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Aqueous solutions of 400-1000 mg/L of ammonia were oxidized in a trickle-bed reactor (TBR) in this study
of nanoscale platinum-palladium-rhodium composite oxide catalysts, which were prepared by the co-
precipitation of H,PtClg, Pd(NO3); and Rh(NOs);. Hardly any of the dissolved ammonia was removed by
wet oxidation in the absence of any catalyst, whereas about 99% of the ammonia was reduced during wet
oxidation over nanoscale platinum-palladium-rhodium composite oxide catalysts at 503 K in an oxygen
partial pressure of 2.0 MPa. A synergistic effect exists in the nanoscale platinum-palladium-rhodium
composite structure, which is the material with the highest ammonia reduction activity. The nanometer-
sized particles were characterized by TEM, XRD and FTIR. The effect of the initial concentration and
reaction temperature on the removal of ammonia from the effluent streams was also studied at a liquid
hourly space velocity of under 9h~! in the wet catalytic processes.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Ammonia (NH3) is adopted extensively and in large quantities
for various purposes. Since ammonia is a useful chemical in the
manufacture of ammonium nitrate, ammonia, urea, ammonium
phosphate, petroleum refineries and coke, it is commonplace in
industrial wastewaters. Furthermore, wastewaters that containing
ammonia are commonly either toxic or have concentrations or tem-
peratures such that prevent direct biological treatment.

The removal of ammonia from industrial effluent represents an
important and dynamic area of research. Conventional biological,
physical and chemical treatment processes, including biologi-
cal nitrification, activated carbon fiber adsorption, ozonation and
ion exchange processing, achieve only phase transformations
and may yield contaminated sludge and/or adsorbent, both of
which require further disposal. Hence, the removal of ammonia
from air and waste streams is an important problem. Treatment
of ammonia-contaminated discharge is an important challenge,
because environmental laws and regulations governing safe dis-
charge levels are becoming increasingly stringent.

Various nitrogen-containing compounds exist in the environ-
ment, and affect the acidification and eutrophication of ecosystems.
The nitrogen cycle characterizes the movement and transforma-
tion of these nitrogen compounds through the biosphere. The key
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concern that is related to the use of ammonia-contaminated water
with excessive nitrate concentrations involves its effect on human
health, especially that of infants [1]. Specifically, the major health
effects are associated with the loss of oxygen transport/transfer
capabilities in the blood. Nitrates are one of the main causes of
methemoglobinemia in infants. Meanwhile, the large number of
potential groundwater and surface water contaminants means that
nitrates are very widespread. Nitrate test results can be expressed
as either nitrate-nitrogen or nitrate (NO3 ™).

Wet oxidation (WO) technology was originally designed for the
oxidation of organic substances, changing them into intermediate
products with small molecular weights at temperatures between
398 and 623K and pressures of between 0.5 and 20.0 MPa in the
aqueous phase. However, ammonia is generally an end product
of wet oxidation and is difficult to oxidize. In their review of the
WO process, Mishra et al. [2] and Bhargava et al. [3] also offered
suggestions for future work. The WO process has been verified
to be a promising technique for pre-treating wastewater contain-
ing ammonia at concentrations as high as 600 mg/L [4]. However,
the efficient removal of ammonia via a noncatalytic WO requires
excessive pressures of up to 5.0 MPa, as well as a high temperature
(513 K), making this technology rather uneconomical.

Catalytic wet oxidation (CWO) is known to increase the power of
WO technology if dedicated catalysts are used: such catalysts have
the potential to promote oxidation with shorter reaction times and
under milder operating conditions. The selective catalytic oxidation
(SCO) of ammonia-containing water to yield molecular nitrogen
and water can be employed to eliminate problems of ammonia
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pollution [5-12]. Some reports also claim that the CWO of ammonia
occurs through the following mechanism:

4NH3 +30, — 2N, + 6H,0 1)
2NH; + 205, — N,0 + 3H,0 2)
4NH3 + 50, — 4NO + 6H,0 (3)

The SCO process involving ammonia should be selective for
nitrogen (reaction (1)), and should prevent oxidation to further oxi-
dation products of nitrogen (reactions (2) and (3)). Therefore, few
catalysts have been used to oxidize ammonia in the liquid phase.

