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ABSTRACT

Background: Heavy metals in aquatic systems usually interfere with many beneficial uses of
water. Divalent nickel is a commonly occurring toxic metal in natural ecosystems due to the
effluent of refineries, electroplating, and casting industries. In aquatic environments, nickel
appears as Ni (Il) and Ni°. Despite the high reported toxicity for Ni (1), Ni° is only slightly toxic.
Various methods have been proposed for the treatment of aqueous solutions containing Ni (l1).
Photocatalytic reduction is an important process; titanium dioxide has been mostly used as a
very efficient photocatalyst.

Methods: In this study, the removal of divalent nickel ions in aqueous solutions was studied in
the presence of remarkably low dosages of nano-titania photocatalyst. Direct imposed
irradiation was utilized for treatment of solutions. Accordingly, the influence of four operational
parameters, including temperature within the conventional range of 20 to 40 ‘C, was
investigated. Design of experiments, modeling and process optimization were accomplished
using central composite design of response surface methodology.

Results: Reduced quadratic expression was developed for the reduction efficiency (RE), and
the analysis of variance showed its capability in reproducing the data. The effectiveness of each
parameter was determined. At the best found conditions of [TiOz] = 42 mg/L, pH =9.2, T = 34
'C and after 90 minutes of treatment, about 85% removal was achieved for initial 5 mg/L nickel
solutions. Pseudo first order reactions proceeded.

Conclusion: Based on CCD method, the influence of individual operating parameters and
their interactions were obtained. A quadratic equation predicted the variations quite well.
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INTRODUCTION

Heavy metals in aquatic systems usually
interfere with many beneficial uses of water.
Metal ions have infinite lifetime and can be

Various methods have been proposed for
the treatment of aqueous solutions containing
Ni(ll), e.g. precipitation, ion exchange,
electrolysis, adsorption and photocatalysis [9-

accumulated in food chains to a toxic level [1].
Divalent nickel is a commonly occurring toxic
metal in natural ecosystems due to the effluent
of refineries, electroplating, casting industries,
storage batteries, and nickel-plating plants [2, 3].
High nickel concentrations cause lung cancer,
and nose and bone dermatitis (nickel itch) while
its acute concentrations cause dizziness,
headache, nausea, vomiting, chest pain, cough
and breathing problems, cyanosis, extreme
weakness, and DNA damage [4, 5]. In aquatic
environments, nickel appears as Ni(ll) and Ni°
[6, 7]. However, the high reported toxicity for
Ni(11), Ni% is only slightly toxic [8].

11]. In the last key process, titanium dioxide has
been mostly used, as very efficient photocatalyst
because of non-toxicity, low cost, and
chemically stability [12]. As documented in the
literature, the main step in this process is the

formation of electron-hole pairs (e;z; —hyg) on

the catalyst surface upon irradiation with the
proper photon energy to overcome the band
gaps. The electron-hole pairs are then separated
between the valance and conduction bands, and
the adsorbed species (reactants) on the sites of
catalyst undergo photo-induced oxidation
reduction or even synthesis.
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The  semiconductor TiO, contains
sufficient reducing power to induce nickel ion
reduction. It is because the band gap of TiO; is
around 3.2 eV with the energy of conduction
band -0.3 eV and valence band +2.9 eV at pH
5.6 [13]. Hence, any metal ion having a
reduction potential less negative than —0.3 eV
would be potentially reduced by photo-generated
electrons of TiO,. The reduction of metal ions,
such as Cu(ll), Cr(VI), Au(lll), and Ag(l)
(reduction potentials usually less than -0.5 eV)
have been widely studied in the presence of TiO,
[13-16]. The reduction of metal ions normally
occurs by capturing the photo—excited
conduction band electrons while water or other
organics are oxidized by the valence band holes.
The following reactions can describe the Ni(ll)
reduction process [8]:

2[Ti0, —™ se” +h'] (1)
NiZ* +2e~ — Ni° )
H,0+2h" —>%o2 +2H" (3)

