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Abstract—Photocatalytic degradation of ammonia on supported TiO, nanoparticles was investigated. The TiO, nano-
particles used as photocatalyst were coated on light expanded clay aggregate granules (LECA), which is a porous and
light weight support. Photocatalytic reaction activity of prepared catalyst was determined by ammonia degradation
from water synthetically polluted with ammonia. Experiment results showed significantly high photocatalytic activity
for the immobilized catalysts. The ammonia was removed more than 85% within 300 min of the process with optimum
calcinations temperature 550 °C and pH 11. Kinetics of the photocatalytic reaction followed a pseudo-first order model.
XRF, XRD and SEM analyses revealed a rather uniform coating of TiO, on the support. By using floated TiO,/LECA
as a photocatalyst in aqueous solution of NH;, the ammonia was photodegraded into N, and H, gases, while NO; and

NO; were formed at very low concentrations.
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INTRODUCTION

Presence of ammonia pollution in water is a major threat both to
the environment and human health [1]. Ammonia is a source of nutri-
ents as one of the important nitrogen-containing pollutants which
reduces dissolved oxygen, decreases disinfection efficiency of chlo-
rine, and exhibits acute toxicity to aquatic life in wastewater efflu-
ents [2-4]. The main sources of ammonia pollution in wastewaters
include fertilizers, dyes, metal platings, herbicides, pesticides, indus-
trial solvents, chemical, industrials and petrochemical [5,6].

Several methods have been proposed for ammonia removal from
wastewater such as biological process [7], stripping [8], ion exchange
[9], breakpoint chlorination [10], electrochemical process [11], and
photocatalysis [12]. The photocatalytic method for degradation of
ammonia is interesting because of its preferences characteristics
such as minimal generation of secondary waste, simple operation,
remote control, inexpensiveness and high-efficiency [4].

Various structures of nano-TiO, have been used for photocata-
lytic degradation of chemical contaminants [13-17]. Meanwhile,
photodegradation of ammonia has also been reported by numerous
researchers. TiO, supported Pt or Pd catalysts demonstrate that this
photochemical reaction treats the ammonia into harmless N, and
H, gases [3,18,19]. The photocatalytic oxidation is activated by ultra-
violet (UV) light irradiation (Eq. (1)) [1,5,20-22].

M

In photocatalytic reactions, the generated positive hole (h") and
electron (¢) play a major role. Moreover, the hydroxyl produced
from the decomposition of water (Eq. (2)) facilitates oxidation of
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ammonia into N, (Egs. (3)-(4)) or to NO; (Eq. (5))[20]. It seems
that the main difference between the two mechanisms is concealed
in their final products.
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Glass structures [23-26], stainless steel [27], aluminum [28], acti-
vated carbon [29], silica [30], and perlite [31] are examples of sub-
strates which have been used for photocatalytic decomposition by
titanium dioxide. In this study, photocatalytic activity of TiO, (Degussa
P-25) coated on light expanded clay aggregate (LECA) particles
(as a new substrate) was investigated in degradation of ammonia.
Review of published articles indicates that the LECA just as an ad-
sorbent has been used for removal of some toxic material and metals
[32-34]. For example, Haque et al. showed the performance of iron-
modified LECA for the removal of arsenic (V) from groundwater
[32]. Also, Dordio et al. studied the removal of pharmaceuticals in
microcosm constructed wetlands using LECA [33]. However, the
use of the LECA has not been reported in photocatalytic processes.

The high content of porosity (73-88%) and low density (330-
430 kg/m®) allow the LECA to stay afloat on the surface of water,
get wetted with the contaminated solution and simultaneously be
exposed to the UV light when coated with the photocatalyst. Fur-
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Table 1. Chemical composition of LECA granules

Compounds Composition (wWt%)
Sio, 64.83
AlO; 15.05
Fe,O; 7.45
K,0 2.55
CaO 2.98
MgO 3.67
TiO, 0.63
Na,O 1.10
P,0; 0.13
MnO, 0.13
Loss on ignition 1.37
(Si0,/AL0;) 431

thermore, natural abundance, non-toxicity, lifetime utility, and low
price increase the possibility of using LECA at industrial scales [34,
35]. The SEM, XRD and XRF characterizations techniques have
been applied for studying the morphology and chemical composi-
tion of the LECA and its fabricated photocatalysts.