Various catalysts have also been used for ammonia oxidation in
the liquid phase. For instance, Levec and Pintar [13] established
that the WO of aqueous solutions of organics from wastewaters at
very low temperatures and pressures was easier in the presence of
heterogeneous catalysts than in a noncatalytic WO processes. Also,
Imamura et al. [14], who designed numerous heterogeneous cata-
lysts for WO, found that the Mn/Ce (1:1, molar/molar) composite
catalyst was more active than a Co/Bi catalyst in the WO of ammo-
nia. These catalysts were active for reactions at temperatures that
exceeded 533 K with 4.0 MPa. Additionally, Ding et al. [15] inves-
tigated ammonia oxidation in supercritical water oxidation in the
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Fig. 1. Schematic diagram of catalytic wet oxidation employed to carry out ammonia oxidation over nanoscale platinum-palladium-rhodium composite catalyst in a

trickle-bed reactor.
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temperature range 683-743 K with 27.6 MPa. Ding observed that
ammonia conversion reached 96% on a MnO,/CeO, catalyst. Ima-
mura [16] published a review paper summarized recent work on
catalytic and noncatalytic WO.

Platinum-based group metal (PGM) additives in three-way cat-
alysts (TWC) are the most active components in hydrocarbon
oxidation and are also active in all other reactions [17]. Palladium-
based metal is frequently recognized as the most active component
for methane oxidation [18]. Rhodium-based metal improves the
nitrogen oxide conversion properties of the catalysts and the selec-
tivity towards dinitrogen; it also reduces self-poisoning by carbon
monoxide [19,20]. Normal operating conditions are well within
the ranges of stability of the elements platinum, palladium and
rhodium as well as of the components that are used to stabilize
the surface of the catalyst [21,22]. However, little research has been
performed on the application of platinum-palladium-rhodium-
based alumina-supported nanoparticle catalyst to elucidate the
reactive characteristics of these active metals in catalytic wet oxi-
dation. The activity of the nanoscale platinum-palladium-rhodium
composite oxide catalyst in the oxidation of ammonia solutions
given various values of relevant parameters, and its effect on the
removal of ammonia from the effluent stream in catalytic wet oxi-
dation processes, were studied. A transmission electron microscopy
(TEM), X-ray powder diffraction (XRD), Fourier transform infrared
absorption spectra (FTIR), were used to characterize the nanoscale
platinum-palladium-rhodium composite oxide catalyst.

2. Materials and methods

The nanoscale platinum-palladium-rhodium composite oxide
catalysts that were used in this study were prepared by the
co-precipitation, which involved aqueous H,PtClg, Pd(NOs3);3
and Rh(NOj3)3 (all grade, Merck, Darmstadt, Germany). A
nanoscale platinum-palladium-rhodium catalyst was washcoated
on gamma-alumina substrate with a high surface area with plat-
inum, palladium and rhodium in weight ratios of 4:3:1, maintaining
the ratio of catalytic active metals at a constant 6.4%. The catalysts
were then calcined at 773K in an air stream for 4 h. The resulting
powder was formed into tablets using acetic acid as a binder. The
tablets were later reheated at 573 K to burn the binder out of the
platinum-palladium-rhodium composite tablets. The tablets were
then crushed and sieved into various particle sizes ranging from
0.25 to 0.15 mm for use later.

All feed solutions were made using Millipore (Bedford, Mas-
sachusetts) water (18 M2), and the pH value of the ammonia
aqueous solution was adjusted to 11.5+0.2 using 1M sodium
hydroxide. Fig. 1 schematically depicts the catalytic wet oxidation
system used in this study. The wet oxidation was conducted in a
continuous trickle-bed reactor (TBR) that was constructed from
45 cm of stainless steel tubing (SS-316), 25 mm ID, which was resis-
tant to high pressures and temperatures of up to 10 MPa and 623 K,
respectively, and to corrosion at pHs of between 5 and 12.5. In
each experiment, a fixed bed was created by measuring 25g of
the nanoscale platinum-palladium-rhodium composite oxide cat-
alyst while maintaining a catalytic bed volume of approximately
15.6 mL. This bed was then installed in the reactor. An inert material
based on y-Al,03 spheres (a hydrophilic inert material) was used
to increase the interfacial area between the liquid and gas phases
and thus enhance the mass transfer of ammonia from water. A heat
exchanger maintained a constant temperature in the feed reser-
voir. The ammonia solutions were down-flowed into the reactor
via a positive-displacement pump. Moreover, an electric heating
belt attached to a laboratory direct-current power supply was used
to maintain a constant temperature (42 °C) during the experi-

ment. An oxygen cylinder provided the oxygen required in the CWO
runs; the oxygen flow rate was kept constant at 1.0 mL/min using
a regulator and an electronic flow meter. Finally, liquid samples
extracted periodically from the effluent streams of the reactor were
filtered through a 0.2-pwm pore-size polycarbonate filter (Nucle-
opore, Pleasanton, California, USA) after being cooled to ambient
temperature and analyzed to determine pH, ammonia, NO3~ and
NO,~ content.