Ni2++HZO+h+—>Ni°+%OZ+2H+ (4)

To date, some investigations on photo-
reduction of Ni(ll) have been reported, all with
very high levels of nano TiO, concentration
within 250-2000 mg/L [8,17-19]. In the present
study, proceeding with very low amounts of
titania was targeted. Low dosage catalyst
consumption is much practically interesting due
to separation and regeneration problems. The
influence of temperature, on the other hand, is
taken into account in this study; a case that has
not been reported so far. Indeed, direct heating is
beneficial in process intensification with no
extra reagent addition or using special devices.
Temperature within conventional range can play
an important role in altering the performance of
these processes, as long as economic evaluation
shows favorite results. This parameter as well as
solution pH, TiO, dosage, and reaction time are
considered and the corresponding modeling is
obtained via response surface methodology
(RSM). The best operating conditions are
estimated and then validated with confirmatory
experiments. Accordingly, the perfect reaction
kinetic is determined for the overall conducted
reaction.
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MATERIALS AND METHODS

All reagents and chemicals used in this
study were analytical grade and they were used
as received from the suppliers. Nickel nitrate
hexa aqua, as the source of Ni(ll) was Merck
product. Used in analytical procedure, 1-(2-
Pyridylazo)-2-naphthol (PAN), ethanol and
Triton X-100 were all Merck products. Sulfuric
acid and sodium hydroxide for pH adjustment
were also purchased from Merck. Titanium
dioxide nano particles (P-25 purity>99.5%) were
supplied by Plasma Chem with BET surface area
of 50 m?/g and the average particle diameter of
21nm. All aqueous solutions were prepared
using deionized water with conductivity less
than 0.08 puS/cm.

A cylindrical photo-reactor made of glossy
stainless steel with 1.25 L capacity was used.
The light source was a 250 W mercury lamp
with the wavelength range of 280-400 nm and
the maximum emission of 365 nm, located
centrally in the reaction media with perfect light
utilization. In order to mix the reactor content
well and achieve fine dispersion of the catalyst
particles, an ultrasound source (28 kHz, 60 W)
was placed at the outside bottom of the reactor.
The desired reaction temperature was adjusted
and maintained constant via a stainless steel
water-flow jacket, connected to a thermostat
bath.

To run each experiment, a solution (1 L) of
5.0 mg/L of Ni(ll) ions was prepared and after
adjustment of pH (using sulfuric acid and
sodium hydroxide dilute solutions), it was
transferred into the reactor and then temperature
was set to the desired level. The needed amount
of the catalyst particles was added and, prior to
light irradiation, the suspension was sonicated
for 5 min and then maintained under mixing for
30 min in dark to ensure adsorption/desorption
equilibria. The maximum substrate adsorption
was as low as 4%, which was subtracted from
the initial concentration.

To follow the reaction progress, 2.5 mL
samples were withdrawn at different times.
Separation of the titania nano-particles was then
performed with vigorous centrifugation. The
residual concentration of Ni(ll) ions was
analyzed via colorimetery using PAN as the
color agent [20]. Accordingly, the best complex
formation conditions were prepared with 2.5 mL
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of 1.0% triton X-100 water solution, 2 mL of
universal buffer solution (pH 8.5), 1.0 mL of
0.01% PAN solution in ethanol, together with 2
mL of collected sample, all added into a 10 mL
standard flask, while volume was made up to the
mark with deionized water. A maximum
wavelength  absorbance  with  UV-visible
spectrometer is corresponding for the produced
nickel complex at maximum wavelength of 568
nm. Based on appropriate calibration data, the
reduction efficiency (RE) of Ni(ll), at any time
was obtained as:

[Ni(ID1,
Where [Ni(ll)]o and [Ni(ll)]; are initial and
appropriate time concentrations (in mg/L),
respectively.

