr(OH); that are less soluble in
water when the pH is 8-10 or higher [11]. Toxicity
depends both on the oxidation state and form of a
metal and its tendency to form complexes with
ligands.

Thermodynamically, the reduction of chromium is
favored in the acidic pH range whereas that of Ni**,
Cu®", and Zn®" are favored in the alkaline pH range.
However, another consideration of the treatment effi-
ciency is high in the weakly acidic region, about pH
4-5 reported by a number of authors [12-15]. There-
fore, the anionic species of metal ions will be depos-
ited well in the acidic pH range, whereas the cationic
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species in the alkaline pH range. Additionally, the
charge of the photoreduction product formed, would
decide whether it remains deposited on the catalyst
surface or is desorbed. Chromium reaches its least the-
oretical chromium solubility of 0.08 at pH of 7.5. If
both chromium and nickel are present, a pH value
that precipitates both ions must be chosen. It is
common to utilize a pH of 9.0-9.5 to precipitate both
metals [14,15].

The major objective studied and discussed to ascer-
tain the optimum values that enhance the yields at
different pH values of toxic metal species of chro-
mium involve the photocatalytic reduction. The geo-
chemical modeling by the metal speciation at different
pH values with the following objectives:

e To determine optimum pH value for dark
adsorption, photolytic, and photocatalytic reduc-
tion of chromium, copper, nickel, and zinc.

e To determine the speciation of these metals at
different pH values.

e To obtain an optimum pH value at minimum
catalyst dose and hydrogen peroxide.

2. Experiment
2.1. Materials and methods

The samples were collected from the collection
tank of chrome plating industry before entering the
treatment cycle. The major wastewater pollutant was
chromium. Titanium dioxide (Merck) was used as a
photocatalyst. The reduction and oxidation processes
for obtaining efficient detoxification of the chromium
in the presence and in the absence of a hole scavenger,
hydrogen peroxide (H,O,), and factors affecting the
photocatalytic reaction were studied [16]. H,O, was
used as an oxidant and citric acid (Merck) as a hole
scavenger for increasing the reaction rate. Besides its
low cost and non-toxic nature, the choice of citric acid
was made, because it does not form any harmful com-
plexes, which could cause catalyst deactivation unlike
aromatic compounds [14,17].

Experiment was carried out at different pH and
catalyst dose (2 g/L), which could give complete
reduction at optimum pH value. However, this study
could only be performed for the metals in which com-
plete reduction was obtained. Therefore, citric acid
(60 mg/L) and H,O, (60 mL/L) were used for the
work to obtain a minimum catalyst dose at the opti-
mum pH value. NaOH and HCI were used to change
the pH of the wastewater.
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These aspects were considered during the experi-
mental designing. Fig. 2 shows a schematic diagram
of the setup consists of a UV-lamp-box-type reactor
made up of wood insulated by thermo-coal sheet hav-
ing dimensions of 3ft x 3ft x 3ft consisting of two UV
lamps inside. Input power of each lamp was 15 W
(F15T8/GL/WS, Philips) of wavelength (k<380 nm),
fitted in parallel on the back side wall and top of the
box. In order to reveal the photocatalytic degradation
behavior, the photo-degradation reaction was con-
ducted under ambient condition in a lamp-housing
box. The photoreactor and the UV lamps were
enclosed in a box to ensure safe operation and to pre-
vent the entrance of extraneous light. Measurement of
UV light intensity was done by digital lux meter
(DLM2). The measured intensity was approximately
30 W/m?.

Dark adsorption, photolytic, and photocatalytic
reduction experiments were performed at pH values
2, 4, 6-8, and 10. The experimental details are summa-
rized in Table 1.

2.2. Analysis

Batch-type reactor was carried out in six 500-ml
capacity conical flasks. The experiments were per-
formed in daytime. Constant stirring of solution had
been carried out continuously by using simple mag-
netic stirrers for proper mixing. Temperature and pH
levels were measured using a digital temperature indi-
cator and pH meter (digital pH-systronics model-335).
The metal concentration was analyzed using Atomic
Absorption Spectrophotometer (Shimadzu AA 6300).
To get the deposited chromium on the TiO, surface,
the final value of total chromium was subtracted from
the initial one:

Deposition = TCr;(s) — TCr¢(s) 3)

where TCr;(s) =initial value of total metal, TCr(s) =
final value of total metal.

The photocatalytic reduction percentage and trend
were calculated from below equation.

Reduction percentage (%) = @ x 100 “)
0

Reduction trend = < (5)
Co

where Cy=initial concentration, C=final concentra-
tion.
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Fig. 2. The apparatus of UV light irradiation. (1) Wastewater without any catalyst, (2) Wastewater with TiO, catalyst, (3)
Wastewater with H,O, oxidant, (4) Wastewater with TiO, catalyst and Citric Acid as hole scavengers, (5) Wastewater
with TiO; catalyst and H,O, oxidant, and (6) Wastewater with TiO, catalyst, H,O, oxidant and Citric Acid as hole scav-
engers. T-1.Thermometer (settled in center side), T-2. Thermometer (settled in right side). (A) 15 W UV Lamp (settled in
centre side on roof in horizontal direction) and (B) 15 W UV Lamp (settled in back side in vertical direction).