The main operating parameters were a liquid feed rate given by
a liquid hourly space velocity (LHSV) of 1.5-9 h~1, reaction temper-
atures of 423, 473 and 503 K, and ammonia concentrations in the
inlet from between 400 and 1000 mg/L. The partial pressure of oxy-
gen in the reactor was maintained at a constant 2.0 MPa, and the
pH of the ammonia in the inlet was maintained at 11.0 +0.2.

The pH of the samples was measured using a pH meter (SP701,
Suntex, Kaohsiung Taiwan). Meanwhile, the residual ammonia in
the liquid sample was diluted and analyzed using a Merck kit
(Merck, Spectroquant Vega 400, Darmstadt, Germany) over a range
of concentrations from 0.03 to 3.00 mg/L (Spectroquant 14752).
Also, the concentrations of two other compounds in the samples,
namely NO3~ between 0.2 and 20.0 mg/L (Spectroquant 14773) and
NO,~ between 0.005 and 1.00 mg/L (Spectroquant 14776), were
determined using a Merck kit, as described above. Meanwhile, the
amounts of NO and NO, in the gas sample were determined using
a gas analyzer unit (IMR3000, IMR, Germany). Moreover, the levels
of 05, N3 and N, O were determined using a Shimadzu GC-14A that
was equipped with a TCD (Shimadzu, Kyoto, Japan). A stainless-
steel column (Porapak Q 80/100 mesh) was used together with a
refinery analyzer for isothermal separation. The residual ammo-
nia in the vapor gas was scrubbed by dilute sulfuric acid solution
and measured using a Merck kit. No residual NH3 was found in the
outlet. Thus, we found that the residual ammonia in the gas phase
could be ignored for the trickle-bed reaction system operated at
high pressure of about 2.0 MPa. Only the residual ammonia con-
centration in the liquid phase was determined and represented all
the untreated ammonia.

The sizes of the catalytic particles were detected using a
transmission electron microscopy (TEM) (Philips CM-200 Twin,
Netherlands). TEM indicated a broad particle size distribution
of 30-80 nm. X-ray diffractograms (XRD) were obtained using a
Diano-8536 diffractometer with Cu Ko radiation as the source. Dur-
ing analysis, the sample was scanned from 20 to 80° at a rate of
0.4°/min. Diffuse reflectance FTIR spectra of species adsorbed on
the catalyst were measured at room temperature using a Bruker
Vector 22 FTIR spectrometer equipped with a diffuse reflectance
attachment with 4 cm~! resolution.

3. Results and discussions

The removal of ammonia from the water was followed
by the liquid-phase oxidation of ammonia over the nanoscale
platinum-palladium-rhodium composite oxide catalyst. All of the
possible products, in the gas or liquid phases, of ammonia oxidation
produced using a nanoscale platinum-palladium-rhodium com-
posite oxide catalyst, were identified. Specifically, the treated water
was found to contain nitrates and nitrites, while the gaseous sam-
ples also contained nitrogen and trace amounts of nitrous oxide.
Small amounts of nitrates (NO3 ~) and nitrites (NO, ~) were detected
in the treated water. Hence, nitrogen (N, ) and traces of nitrous oxide
(N,0) and nitrogen dioxide (NO,) were detected in the gaseous
samples. Table 1 shows the product selectivity of ammonia oxida-
tion. The overall selectivity of the production of nitrates and nitrites
varied from 22.6% to 99.9% ammonia conversion at 503 K. Nitro-
gen was thus the main product of ammonia oxidation. Accordingly,
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Table 1

Product selectivity from ammonia oxidation using nanoscale platinum-
palladium-rhodium composite catalysts at different temperature (initial
concentration of ammonia =400 mg/L, partial pressure of O, =2.0 MPa)

Temperature (K) Ammonia conversion (%) Product selectivity (%)

NO3;~ +NO,~ N,O N>
503 99.9 22.6 N.D. 774
473 94.5 24.1 N.D. 75.9
423 63.4 29.1 N.D. 70.9

platinum, palladium and rhodium oxide is providing active sites
for the reaction in the catalytic wet oxidation of ammonia. A syner-
gistic effect exists in the platinum-palladium-rhodium composite
oxide structure, which is the material of interest with the highest
ammonia reduction activity. This result is similar to that obtained
by Rogemond etal.[23]and Huetal.[19]. Lecomte et al. [24] demon-
strated that platinum is more stable when dispersed in the metallic
matrix, and that platinum clusters formed on a support appear to
be the most active component of the catalyst. The effect of metal
oxide is discussed below.