RESULTS
Design of Experiments and Model

The essential parameters of catalyst
loading, pH, temperature, and reaction time,
were considered and the central composite
design (CCD) methodology was applied. In this
regard, a four-factor, five-level CCD was
employed. Each of the variables were assessed at
five different levels of factorial points (-1, +1),
axial points (-a, +a), and central point (0). Table
1 presents the range of these variables which
were chosen based on some preliminary
experiments. The experimental design matrix is
depicted in Table 2.

Design-Expert software (version 8.0.5)
was used to determine the best mathematical
expression of the process efficiency. Based on
statistical items, a quadratic model was
suggested in the form:

y =ﬂo+iﬂixi+iﬂiixiz+§ iﬂuxixjﬂ ©)

i jein

Where y stands for predicted response
(RE), po the constant coefficient, gi the linear
coefficients, f;; the quadratic coefficients, f;; the

interaction coefficients and x,, x; are the

influencing process variables, m is the number of
variables, and ¢ is the residual error.

The significance of the model terms can be
evaluated based on the “P>F” at the 95%
confidence level. Contributed terms with “P>F”
less than 0.05 are statistically significant.
Consequently, the insignificant quadratic and

interaction terms (Xpo, X, Xrio, Xy, X% and x7)

were omitted to modify the model in the
following form:

RE=30.69+22.80xpH+10.0xTio2+3.52xT+
7.13xt+6.33xpHxTi02+2.22xpHXT+2.46xtxpH
+3.53x2pH+ 2.15x2Ti02 -2.42x2T @)

The analysis of variance (ANOVA) was
then carried (see Table 3). The above reduced
equation gives a coefficient of determination
(R%) value of 0.987, and the Adj-R? (modified R?,
adjusted for the number of explanatory terms in
the model) value of 0.981 which is very close to
the corresponding R? value that indicates a
reasonable proportion between the number of
model terms and the modified model. Also,
pred-R? how well the model predicts responses
for new observations) of 0.966 is in reasonable
agreement with the Adj-R% Furthermore, “P>F”
(model mean square divided by residual mean
square) [21] less than 0.0001 and the high F-
value of 151.6 imply that Eq. (7) is satisfactory.
Moreover, the feature of the model can be seen
in Figure 1, indicating an agreement between the
model prediction and experimental data.

Table 1. The ranges and levels of the used variables in terms of the real and coded factors.

Levels and ranges

Variables

—« () (0 (+1) +a
PH, Xy 72 75 835 92 955
[TiO;] (Mg/L), Xyo, 10 80 250 420 491
Temperature (C), X; 16.7 200 280 360 393
Reaction time (min), X, 538 60.0 750 90.0 96.2
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Table 2. The 4-factor CCD matrix consisting of the empirical and model predicted values of the

response.
RUNS Design factor RE
pH [TiO;] (mg/L) T(O) t (min) Exp Pred
1 8.35 25 28 53.8 211 20.8
2 8.35 25 28 75 28.8 30.9
3 8.35 25 28 75 325 30.9
4 9.2 8 20 60 254 26.6
5 8.35 25 28 75 321 30.9
6 8.35 25 16.7 75 17.3 20.9
7 7.5 42 20 60 12.8 104
8 7.5 8 36 90 14.6 151
9 8.35 25 28 75 28.7 30.9
10 9.2 8 20 90 435 42.7
11 7.5 42 36 90 20.1 22.3
12 8.35 1 28 75 20.2 20.9
13 8.35 25 28 75 30.1 30.9
14 8.35 25 39.3 75 33.3 30.8
15 7.2 25 28 75 44 5.6
16 9.55 25 28 75 70.1 70.1
17 7.5 42 20 90 17.9 16.6
18 7.5 8 36 60 45 25
19 9.2 42 20 90 73.8 75.3
20 9.2 42 36 90 86.3 89.9
21 8.35 49.1 28 75 48.6 49.2
22 9.2 8 36 60 32.9 34.9
23 8.35 25 28 96.2 46.2 411
24 9.2 42 20 60 63.6 59.3
25 8.35 25 28 75 29.3 30.9
26 9.2 8 36 90 60.1 57.3
27 9.2 42 36 60 68.5 67.6
28 7.5 8 20 90 9.7 9.3
29 7.5 42 36 60 9.3 9.9
30 7.5 8 20 60 2.1 3.1
Table 3. ANOVA for the reduced quadratic model’.
Source Sum of Degree of freedom  Mean square F-Value Prob>F
squares
model 14686.48 10 1468.65 151.6  <0.0001
XoH 10394.21 1 10394.21 1072.96 < 0.0001
Xioz 1999.21 1 1999.21 206.37 < 0.0001
Xt 247.95 1 247.95 25.6 < 0.0001
X 1017.87 1 1017.87 105.07 <0.0001
XpuXrio2 640.09 1 640.09 66.07 < 0.0001
XonXt 78.59 1 78.59 8.11 0.0103
XonXi 96.43 1 96.43 9.95 0.0052
XPon 119.60 1 119.60 12.35 0.0023
X202 44.57 1 44.57 4.6 0.0451
X2 56.36 1 56.36 5.82 0.0261
Residual 184.06 19 9.69
tftc" of 160.71 14 11.48 246  0.1638
Pure Error 23.35 5 4.67
Cor Total 14870.54 29