EXPERIMENTAL

1. Materials

For the experiments, TiO, (P-25) photocatalyst was purchased
from Degussa Co. Ltd., Germany (anatase 75 wt%, rutile 25 wt%,
BET specific surface area 48 m’/g, mean particle size 25 nm). LECA
is a special type of clay that has been pelleted and fired in a rotary
kiln at very high temperatures (with grains size of 4-10 mm). The
chemical composition of the LECA granules is shown in Table 1.
2. Preparation of Coating Samples

A simple method was used by Hosseini et al. [31] for immobili-
zation of TiO, nano particles on perlite granules, which seems ideal
for industrialization. The same technique was applied. In this study
with minor changes for preparing coatings of TiO, on LECA parti-
cles, titanium dioxide powder (P-25) was added to ethanol as the
base medium of slurry in which the titania powder could be prop-
erly dispersed. A quantitative dilute nitric acid (pH=3.5) was added
to facilitate dispersion of titania powder in ethanol and to yield a
uniform slurry. The slurry was sonicated for 30 min to separate the
flocculated titania powders and obtain a more uniform slurry. Hav-
ing prepared the slurry, 30 g of LECA granules (which were previ-
ously washed for a few minutes in deionized water assisted by air
bubbling to remove dust and crushed LECA granules) was added
to it. In the final stage of process, the LECA granules which had
been adsorbed enough titania shurry were filtered from the shurry
and dried at 120 °C, for 12 h, then calcinated at 550 °C for 30 min.
3. Structural Characterization

For characterization of physicochemical properties of the LECA
and prepared catalysts, SEM and XRD techniques were applied.
SEM analysis was implemented using a Leo 440i scanning elec-
tron microscope (SEM), while the crystallographic phases of cata-
lysts were examined by a Philips PW-1800 X-ray diffractometer
with a CuK & radiation. Furthermore, the concentration of the major
and trace elements in the resultant ash samples was determined using

a wavelength X-ray fluorescence spectrometer (XRF) at Kansaran-
e-Binalood Co. (Iran).
4. Analytical Methods

Concentrations of ammonia in the aqueous phase were assessed
during the reaction by using Nessler reagent. In this method, am-
monia reacts with Nessler reagent to form a complex whose color
varies from yellow to deep amber. The intensity of color is propor-
tional to the ammonia content and is expressed in parts per million
of nitrogen. The absorbance of ammonia (at 440 nm) UV spectra
was measured with a Perkin-Elmer lambda UVAis spectrometer
Since the Nessler reagent has a pale color, the photometer should
be reset with a blank reagent [36]. Concentrations of NO;-N and
NO:3-N in the aqueous phase were also determined by a sample
injection analysis consisting of a UV spectrometer (HACH Indus-
try, DR 2800 instrument). In this device, to measure the amount of
nitrogen from nitrate, the method of cadmium regeneration (Cad-
mium reduction method) is used (method 8039). This method makes
it possible to measure the NO;-N, in the range of 0 to 30.0 mg/L.
Cadmium metal reduces nitrates in the sample to nitrite. The nitrite
ion reacts in an acidic medium with sulfanilic acid to form an inter-
mediate diazonium salt. The salt couples with gentisic acid to form
an amber colored solution. Test results are measured at 500 nm.
Also, in the case of nitrogen of nitrite, diazotization method, which
allows measurement of NO,-N in the range of 0.003 to 0.5 mg/L,
is used (method 10019). The nitrite in the sample reacts with sulfa-
nilic acid to form an intermediate diazonium salt. This couples with
chromotropic acid to produce a pink complex directly proportional to
the amount of nitrite present. Test results are measured at 507 nm.

In addition, the sample gas was bubbled through boric acid solu-
tion in which ammonia and NO had been adsorbed. The residual
gas was collected in a syringe through a needle valve and was ana-
lyzed by using a commercial gas chromatograph GC-CGCA-1 ap-
paratus equipped with a thermal conductivity detector (TCD). These
analyses were done isothermally at 50 °C in a parallel setup with
two packed columns of Molecular Sieve SA and Porapak Q (for
N, and O,). For the analysis of gas products of photocatalytic am-
monia decomposition, air flow enters the reactor and after that the
gas sampling system. For nitrogen balance, the amount of nitrogen
in air flow (before reaction and the status lamp is off), as an internal
calibration (internal standard) was used. Any change in the amount
of nitrogen during the reaction (after the lamp is switched on) shows
the decomposition of ammonia to nitrogen. The calculation of the
N, in the beginning and end of the experiment shows that the per-
centage error was less than %>3.
5. Photocatalytic Experiments