Fig. 2 presents the X-ray diffraction (XRD) patterns of
fresh and wused catalysts for comparison, confirming the
PtO,/Pt%, PdO/Pd®, and Rh,03/Rh® states of the nanoscale
platinum-palladium-rhodium composite catalyst. As indi-
cated, the catalyst changed after exposure to a catalytic
wet oxidation environment. The dominant PtO, diffraction
peaks were close to 20=34.8, 42.5, and 54.9° for a nanoscale
platinum-palladium-rhodium composite catalyst [25]. The
dominant Pt® diffraction peaks were close to 20=67.4° for
this catalyst following activity test. These results indicate that
Pt® may be present in a highly dispersed form. This finding
agrees with data that were presented by Shin et al. [26] and
Garcia-Cortés et al. [27] for this system. The dominant PdO
and PdO diffraction peaks were near 20=41.9 and 40.4° for a
nanoscale platinum-palladium-rhodium composite catalyst
[28]. However, under oxidation conditions over the nanoscale
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Fig. 2. X-ray diffraction pattern of nanoscale platinum-palladium-rhodium com-
posite catalysts: (a) fresh; (b) after activity test.
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Fig. 3. Fourier transform infrared pattern of nanoscale
palladium-rhodium composite catalysts: (a) fresh; (b) after activity test.

platinum-

platinum-palladium-rhodium composite catalyst, the platinum
and palladium were transformed from the oxide to the metal form.

The dominant Rh,03 diffraction peaks were close to 20=34.3
and 35.4° for an orthorhombic structure with hexagonal symmetry.
This result is similar to that of Mulukutla et al. [29]. The domi-
nant RhO diffraction peaks were in the range 26 =40-50° for the
catalyst following the activity test [30]. However, under oxidation
conditions, over a nanoscale platinum-palladium-rhodium com-
posite catalyst, the oxidation state of rhodium may vary between
Rh3* and RhO. An earlier work established that Rh,03 is the most
active phase in the catalytic reaction, because it is a good pro-
moter of oxygen storage, although some noble metals are used as
the major catalysts [31]. Rhodium dioxide in a platinum catalyst
may be assumed to promote the formation of the active phase of
PtO, and PdO under ammonia oxidation. Thus, the X-ray powder
diffraction approach confirmed the formation of platinum (IV), pal-
ladium (IV) and rhodium (III) oxide active sites on the nanoscale
platinum-palladium-rhodium composite catalyst.

Fig. 3 compares the FTIR spectra of fresh and used catalysts,
also verifying the presence of the PtO-like phase, the Pd particle
phase, Rh3* cations and nitrite or nitro group anionic species on the
surface of the nanoscale platinum-palladium-rhodium composite
catalyst. As shown in Fig. 3(a), the peaks from the PtO-like phase
are at 1530, 1553 and 2120 cm~! [32,33]. The peaks of the Pd par-
ticle phase are at 1979 and 2130 cm™!, respectively [34]. The Rh3*
cations are adsorbed onto platinum oxide clusters at 1912 cm™!
[23,35]. As illustrated in Fig. 3(b), the monodentate nitrite or nitro
group anions on the framework are associated with a peak at about
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Fig. 4. Effect of initial concentration on ammonia removal of catalytic wet oxida-
tion over the nanoscale platinum-palladium-rhodium composite catalyst (partial
pressure of O, = 2.0 MPa; temperature = 503 K).

1490 cm~! for used catalysts [11,36]. As presented in Fig. 3(c), peak
systems can be attributed to particular surface hydroxyl (OH™)
group configurations, depending on the structure of Al,03.

Fig. 4 plots the effect of the initial concentration of the ammo-
nia to be reduced by catalytic wet oxidation runs over a nanoscale
platinum-palladium-rhodium composite catalyst at 503K at a
partial pressure of oxygen of 2.0 MPa. The removal of ammonia
decreased markedly as the LHSV of the influent stream increased,
because the retention time during the catalytic wet oxidation pro-
cess decreased. The effect on ammonia reduction was negligible
in the influent stream with ammonia concentrations from 400 to
1000 mg/L, while the removal of ammonia was drastically sup-
pressed by increasing the ammonia concentration to 400 mg/L.
This difference suggests that the rate of reaction of ammonia in
a catalytic wet oxidation continuous reactor was independent of
the oxygen partial pressure above 2.0 MPa. This difference also
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Fig. 5. Effect of reaction temperature and liquid hourly space velocity on
removal of the catalytic wet oxidation of ammonia solution over the nanoscale
platinum-palladium-rhodium composite catalyst (initial ammonia concentra-
tion=1000 mg/L; partial pressure of O, = 2.0 MPa).
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Fig. 6. Effect of initial pH on ammonia removal of the catalytic wet oxidation over
the nanoscale platinum-palladium-rhodium composite catalyst (partial pressure of
0, =2.0 MPa; temperature =503 K).