*R%= 0.987, adj-R” = 0.981, pred-R’= 0.966
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Figure 1. The model predicted RE values versus experimental values.

DISCUSSION
The Impact of Parameters

The influence of operating parameters are
presented via three dimensional response surface
plots (Figure 2 a, b and c). In each plot, two
variables were kept constant (at the related zero
levels) and the variation of RE was depicted
versus the other two. This way, the interactions
between variables were evaluated.

Figure 2 (a) shows the influence of pH and
TiO, dosage on the photo-reduction process. RE
increases with pH, in particular alkaline
conditions, but the effect is significant at high
TiO, dosages. This reveals the presence of an
interaction between them at “P>F” value less

than 0.0001, according to the “X Xrc, ” term in

Table 3.

The pH of zero point charge (pHzec) of
TiO; (p-25 product) is 6.8 [22, 23]. The catalyst
surface is, therefore, positively charged at
pHs<pHzc and negatively charged at
pHs>pHzpc. As pH increases, TiO, surface is
more negatively charged, leading to higher
adsorption of Ni (Il) ions and, thus, higher RE
achievement [24]. Hence, at neutral pH, there is
a low tendency for adsorption of Ni(ll) ions, and
the process does not exhibit any catalyst dosage
dependence.

1140

Figure 2 (b) shows that the influence of
temperature on the process is different. Under
neutral pH, where adsorption of Ni(ll) ions on
the catalyst surface is the limiting step, the effect
of temperature is nil. However, under alkaline
pH, RE increases with increase of temperature
up to 34 'C and then remains almost constant.

Figure 2(c) depicts the effect of the
reaction time and pH on RE. Higher reaction
times provide higher reduction efficiency but the
trend of variation is different around neutral and
alkaline pHs. This behaviour corresponds to the
vital role of Ni (Il) adsorption onto the catalyst
surface.

21
[TiO,] (mg/L)
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time ( min)

Figure 2. The response surface plots showing
the effect of: (a) TiO2 particles dosage and
solution pH at temperature of 28 °C and reaction
time of 75 min (central point), (b) temperature
and pH with TiO2 particles dosage of 25 mg/L
and reaction time of 75 min, (c) reaction time
and pH at temperature of 28 °C and TiO2 dosage
of 25 mg/L.

Optimization

By screening these variations, a maximum
86.4% Ni(ll) reduction is predictable from the
model with titania loading of about 42 mg/L, and
other conditions ( pH 9.2, temperature of 34 C,
and the 90-min reaction process). The
confirmatory experimental run under these
conditions showed a reduction efficiency of
84.5%. This close agreement confirms the model
weight.