Photocatalytic efficiency of the prepared catalysts was investigated
during degradation of ammonia under UV irradiation. The catalyst
was directly poured on the surface of contaminated solution surface
in the reactor vessel (made of Pyrex glass 18x18x8 cm). 750 mL
of the ammonia solution (0.01, 0.05 M) was processed in the exper-
iments. The UV source, medium-pressure mercury lamp (Osram)
having a power of 80 W (wave length of 254 nm), was located 12
cm above the solution level. Then the outside of the Pyrex glass was
covered with a cooling system of circulating water to keep the tem-
perature constant at 10 °C. All experiments were repeated to ensure
the accuracy of the results. The experimental setup is schematically
depicted in Fig. 1.
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T\ tional property of this material which can float on the surface of water
) Ty Gas sample because of its low density. It means that when TiO, coated pieces
¥ n | e of LECA are used as photocatalysts floating on top of the contami-
i i - nated water solution, they will be placed in direct contact with the

L . bubbler contaminated solution and the UV light source, at the same time.

Liqu ;:ut e However, the resulting XRD analysis demonstrates that the amor-
: phous part of TiO,/LECA sample can be attributed to LECA and

Alr P-25; without creating considerable changes due to the covering

B W Qinterance

process of TiO, (Fig. 3).

2. Photoreactor Tests
Fig. 4 summarizes the percentage of ammonia removal at differ-
ent times of the reaction. Due to the photocatalytic degradation,
‘i‘ more than 85% of the ammonia was removed after 300 min. Mean-
Mixer while, a set of experiments were conducted at different conditions
to measure the percentage of degradation or adsorption of ammonia
on support and catalysts (TiO, in dark, LECA in dark, TiO,/LECA
in dark, LECA+UV, TiO,+UV, and TiO,/(LECA+UV)) (Fig. 5). In
each experiment, 750 mL of ammonia solution at initial concentration

Floating granule
catalysts —

-

Cooling water
recycle

Fig. 1. Simplified schematic diagram of experimental setup.
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Fig. 3. XRD patterns of TiO, (P-25), LECA and TiO,/LECA (TiO,
(H), SiO, (A), ALO; (@) and Fe,0; (®)).
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Fig. 2. The SEM images: (a) LECA, (b) plain of TiO,/LECA. g
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1. Photocatalyst Characterization .
Fig. 2 shows the SEM images of the LECA (having porosity great- 0 50 100 150 200 250 300 350

er than 73-88%), before and after TiO, immobilization. The images Time (min)
taken from LECA surface cpnﬁm} the high porosity of LECA parti- Fig. 4. The photocatalytic degradation of ammonia under UV irra-
cles as a good support for TiO, (Fig. 2(a)), and even after being cov- diation (750 mL of ammonia solution, initial concentration
ered with TiO, particles (Fig. 2(b)). Moreover, it uncovers an excep- of 0.01 M and with 30 g of TiO,/LECA photocatalyst).
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Fig. 5. Comparison of adsorption and degradation of ammonia on
pure and coated LECA.

of 0.01 M was introduced and ammonia concentration was meas-
ured after 120 min. The adsorption amount of ammonia reaches
about 13%, and the performance of TiO,//(LECA+UV) increases to
nearly 50%. The LECA play a major role in increasing the creation
and consolidation of the TiO, on the surface. Due to the unique char-
acteristics of LECA (high porosity, low density and floating on the
surface of water), photocatalytic reaction is increased. Also, com-
paring the performance of TiO, and TiO,/(LECA+UV) photocatalysts
shows enhancement in the performance of TiO./(LECA+UV) photo-
catalyst up to 15%. Moreover, no need of using a separation sys-
tem to separate TiO, is one of the advantageous of coated TiO,. With
immobilization of TiO, on the LECA, the photocatalytic performance
of TiO, will inevitably decrease for interaction of photocatalyst with
LECA surface. For this case, it was expected that the overall perfor-
mance of the two LECA+UV and TiO,+UV systems is less than
of the TIO/(LECA+UV) system.

Our preliminary investigation showed that by using suspended

g

bl
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Fig. 6. Time-course of the N, gas product (mole/min) in the photo-

catalytic degradation of NH; solution (0.05 M, pH=11, 750
ml), under air, and 30 g TiO,/LECA.

Table 2. Performance of the TiO,/LECAphotocatalyst for selec-
tive oxidation of NH; to NO;-N and NO;-N products

Time (min) Removal ammonia (%) NO; (ppm) NO; (ppm)

60 30 0.17 0.65
120 50 0.55 0.98
180 75 0.64 1.02

(TiO/LECA), a NH, aqueous solution can be decomposed photo-
chemically into N, gas if reacted at pH levels over 11. Having entered
the TIO/LECA (30 g) as a photocatalyst in the NH, aqueous solu-
tion (0.05 M, 750 ml), the reaction was directed for some 210 min
of irradiation in an air atmosphere. With photocatalytical decompo-
sition reaction of ammonia, the output of gas products containing
hydrogen and nitrogen was studied (Fig. 6). As it was predicted,
the amount of nitrogen increases and reaches its value to maxi-
mum point in the interval 30-60 min of starting the reaction. These
results are consistent with the highest rate of decomposition of am-
monia during the reaction (Fig. 4).