shows that the dissolved oxygen flux dominates the concentration
of ammonia, and that the reaction is liquid-limited. Otherwise, oxy-
gen that is dissolved in the liquid from the oxygen flow, might not
suffice for use in the catalytic wet oxidation runs, which proceed at
ammonia concentrations above 1000 mg/L in the influent stream.

Fig. 5 plots the effects of reaction temperature and space
velocity of the influent stream on the reduction of ammonia.
Increasing the reaction temperature or catalyst loading pro-
moted the removal of ammonia. When the LHSV of the influent
stream was set to 1.5h~!, around 99% of the ammonia was
reduced at 503K in the catalytic run. This result reveals that
the removal of ammonia can be remarkably increased using a
nanoscale platinum-palladium-rhodium composite catalyst. Gen-
erally, a strong chemical interaction between the catalytic support
and water causes the rapid decomposition of existing WAO catalysts
[37].
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ammonia =400 mg/L).
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Fig. 8. NH; removal profiles during both the catalytic (over the nanoscale
platinum-palladium-rhodium composite catalyst) and the noncatalytic wet oxi-
dations of ammonia solution (initial ammonia concentration=400mg/L; partial
pressure of O, =2.0 MPa=2.0 MPa; temperature = 503 K).

Fig. 6 plots the effect of pH on the decomposition of NHj3
profiles during both catalytic wet oxidations of ammonia solu-
tion at 503K in the trickle-bed reactor. Molecular ammonia is
volatile and a higher pH favors a higher NH3/NH4* ratio in the
aqueous solution. The fact that ammonia is more reactive than
ammonium ion indicates that the reaction catalyzed by nanoscale
platinum-palladium-rhodium composite catalyst should be sig-
nificantly in the liquid phase on the catalyst surface, which fact
is consistent with the literature [5]. Therefore, most ammonia
under neutral or acidic conditions, is posited to exist in the
form of NH4* salt, which cannot be stripped to the gas phase,
such that reactants in the liquid phase diffuse to the nanoscale
platinum-palladium-rhodium composite catalyst sites. Notably,
the use of the nanoscale catalyst markedly promotes the conver-
sion of ammonia and the catalytic removal of ammonia in this
work. Fig. 7 plots the pH fluctuation during the catalytic WO
of ammonia solution. The pH of the effluent changed insignif-
icantly with LHSV in catalytic wet oxidation with a nanoscale
platinum-palladium-rhodium composite catalyst. However, the
CWO runinvolved a pH rise from the original value, 10.0, to the final
value, 11.0. This phenomenon can be explained by the fact that the
generation rates of molecular ammonia during CWO are in equi-
librium with each other; however, the generation rate of ammonia
may be higher during the noncatalytic run and result in a final pH
of about 8.0 after the reaction.

The results plotted in Fig. 8 reveal the effect of the nanoscale
platinum-palladium-rhodium composite catalyst of wet oxida-
tion of ammonia solution, in terms of removal efficiency versus
LHSV. Specifically, Fig. 8 reveals that the use of the nanoscale
platinum-palladium-rhodium composite catalyst markedly pro-
moted the conversion of ammonia, yielding a maximum conversion
rate of 99% at a space velocity of 1.5h~1. Generally, the catalytic
removal of ammonia proceeded around 99% further than the non-
catalytic removal of ammonia at 503 K at a space velocity of under
1.5h7 1.

4. Conclusions

The results of this study demonstrate that the CWO of ammonia
over a nanoscale platinum-palladium-rhodium composite cata-

lyst removed more ammonia, particularly at low temperatures. The
overall by-product selectivity of the produced nitrates and nitrites
varied from 22.6% to 99.9% ammonia conversion when a nanoscale
platinum-palladium-rhodium composite catalyst was used. CWO
thus has potential for treating highly concentrated ammonia solu-
tions, and can help industrial plants to meet discharge standards.
Future research will identify the intermediate products that are
formed during WO. Notably, nitrite production was significantly
less than nitrate production, but was still significant at high reac-
tion temperatures (503 K). The results of this work indicate that pH
is critical to controlling the reduction of ammonia over a nanoscale
platinum-palladium-rhodium composite catalyst.
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