Table 1
Details of experiments carried out for various compositions of wastewater constituents and respective metal: catalyst, hole
scavenger, oxidant, and different pH values

Testi iabl
Experimental study esting variables

Hole
Catalyst: scavenger: Oxidant: Variable:
Process T CA HP pH
Chromium, Copper, Obtain maximum reduction with catalyst and 2g/L 60 mg/L, - 2,4,6,7,
Nickel, and Zinc citric acid in absence of H,O, at optimum pH 8, 10
metal ions
Obtain maximum reduction with catalyst and 2¢g/L - 60 mL/L 2,4,6,7,
H,0; in absence of citric acid at optimum pH 8, 10
Obtain maximum reduction with catalyst, citric 2 g/L 60 mg/L, 60mL/L 2,4,6,7,
acid, and H,O, at optimum pH 8,10

Note: Where T =TiO, (Photocatalyst), CA =citric acid (hole scavenger), HP = H,O, (hydrogen peroxide).

2.3. Modeling

predominance of various metal species and their per-
centage of components at different pH values. The
modeling results were compared to the experimental

Geochemical modeling of metal species was
carried out by Visual MINTEQ model to obtain the
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results to check the model validity. In the model, the
original concentration of metal ions, citric acid and
H,O, were incorporated as input values and pH val-
ues were fixed to the 2, 4, 6-8, and 10 (pH values at
which experiments were performed) separately and
the species were determined.

3. Results and discussion

Metal species at different pH values 2, 4, 6-8, and
10 were carried out to observe the influence of pH on
reduction in the presence of H,O, and citric acid.

3.1. Influence of pH on chromium speciation

The photocatalytic reduction of chromium is
affected by a number of factors: pH of the waste
stream is most crucial, due to change in speciation of
chromium and nature of photocatalytic surface at dif-
ferent pH values. Different reaction mechanisms
under acidic and alkaline conditions for photocatalytic
reduction are proposed [18]. The mechanism of photo-
catalytic chromium reduction was not very clear, but
is fairly well described by the capture of photo-excited
conduction band electrons followed by reduction,
according to Egs. (6)-(8) depending on the pH [19,20].

In acidic medium,

Cr,0f + 14H"' + 6e~ — 2Cr*" 4 7H,0

E® = 0.98 Ev (SHE) ©)
Under neutral medium as follows,
Cr,0; +8H' +3e” — Cr’" + 4H,0 @
E® = 0.56 Ev (SHE)
For alkaline solutions,
Cr,07 + 8H,0 4 3e~ — Cr(OH), + 50H" ®)

E2 = 0.24 Ev (SHE)

In the absence of reducing agents, H,O accepts the
valence band holes and the following photocatalytic
reduction-oxidation cycle takes place (Eq. 9).

2H,0 + 2ht — H,O, + 2H" 9

The most dominant species of chromium below pH
2 is neutral chromic acid molecule H,CrO, and the
species HCrO,, CrO3”, and Cr,03 are present
above pH 2 [21].
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It can also be observed from the speciation graph
in Fig. 3(a)-(f) obtained by Visual MINTEQ model
shows that different species of chromium, H,O,, and
citric acid. The neutral chromic acid molecule has less
affinity for TiO, surface, whereas the other anionic
species have a strong affinity for TiO, surface below
pzc, whereas, above the pzc, these species have a les-
ser affinity for the TiO, surface and were not
adsorbed.

3.2. Dark adsorption for reduction of chromium

Study of chromium in dark adsorption was per-
formed in the presence of TiO, catalyst, citric acid,
and H,O,. Similarly, this process was used to all the
experiments and before an initiation period of 1h (in
dark, i.e. UV light irradiation was started after 1h).
However, the time and experimental conditions of
adsorption and photoreduction were identical. The
adsorption of chromium in dark was decreased with
the increasing in pH (Fig. 4).

The results showed that chromium adsorption
decreased on TiO, surface in the presence of citric acid
and H,0, [14]. TiO,/UV, H,0,/UV, TiO,/citric acid/
UV, TiO,/H,0,/UV, and TiO,/H,0,/citric acid/UV
processes were occurred maximum adsorption 69.87,
64.24, 70.84, 67.44, and 68.34%, respectively, at pH 2.
At alkaline pH values, a reduction in the solubility of
metals may contribute to lower uptake rates [22,23]
and reported similar trends of more adsorption at
lower pH [24].

3.2.1. Photolytic interactions of chromium

Photolytic interactions among chromium were car-
ried out in the absence of photocatalyst, citric acid,
and H,O,. The time dependent behavior of the photo-
lytic reaction when using different filters with irradia-
tion of UV light on the chromium solution under
continuous stirring without TiO, was carried out in
the reactor. In acidic solution, it has a very high
positive  reduction-oxidation  potential, therefore
strongly oxidizes and remains unstable in the presence
of e-donors.

At pH value 2, 4, and 6, higher concentration of
HCrO, species shows 98.29, 98.43, and 74.46% respec-
tively, depicted in Fig. 3(a). At pH value 7, HCrO,
with minimum concentration of 23.16% and at pH
value 8, 10 were observed to less than 2% concentra-
tion. At the lower pH, dominant species of Cr ions in
solution have very less concentration of H,CrO, (aq)
CrO}” and Cr,O5 ie. Cr®". These anions would be
expected to interact more strongly with the ligands
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Fig. 3. Speciation of chromium at different pH level determined by “Visual MINTEQ Model”: (a) without TiO,, (b) with
TiO,, (c) with H,O,, (d) TiO, and citric acid, (e) TiO, and H,O,, and (f) TiO,, citric acid, and H,O.

carrying positive charges. Further as well as increase
the pH up to 6, 7, 8, 10, the percentage of adsorption
were decreased but increases the species concentration
of CrOi’ that were observed 24.34%, 76.75%, 97.08%,
99.96% respectively and Cr,O3  observed 1.20% to
less. Because OH ™ ions increased the hindrance of dif-
fusion, some of the divalent cations may react with
OH™ ion and precipitated and thereby decreased the

free metal ions available in the solution. At lower pH,
there may be competition between H* and Cr’* ions
and thus decreased the adsorption capacity for the
metal ion [5,14].