To investigate the contributing reaction
branches in the process; experiments were
conducted under optimum conditions either in
the  presence of TiO,  nanoparticles
(photocatalysis) or in their absence (photolysis).

http://www.ijt.ir; Volume 8, No 26, Autumn 2014

The trend of Ni(ll) concentration variations
during the processes time can be seen in Figures
3 (a) and 3(b) compares RE values after two
typical times, for both cases. The RE exceeds 54
% and 84% in the case of photocatalysis and
19% and 41% in the case of photolysis after 30
and 90 min, respectively. This shows that
photocatalysis operates  significantly — more
effectively than only photolysis; however, UV
light alone is efficient in this regard.

(@)
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Figure 3. The variation of Ni(ll) concentration
versus time (a), and comparison of RE values
after two different times (b) for the photolysis
and photocatalysis processes; pH = 9.2, [TiO2] =
42 mg/L, and T =34 °C.

Photocatalyst Structure Analysis

The presence of zero valent nickel as well
as its oxide (NiO) was detected by high-
resolution XPS analysis of TiO, particles,
collected after the reaction. The Ni 2p peaks and
the satellites show the presence of these two
species of nickel. The spectrum of Ni° fits by
broad peaks at 853.6 and 870.9 eV [25], and the
NiO by Ni 2p peaks at 857.6 and 874.2 eV [26]
(indicated by arrows in Figure 4).
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Figure 4. XPS spectrum of Ni 2p peaks and satellites for TiO, particles after reduction process.

Kinetic Study

Owing to practical applications, the
photocatalytic reduction kinetic of Ni(ll) ions
was investigated under the optimum conditions
of pH 9.2, TiO, concentration of 42 mg/L, and
different applicable temperatures of 20, 25, 30,
35 and 40 °C. In this regard, the concentration of
Ni(Il) ions was measured at different times.

Here, a preliminary power law Kinetic
model was used for modeling the experimental
data [27, 28]:

(8)

where r, t, k, and n are the rate of
reduction, reaction time, rate constant and the
order of reaction, respectively. As it is known,
according to the Arrhenius equation, the rate
constant of most reactions is related to

temperature byk =k,e =" where ko, Ea and
Rare frequency factor, activation energy and the
universal constant of gasses, respectively.
Equation (8) can, therefore, be written as:

- ——d[Nc;t(")] — KINi(ID]"

E, 1 .
Inr=|nko—FT +nIn[Ni(IN] 9

The differential method of analysis, based
on the provided data of concentration at different
times was employed for finding the rate at each
appropriate concentration. The goodness of
fitting in agreement with Equation (9) is shown
in Figure 5. In this figure, experimental data are

1142

marked with bold dots and the fitted equation
with a meshed plane. Activation energy and
kinetic parameters of the used reduction process
along with the coefficient of determination (R?)
are given in Table 4.

in(rmgiLmin)

0'003400.00335
0.00330
0.00325

0.00320
1% )

0.00315

Figure 5. Correlation diagram for experimental
kinetic data, pH of 9.2, and [TiO,] = 42 mg/L.

Table 4. Kinetic parameters of the Ni(ll)
photocatalytic reduction, pH 0f 9.2, and [TiOy]

=42 mg/L.
Ko Ea n R?
3.06x10°(mg/L)/min 2454 (kJ/mol) 1.0  0.991

Vo

CONCLUSION

This study illustrated the feasibility of
photocatalytic reduction of Ni(ll) with very low

lume 8, No 26, Autumn 2014; http://www.ijt.ir
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amounts of titania nanoparticles when the
influence of temperature is also involved. Based
on CCD methodology, the influence of
individual operating parameters and their
interactions were obtained. A quadratic equation
predicted the variations quite well. Accordingly,
the best operating conditions were: pH = 9.2,
[TiO2] = 42 mg/L and T = 34 "C. Applying the
pertinent conditions, about 85% reduction
efficiency was achieved after 90 min treatment.
Moreover, confirmatory analysis of
photocatalyst particles indicated the separation
of nickel zero valence species from the nickel
solutions. Kinetic studies revealed pseudo first
order reactions for overall conducted reaction.
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