Table 2 summarizes the yields values for NO;-N, and NO;-N
products in the photodegradation of ammonia by having 30 g of
TIO/LECA catalyst at different reaction times. The NO; and NO;
concentrations after 3 h were 0.67 and 1.02 ppm, respectively, while
%75 of ammonia was removed from the wastewater. The lower
limits of the detection for NO; and NO; imply that the hydroxyl
radicals serve as the primary reactive species facilitating oxidation
of ammonia to nitrogen gas (Egs. (3)-(4)) [20].

TiO, on LECA was calcined for 30 min at 350, 450, 550, and
650 °C. Fig. 7 presents the results obtained during photodegradation
of NH, for different calcination temperatures. The highest effec-
tiveness of ammonia decomposition was achieved in case of calci-
nation at 550 °C.

3. Effect of pH

Fig. 8 represents the effect of pH on photocatalytic degradation
of 0.01 M solution with TiIO,/LECA catalyst after 120 min. The
experiments were implemented to study the effect of pH on NH;
reduction in different starting solutions at various pH values (i.e., 3,
7,10.3, 11 and 12.5) during 120 min of irradiation time. The maxi-
mum observed degradation of ammonia was almost 54% in the re-
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Fig. 7. The calcinated temperature effect on the efficiency of am-
monia removal for 120 min.
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Fig. 8. Dependence of photocatalytic degradation on pH from 0.01
M NH,; solution.

gion of pH 11. Moreover, a lower value of pH incurred a consider-
able decline in the performance of photocatalytic degradation per-
formance. The evolution of NHj; increased steeply at the pH content
of 9 to 10, showing that the dissociation of NH; to free NH, is im-
portant for the photodecomposition process (pK, of NH;/NH, is 9.24).
On the other hand, the degradation rate of NH; decreased over pH=
11. As mentioned in the mechanism of NH; photodegradation (Eq.
(1)), the charge separation produced some electrons (e”) and holes
(h"). Therefore, the hole can split an adsorbed molecule of water to
reproduce a hydroxyl radical (OH) during oxidation of NH, followed
by the reduction of the proton on TiO, [3], suggesting that the oxida-
tion of ammonia at high pH can be attributed to changes in proton
concentration and increasing the possibility of recombination reac-
tion between holes and electrons.
4. Kinetics of the Reactions

The Langmuir-Hinshelwood model is recommended for the kinet-
ics of the photocatalytic reactions (Eq. (6)) [31,37-39]:

-dC;  kKC;
dt ~ 1+KC,

re= ©)

Where, 1y, C; and t are degradation rate of ammonia, concen-
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Fig. 9. Pseudo-first order plot for the photocatalytic degradation
of ammonia.
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tration of, and the time of reaction, respectively. Meanwhile, k, and
K are reaction and adsorption constants were determined from a
least-squares fit technique on experimental results of the ammonia
concentrations. The apparent rate of reaction will follow a pseudo-
first-order model with boundary conditions of Cx=C4, at t=0 (Eq.

(N):
~In(C/Cry)=K,t )

Where Cy, is the initial concentration of the substrate and k,,, is
apparent first-order rate the reaction. Fig. 9 indicates that the photo-
catalytic degradation of ammonia has increased linearly with the reac-
tion time with the degradation rates being kept constant during the
process, which can be explained by pseudo zero-order kinetics [31].

CONCLUSIONS

The performance of LECA supported by TiO, nanoparticles in
the photocatalytic oxidation of ammonia was investigated. The results
obtained from photocatalytic treatment experiments of water syn-
thetically polluted with ammonia showed a fairty good performance
for the immobilized catalysts. The ammonia was removed (more
than 85%) within 300 min of the process, and the kinetics of photo-
catalytic reaction followed a pseudo-first order model. Meanwhile,
the maximum degradation of NH, in the presence of TiO,/LECA
occurred at pH=11. Results of SEM, XRF and XRD analyses dem-
onstrated an acceptable uniformity of the coating process, while
nitrogen analysis indicated that most of the ammonia was converted
into nitrogen gas (low amounts of NO; and NOj products).
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