The results for chromium reduction for photolytic
experiments of chromium with absence of citric acid
and H,O, are depicted in Figs. 5 and 6(a). It can be
observed that UV reduced maximum 16.4-18.5% at



R.S. Thakur et al. | Desalination and Water Treatment 56 (2015) 1335-1363 1341
pH value

0 ——— 77— T T T T T T T T T T T

—_ 23 5 6 7 8 9 10
c
o
=
o
=
c
(]
o
c
o
o
[-T:]
S

-30
(c): TiO, = 0 g/L, Citric Acid = 0 mg/L, H,0,= 60 mL/L
pH value
oi,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
3 4 5 6 7 8 9 10
H),

c
)
=
o
=
c
8
c
o
o
o0
S

(d): TiO, = 2 g/L, Citric Acid = 60 mg/L, H,0, =0 mL/L

Fig. 3. (Continued)

pH 4 and 10. It shows that reaction was found to
decline, because less species present in the reaction to
occur. In terms of mg/L, chromium deposition was
2.2-3.4% at pH 2 and 4 (Fig. 7).

3.2.2. TiO;-UV process for reduction of chromium

A decrease in pH has two combined effects and
then Ernst reduction-oxidation potential for chromate

reduction increases and the positive charge on Titania
increases, favoring the adsorption of negatively
charged chromate ions by electrostatic attraction. Fur-
thermore, desorption of the product formed (Cr’** spe-
cies) could be favored by electrostatic repulsion [22].
The surface of TiO, has a point of zero charge (pzc)
value of 6.2 as reported by a number of authors
[6,14,25]. Below this pH, the surface of TiO, has a net
positive charge, and above this pH, it has a negative
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Fig. 3. (Continued)

charge. The neutral chromic acid molecule has less
affinity for TiO, surface, whereas the other species
being negatively charged have a strong affinity for
TiO, surface. Above the pzc, these species have a
lesser affinity for the TiO, surface and are not
adsorbed [24].

The speciation shows HCrO, at pH value 2, 4,
and 6 observed higher concentration of 99.06, 98.42,

and 74.50%, respectively, depicted in Fig. 3(b). At pH
7, HCrO; with minimum concentration of 23.18% was
obserned, and at pH 8 and 10 very less 3.02% concen-
tration was observed. The Ti(OH), species at pH value
4, 6,7, 8, and 10 were observed in all the above 99%
and at pH 2 57.63%. The Ti(OH)3. species at pH value
2 observed 42.38% and negligible in other pH values.
The CrO,? species at pH value 7, 8, and 10 observed
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Fig. 4. Dark adsorption of chromium at different pH level (TiO,=2 g/L, H,O, =60 mL/L, citric acid = 60 mg/L).
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Fig. 5. Percentage reduction of chromium with time at different pH level (TiO,=2 g/L, H,O,=60 mL/L, citric

acid = 60 mg/L).

76.72, 96.98, and 99.97%, respectively, maximum con-
centration increases with increasing pH value.

The chromium reduction results during experi-
ments are depicted in Figs. 5 and 6(b). In the presence
of TiO, at pH 2, 4, and 10, chromium was reduced to
71.4, 29.73, and 24.43%, respectively, due to the pres-
ence of HCrO, species. The reaction rate was signifi-
cantly enhanced after addition of TiO,. In terms of
mg/L chromium, the maximum deposition was 12.0,
6.2, 3.4, and 3.0%, respectively, at pH 2, 4, 7, and 6

(Fig. 7). At pH 7, again half of the reduced chromium
was found to be deposited on the TiO, surface.
However, minimal deposition was seen at pH 8 and
10, showing a prominence of unreduced negatively
charged chromium species which were repelled by the
negative surface charge, hindering reduction and
deposition, even in the presence of significant quantity
of reducing agent. It has been observed that the pH of
the solution plays an important role in this reaction.
An acidic medium is favorable for chromium
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Fig. 6. Reduction trends of chromium with time at different pH level: (a) without TiO,, (b) with TiO,, (c¢) with H,O,,
(d) TiO, and citric acid, (e) TiO, and H,0,, and (f) TiO,, citric acid, and H,O,.

photocatalytic reduction, where 94% of chromium was
photoreduced within 1 h at pH 3 when 2 g/L of TiO,
was used as the slurry [14,26].

3.2.3. H,O,~UV process for reduction of chromium

The addition of H,O, was regarded as a good
parameter for the enhancement of photocatalytic deg-
radation process [2]. Light absorbed by a molecule can
result in electronic excitation, this makes the excited

state more suitable as an oxidizing or reducing agent,
which in turn makes it more likely and a highly reac-
tive species such as the hydroxide radical (OH")
which can be produced from an electron transfer pro-
cess between the excited state and contacting medium
[14].

In this experiment, the important species observed
CrO;~, HCrO;, and Cr(OH); (aq). The CrO;~ species
at pH value 2 and 4 observed less concentration and
at pH value 6, 7, 8, and 10 higher concentrations of
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Fig. 6. (Continued)

25.25, 76.83, 96.97, and 99.96%, respectively, maximum
concentration increases with increasing pH value,
depicted in Fig. 3(c). The HCrO; species at pH value
2, 4, and 6 observed 98.28, 98.36, and 73.36% and at
pH 7 observed 23.09% and at pH value 8 and 10
observed negligible. The C2~ species at pH value 2
and 4 observed 98.27 and 29.13%. The Cr(OH); (aq)
species at pH value 6, 7, 8, and 10 observed 10, 78,
97.7, and 96.58%, respectively.

The chromium reduction was significantly
improved by the addition of oxidant [14]. The chro-

mium reduction percentage at pH 2, 4, 6, 7, 8, and 10,
were observed 71.95, 49.09, 11.59, 18.98, 12.41, and
47.36%, respectively, depicted in Figs. 5 and 6(c) and
the Cr(OH); (aq) species shows that reaction was
found satisfactory reduction.

In terms of mg/L, chromium deposition was
higher and initial pH decreases with the addition of
H,0,. Fig. 7 shows at pH 2, 4, 6, 7, 8, and 10, the max-
imum deposition percentage were observed 12.10,
10.34, 4.05, 549, 078, and 4.39%, respectively,
increased due to decrease in pH value.
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3.2.4. TiO,—Citric acid-UV process for reduction of
chromium

The beneficial role of the organic additive was
quite striking [14]. By the addition of citric acid, the
reduction rate was significantly enhanced. The faster
degradation can be attributed to minimum electron-
hole recombination due to sufficient concentration of
hole scavenger. Initially, blank experimental runs were
carried out in the absence of citric acid. Thereafter, cit-
ric acid was added in the wastewater till a 77.51%

reduction of chromium was obtained at pH 2. The
percentage of citric acid used with respect to
chromium concentration. The relative percentage of
chromium in the total quantity of wastewater is also
mentioned. Minimal reduction of chromium was
obtained in the absence of citric acid.

Fig. 3(d) shows the citrate®  species was found
negligible at pH 2 and 4 but at pH 6, 7, 8, and 10 con-
centrations increased to 31.60, 83.43, 98.03, and
99.98%, respectively. The citric acid as hole scavengers
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Fig. 7. Milligrams of total chromium deposited per gram of TiO, at different pH level (TiO,=2 g/L, H,O,=60 mL/L,

citric acid =60 mg/L).

was very beneficial to the experiment, because it gen-
erated more complexities as non-hazardous. The H,-
Citrate” species at pH 2 and 4 observed 7.62 and
75.87% only. The Hj-Citrate (aq) species observed
maximum at acidic and neutral pH, which at pH 2
and 7 was found to be 92.37% and 16.48%. The H-Cit-
rate’” was observed at pH 4, 6 were observed 14.10%
and 65.04% only. The CrO3~ species was negligible at
pH 2 and 4 but at pH 6, 7, 8, and 10 concentrations
increased to 25.41, 77.94, 97.23, and 99.97% respec-
tively, which show increase in negative ions as pH
increases. Similarly, reverse for the HCrO, species
that concentration decreases to 98.25%, 98.39%,
73.37%, 21.96%, 2.76%, and 0.02% with increasing pH
2, 4, 6, 7, 8, 10, respectively. The CrzOg_ species
observed fewer amounts. The Ti(OH), species shows
higher concentration at pH 2, 4, 6, 7, 8, and 10 were
observed 57.63, 99.32, 99.99, 99.99, 99.98, and 98.92%,
respectively.

Figs. 5 and 6(d) show that at pH 4, 6, 7, 8, and 10,
the percentages were 47.87, 11.99, 19.67, 15.37, and
24.69%, respectively, observed percentage increases as
the pH value decreases. There was a steep decrease in
the chromium concentration in the first three hours
which contributed a maximum reduction to the UV,
TiO,/UV, and H,O,/UV. Citric acid also decreased
the solution pH, thereby favoring Cr®* reductions.
Almost complete reduction of Cr®" in the presence of
citric acid is also reported by Colon et al. [17] at pH 4,

however, significant deposition was seen which were
expected to be of Cr(OH); species.

Fig. 7 shows, in terms of mg/L, chromium deposi-
tion was higher at initial pH and decreases with the
addition of TiO, and citric acid. At pH 2, 4, 6, 7, §,
and 10, the percentage deposition was increased to
13.04, 10.08, 4.19, 5.69, 0.97, and 2.29%, respectively,
due to the decrease in pH value.

3.2.5. TiO;-H,0,-UV process for reduction of
chromium

In this present study, Figs. 5 and 6(e) show maxi-
mum treatment efficiency of chromium reduction with
TiO, and H,O, concentration, respectively, that is
more efficient than the H,O,/UV process. As shown,
H,O, reacts with conduction band electrons and with
superoxide radicals produced between oxygen and
electron to generate OH", also, HO, produces OH"
directly by the photolytic split [14,17].

When this experiment started, the reaction gener-
ates different types of species. Firstly, it generates the
CrOj species was observed negligible at pH 2 and 4,
butat pH 6, 7, 8, and 10 its concentrations increased to
25.24, 76.82, 96.97, and 99.97%, respectively, shown in
Fig. 3(e). The HCrO, species was decreasing to 98.24,
98.35, 73.54, 23.08, 3.02, and 0.03% with increase of
pH, 2, 4, 6, 7, 8, and 10, respectively. The Cr(OH);+
species at pH 6 and 7 were observed to be 24.62 and
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17.99% only. The Cr’* species at pH 2 and 4 were
observed 98.42 and 29.24% only. Similarly, the CrOH>*
species at pH 4 and 6 were observed 66.44 and 51.07%
only. The Ti(OH), species generated by the photocata-
lyst shows maximum of 99.99% at all pH and only pH
2 shows 57.51% only.

AtpH?2,4,6,7,8, and 10, shows the chromium per-
centage reduction were 93.83, 74.05, 13.80, 24.84, 27.23,
and 50.51%, respectively, shows that increased percent-
age as well as decrease pH depicted in Figs. 5 and 6(e).
In terms of mg/L, chromium deposition was higher
and decreases initial pH with addition of H,O,. Fig. 7
shows at pH 2-10, the deposition percentage were
observe 15.79, 15.60, 4.82, 7.18, 1.71, and 4.68%, respec-
tively, was increased due to decrease in pH value.

The same results were also obtained in previous
works and it had been reported that photocatalytic
oxidation of same organics as well as reduction of few
metals is possible by coupling TiO, with UV light
[27]. In this process, the removal efficiency for chro-
mium at acidic or basic pH was higher than that at
neutral pH value. The addition of H,O,, in the TiO,/
UV process increased the reduction efficiency for the
treatment of heavy metals. Photocatalysis/H,O, pro-
cesses had been employed for the removal of four
metal ions Cr, Cu, Ni, and Zn present in the wastewa-
ter [28]. Finally, the degradation efficiency of the
TiO,/oxidant/UV process was much greater when
H,0, was used as the oxidant [17].

3.2.6. TiO,-Citric acid—-H,O,~UV process for reduction
of chromium

The addition of citric acid to the TiO,/H,0,/UV
process enhances its photoreduction rate. This may be
due to the production of a greater amount of OH radi-
cals in this process compared with the production in
other process. At pH 4 the reduction continued till the
end of reaction time period but the fastest reduction
was achieved in 2-4h with maximum reduction was
achieved only by the end of reaction time period.
Fig. 6(f) shows the trends of reduction of chromium
were quite different from the adsorption trends for the
acidic pH values. The chromium reduced was much
higher than the adsorbed at pH 2 and 4. Therefore,
lower the pH value, faster would be the reduction of
chromium [14]. At the pH 6-8, very less quantities of
chromium were found to reduce.

The CrOj ™ species at pH 2 and 4 were negligible,
but increases at pH 6, 7, 8, and 10 observed percent-
age of reduction 25.98, 7798, 9723, and 99.97%,
respectively, shown in Fig. 3(f). The HCrO, species
found higher concentration at lower pH and lower
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concentration at higher pH shows that at pH 2, 4, 6, 7,
8, and 10 were observed 98.24, 98.34, 72.79, 21.92, 2.76,
and 0.02%, respectively. The Cr(OH)," species was
observed only 23.60 and 18.25% at pH 6 and 7. The
Cr’* species generate at lower pH 2 and 4 were
observed only 98.42 and 29.59%. The Cr(OH)s" species
were found 66.02 and 50.79% at pH 4 and 6. The Ti
(OH),4 species, similarly, the photocatalyst at all pH
shows 99.99% maximum only while pH 2 shows
57.51% only. The Citrate’™ species were negligible at
pH 2 and 4, but increased in concentration with
increase in pH from 6, 7, 8, and 10 observed 32.74,
83.48, 98.03, and 99.98%, respectively.

The results in Figs. 5 and 6(f) show greatest treat-
ment efficiency of chromium reduction with TiO,, cit-
ric acid and H,O, at pH 2 which was give a complete
reduction. At pH 4 to 10 was observed 95.07, 60.69,
42.69, 47.42, and 63.49%, respectively. That was more
efficient than the H,O,/UV process. In terms of
mg/L, chromium deposition was higher at initial pH
with the addition of TiO,, citric acid, and H,O,. Fig. 7
shows at pH 2, 4, 6, 8, and 10, the deposition percent-
age were observed 16.82, 20.03, 21.22, 12.35, 2.99, and
5.89%, respectively, which was increased due to
decrease pH level.

The color of catalyst was found to change from
white to light green after treatment for the samples in
which complete reduction of chromium occurred indi-
cating the deposition of Cr**. The color of wastewater
changed from yellow to characteristic light green color
of Cr’* after treatment.

The pH was found to increase and decrease by the
end of the experiment. This could be due to reduc-
tion-oxidation process by TiO,, citric acid, and H,O,
formation of metal hydroxide after the reduction of
metals (Cr, Cu, Ni, and Zn). There was an overall
increase in about 2 pH units for maximum samples
depicted in Table 2.

3.3. Removal of copper, nickel, and zinc at different pH
values

Other metals like copper, nickel, and zinc were
found in the wastewater in significant quantity. At a
pH 6, copper has solubility of 20 mg/L, and at pH §,
the solubility is 0.05 mg/L. Nickel has a similar curve
but it occurs at 3 pH. At a pH 8, nickel has solubility
of 70 mg/L, and at a pH 10.2, the solubility is
0.1 mg/L. Several metals such as chromium and zinc
are amphoteric, being soluble at both alkaline and
acidic conditions [25].

On the basis of the reduction potentials of metal
ions, one can see in reactions (Eqs.10-12) that
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Table 2
Percentage reduction of chromium and corresponding pH change with UV irradiance and maximum temperature
attained

S S+T S+T+CA  S+T+HP S+T+CA+HP UV irradiance (W/m? Max. temp. (‘C)
pH (initial) pH (final) pH (final) pH (final) pH (final) pH (final)
pH?2 1.86 1.87 1.84 1.7 1.84 30 42
pH 4 4.03 4.03 391 3.46 3.55 30 39
pH 6 8.2 8.06 6.93 7.01 6.12 30 42
pH7 8.47 8.46 7.6 7.02 6.83 30 47
pH 8 8.52 8.49 8.34 8.35 8.02 30 47
pH 10 9.55 9.57 9.72 9.11 9.05 30 47

Note: Where T = TiO, Photocatalyst (2 g/L), CA = Citric Acid (60 mg/L), HP = H,O, (60 mL/L).

photocatalytic reduction of copper, nickel is thermody-
namically feasible, whereas Zn** cannot be photocata-
lytically reduced to its corresponding zero-valent state
because its reduction is more negative than that of
photogenerated electrons. Thermodynamically, the
driving force for and Ni*" is also extremely low which
minimizes their possibility to be reduced under most
conditions [29].

Cu®' (aq) +2¢~ — Cu(s) —0.34eV (10
Ni*" (aq) +2e~ — Ni(s) —0.23eV (11)
Zn*' (aq) +2¢~ — Zn(s) —0.76eV (12)

3.3.1. Influence of pH on copper speciation

The speciation prediction of copper in presence of
TiO, and citric acid shows a predominance of Cu**
ions at higher pH level, showing maximum reduction
with citric acid. The formation of Cu-citrate, H,-
Citrate”, H;-Citrate (aq) species decreased with pH up
to 6 and formation of hydroxide of Cu®* begin at
lower pH 2 revealed in Fig. 8(a)—(c).

The complexation favored the copper due to
reduction in the electron hole recombination due to
oxidation of citrate complexes with copper.

3.3.1.1. Dark adsorption of copper. The dark adsorption
of copper is depicted in Fig. 9. At pH 4, the maximum
adsorption for all experimental sequence of UV, TiO,/
UV, H,0,/UV, TiO,/citric acid/UV, TiO,/H,0,/UV,
and TiO,/H,0,/citric acid/UV process were obtained
69.88, 78.69, 81.17, 84.87, 88.75, and 95.81%, respec-
tively. Adsorption of copper was found to increase
with decrease in pH level but the overall adsorption

values were minimal. The reason for low-adsorption
values could be the different species predominating at
different pH level. In the acidic range, high adsorption
was justified as the Cu”* ions was the dominant spe-
cies, which was repelled by positively charged TiO,.

3.3.1.2. Photoreduction and photodeposition of copper. The
copper was overall combinations rate of reduction
found to be very less at pH 7 and 8. The experimental
results for the similar concentrations were described
in following subsections of dark adsorption. The Cu**
was not found to reduce or adsorb very significantly
at all pH values except for pH 8 where was 28.05%
reduction observed (Fig. 10). The rate of reduction of
copper was found to be very less due to its low con-
centrations in the wastewater. The UV, TiO,/UV,
H,0,/UV, TiO,/citric acid/UV, TiO,/H,0,/UV, and
TiO,/H,0,/citric acid/UV process were maximum
copper reduction at pH 4, the values of reduction
increase to 77.82, 80.99, 85.23, 88.23, 94.75, and 99.87%,
respectively.

The trend of photodeposition and photoreduction
of copper were similar. In terms of mg/L, copper
deposition was higher as well as decreases initial pH
with used of TiO,, citric acid and H,0O,. The UV,
TiO,/UV, H,0,/UV, TiO,/citric acid/UV, TiO,/
H,0,/UV, and TiO,/H,O,/citric acid/UV process
maximum deposition at pH 4 were observed 1.78,
1.86, 1.95, 2.02, 2.17, and 2.29%, respectively. The
copper deposition percentage at pH 2, 4, 6, 7, 8, and
10 were observed 2.19, 2.29, 1.75, 0.94, 0.64, and
1.23%, respectively, which was increased due to
decrease in pH level (Fig. 11). The maximum reduc-
tion and deposition of copper support sequence at
pH 4, 2, and 6.

The removal of copper has been [30] reported in
absence of any organic species or in presence of ace-
tate. Wang and Wan [31] have reported the reduction
in the presence of methanol. In this study, since the
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Fig. 8. Speciation of copper at different pH level determined by “Visual MINTEQ Model” (a) without TiO,, (b) with TiO,,

and (c) TiO, and citric acid.

concentration of copper is quite low, the reduction
rates were unpredictable.

3.3.2. Influence of pH on nickel speciation

The behavior of nickel in terms of speciation was
showing no complexation at pH 2 without any dose
shown as Fig. 12(a)~(c). The cationic Ni** was pre-
dominant in the alkaline pH 8-10. The complexation

with citric acid increased with pH up to 8 but the cat-
ionic Ni** was present even at pH 7 and 8 indicating
less complexation. Even at pH 10, the percentage of
Ni-Citrate”, NiH,-Citrate, Ni-(Citrate),*, and Ni(OH),
(aq) species were minimum.

3.3.2.1. Dark adsorption of nickel. The dark adsorption
of nickel was found at pH 8 with UV, TiO,/UV, and
H,0,/UV process and obtained 76.55, 91.70, and 93.29
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Fig. 9. Dark adsorption of copper at different pH level (TiO,=2 g/L, H,O,=60 mL/L, citric acid =60 mg/L).

and at pH 2 with TiO,/citric acid/UV and TiO,/
H,0,/citric acid/UV obtained 91.70%, 91.17% and at
pH 10 with TiO,/H,O,/UV process obtained 67.51%
(Fig. 13). The maximum dark adsorption with TiO,/
H,0,/citric acid/UV combinations were obtained at
pH 2, 6, and 4 but other combination with Iless
adsorption.

3.3.2.2. Photoreduction and photodeposition of nickel. Min-
imal reduction was observed for nickel in the acidic

pH range depicted in Fig. 14. However, at pH 10, §,
and 7 significant maximum removals were observed.
The maximum complete reduction was favored more
in the alkaline and neutral pH range. The reason for
this could be the surface characteristics of the catalyst.
TiO, surface has a more negative charge in the
alkaline pH range, thereby having an affinity for the
positively charged nickel ion.

The lesser reduction rates can be attributed to the
low-thermodynamic driving force for nickel due to its
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Fig. 10. Percentage reduction of copper at different pH level (TiO,=2 g/L, H,O,=60 mL/L, citric acid =60 mg/L).
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Fig. 11. Milligrams of total copper deposited per gram of TiO, at different pH level (TiO,=2 g/L, HO,=60 mL/L, citric

acid =60 mg/L).

lower reduction potential. The all combinations show
complete removal percentage. For nickel, the removal
obtained was very less concentration; in the absence
of citric acid, no removal was observed. In the pres-
ence of citric acid, nearly similar reduction was
observed for all concentrations of citric acid and H,O,.
On the basis of thermodynamic considerations, Chen

and Ray [32] suggested that the reduction would be
favorable in the alkaline pH range. Since the pH value
was lower in these reactions due to the high concen-
trations of citric acid in the wastewater, the reduction
was not favorable. The pH studies carried out further
ensured that the reduction was likely to occur more in
the alkaline pH range.
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The photodeposition values were found to increase
with increase in pH values but that was similar to the
reduction values. The combinations show complete
deposition. As expected, TiO,, H,O,, and citric acid,
no more photodeposition at pH 2, 4, and 6 were
observed (Fig. 15). Low-adsorption values and lesser
thermodynamic force were the probable reasons for
this. The trend of nickel deposition showed increasing
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percentage with pH but the overall deposition of
nickel on TiO, was very less.

3.3.3. Influence of pH on zinc speciation

The speciation of zinc in presence of citric acid is
depicted in Fig. 16(a)—(c) and the percentages of spe-
cies at different pH values were mentioned. Formation

pH value
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Fig. 12. Speciation of nickel at different pH level determined by “Visual MINTEQ Model” (a) without TiO,, (b) with

TiO,, and (c¢) TiO, and citric acid.
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Fig. 13. Dark adsorption of nickel at different pH level (TiO,=2 g/L, H,O,=60 mL/L, citric acid =60 mg/L).

of Zn-Citrate”, Zn(OH), (aq), Zn—(Citrate)g_, Zn
(OH);, Zn(OH);~ were very less at pH 6, 7, and 8.
Further at pH 10, the complexation was very less and
the hydroxides of Zn>" predominate. The high procliv-
ity of Zn-citrate and neutral Zn(OH), was the reason
for the high-adsorption values.

3.3.3.1. Dark adsorption of zinc. The results of dark
adsorption for zinc are depicted in Fig. 17. This
adsorption was due to the anionic Zn-citrate adsorp-
tion on TiO, surface due to attraction of opposite
charges. The zinc metal was complete adsorbed at
pH 7, TiO, and H,O, combinations as the surface
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charge of TiO, was negative. At pH 8, with H,O,/
UV and TiO,/citric acid significant increase to
couplet adsorbed was seen and at pH 10 with H,O,/
UV and TiO,/H,0,/citric acid/UV of zinc was
adsorbed.

3.3.3.2. Photoreduction and photodeposition of zinc. The
maximum reduction of zinc was observed at the neu-

tral pH range and found to increase with the increase
in pH level. Insignificant removal was observed at pH
2 and 4. The complete reduction was obtained at pH
7, 8, and 10 (Fig. 18). The removal condition of zinc
was quite similar to that of nickel.

Fig. 19 shows the deposition at pH 7 was complete
at all combination, similar to increased at pH 8 to
H,0,/UV, TiO,/citric acid/ UV, and TiO,/citric
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acid/H,O,/UV were complete deposition. At pH 10
with HzOz/Uv, TlOz/ HzOz/ UV, and TlOz/CltI'lC
acid/H,0,/UV were complete deposition. These val-
ues were quite similar to the adsorption indicating
that the deposition of zinc was possibly not reductive
but only due to adsorption.

Nearly, same percentage of metal was photodepos-
ited and photoreduced. No more reduction was

R.S. Thakur et al. | Desalination and Water Treatment 56 (2015) 1335-1363

observed for lower pH of citric acid and H,O,. Zinc
was found to reduce more in the samples which show
complete reduction at pH 7, 8, and 10. Meshkov et al.
[33] were also not observed the deposition, adsorp-
tion, and photoreduction. The lower values of deposi-
tion as compared to adsorption further indicate that
some of the zinc was desorbed due to weaker surface
bonding.
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Fig. 16. Speciation of zinc at different pH level determined by “Visual MINTEQ Model” (a) without TiO,, (b) with TiO,,

(c) TiO, and citric acid.
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4. Kinetic analysis of photocatalytic reduction of all varying proportionally with the surface coverage 6 as
metal ions [7,14]:

According to the Langmuir-Hinshelwood kinetics
model (Eq. 13 and 14) confirming the heterogeneous _
catalytic character of the system with the rate “r” 1+KC

13)
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Fig. 19. Milligrams of total Zinc deposited per gram of TiO, at different pH level (TiO,=2 g/L, H,O,=60 mL/L, citric

acid =60 mg/L).

where 7 is the rate of reaction, K is the adsorption con-
stant, k is the rate constant, and C is the concentration
of the species.

The degradation rate constant (k) was determined
and evaluated at different citric acid and H,0,

concentrations to find out the values at which maxi-
mum efficiency (kmax). The following experiments are
described by assuming a pseudo-first-order reaction.
Then, an approximation of L-H expression can be
used [7,14]:
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(a): TiO, = 0 g/L, Citric Acid = 0 mg/L, H,0, = 0 mL/L
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Fig. 20. Comparative initial reaction rates of chromium, copper, nickel and zinc metal ions at different pH level: (a)
without TiO,, (b) with TiO,, (c¢) with H,O,, (d) TiO, and citric acid, (e) TiO, and H,O,, and (f) TiO,, citric acid, and

H,0,.

—d(C)
dt

= k(C) (14)

where k was the pseudo-first-order reaction rate con-
stant.

The photocatalytic reduction rate was governed
by the reaction kinetics. Sometimes, no measurable

reduction was observed owing to the very low reduc-
tion rate, even though the photocatalytic reaction was
thermodynamically feasible. Therefore, under the
guideline of above thermodynamic analysis, kinetic
study of the photocatalytic reduction for different
metal ions of interest becomes more important and
meaningful [2,6,14]. Therefore, Fig. 20 shows the
higher initial rate of reaction for all metals with over
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(c): TiO, = 0 g/L, Citric Acid = 0 mg/L, H,0, = 60 mL/L
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Fig. 20. (Continued)

all combinations at pH 2 and 4 level, but vary to
Zn**>Cu**>Ni**>Cr at all pH level.

It can be observed that the reaction rate of chro-
mium was steadily decreased with the increase in
pH level. The rate of reaction for copper was found
to increase at lower pH 2 and 4. In the alkaline
range, the rate of reactions was nearly similar. For
zinc metal, the reaction rate was found to be higher
at neutral pH, but was found to increase with acidic
and alkaline pH level. Nickel metal was shows

maximum reaction rates at pH 8, 7, and 10 with
TiO,/UV, HyO,/UV, and at pH 4, 2 with TiO,/citric
acid/UV, TiO,/H,O0,/UV, and TiO,/citric acid/
H,0,/UV.

The greater the association more will be the stabil-
ity of the compound. This implies that complex ions
with large stability constants are more stable than the
ones with smaller ones. Thereby, the higher the stabil-
ity constant, the lower would be the chances of degra-
dation of that metal complex [2,25].
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(e): TiO, = 2 g/L, Citric Acid = 0 mg/L, H,0, = 60 mL/L
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Fig. 20. (Continued)

5. Conclusions

The chromium reduction was very sensitive for the
type of organics that was being simultaneously
reduced. In general, the more easily oxidized organics
produce higher photocatalytic reduction rates.
Chromium photoreduction was increased with
decreasing pH values, suggesting an acid-catalyzed
behavior. For the reduction of chromium, even at very
low catalyst concentrations, effective reduction was
attained at acidic pH level. The process can be made

economically more feasible if it carried out in acidic
conditions, as less catalyst was required. The pH being
regularity requirement for discharge of wastewater, it
was safer to conduct the photocatalytic treatment at
around pH 2—4 for chromium which gives sufficient
reduction of chromium and deposition of Cr** on the
photocatalyst surface ensuring overall maximum
removal of total chromium and final pH well in the
discharge limits. Titania was able to catalyze the
reduction of chromium in the presence of UV-light
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were obtained at pH lower than 2 and the activity of
the catalyst remains constant. Acidic pH was found to
be favorable for photocatalytic reduction of chromium
but unfavorable for the removal of Ni** and Zn**,
supporting the thermodynamic feasibility of the reac-
tion.

For Cu** was maximum photoreduction occurred at
pH 4 and 2, which was a usual pH of wastewater. At
pH 6, therefore, not much reduction adjustment would
be required for removal of Cu**. The photoreduction of
Cu?* was maximum at acidic condition, however, Ni**
and Zn** was favorable in the alkaline condition. For
reduction of Ni** and Zn** support, neutral to alkaline
pH 7-10 was found to be most suitable but the overall
removal was low. The acidic pH for Cr®*, Cu** and
alkaline pH for Zn**, Ni** were found to be suitable for
photoreduction and deposition of metal ions. The pho-
tocatalyst, H,O, and citric acid were performed higher
reduction and oxidation efficiency of metals because
support to generate various complexes and speciation’s
at different pH level. The combination process, whose
treatment and maintenance expenses are cheaper,
seems to have more advantages for the reuse of waste-
water and industrial wastewater.
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