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Abstract

Noble metal catalysts on activated carbon (AC) (Pt/AC and Ru/AC) and base metal catalysts (Cu/AC, CoMo/AC, Mo/AC,
Mn/AC, Ru/Al;O3) were developed and examined for the simultaneous removal of organic pollutants and ammonia from
wastewater using the wet air oxidation (WAO) process in the liquid phase. The noble metal catalysts were much more active
than were the base metal catalysts. Ammonia removal was the rate-controlling step. Nitrate and nitrite accounted for a minor
portion of the decomposed ammoniei% for Ru/AC and<3% for Pt/AC). Pt/AC was superior to Ru/AC in terms of ammonia
removal, pH sensitivity and stability. Activated carbon was a better support for Pt than wgsAT303 or MCM-41.

The optimal preparation conditions of Pt/AC were: calcination at*8for 6 h followed by b reduction at 600C without
pretreatment of AC. The catalyst so prepared, Pt(opt)/AC, produced ammonia removals of 52 and 88%Cair2t&l
pH of 5.6 and 12, respectively. The experimental results based on the Pt(opt)/AC showed that the Pt/AC catalyst was able to
remove ammonia (>50%) and phensl(00%) simultaneously from highly polluted wastewater containing up to 1500 mg/IN
ammonia and up to 8000 mg/I COD.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction present in the feedl]. In the air stripping process,
ammonia is not ultimately eliminated, but transferred
Ammonia in wastewater discharged from petro- from the liquid phase (wastewater) to the gas phase
chemical plants, paper mills, textile plants and landfill (air). Subsequent catalytic oxidation is necessary to
sites is a major environmental concern. It causes convert it to Nb. Break-point chlorination and ion
eutrophication in rivers and lakes. There are vari- exchange are very effective in removing ammonia
ous ways to eliminate ammonia from wastewater, ions from wastewater but are feasible only when the
including biological nitrification and denitrification, —concentration of the ammonia is low.
air stripping, break-point chlorination, ion exchange, = Ammonia usually exists in wastewater along with
etc. Biological treatment is widely used at many Various organic pollutants. For example, typical mu-
treatment sites, but this process is inhibited when the nicipal wastewater contains 300 mg/l of COD (chem-
ammonia concentration is high or some toxicants are ical oxygen demand) and 40mg/l of NEN [2].
Using a two-stage process with wet air oxidation
"+ Corresponding author. Tek+852-2358-7138: (WAO) or catalytic wet air ox.idation _(CWAO) makes
fax: +852-2358-0054. it possible to remove COD in the liquid phase, fol-
E-mail address: kechengh@ust.hk (G. Chen). lowed by air stripping and vapor phase oxidation of

0920-5861/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.cattod.2003.08.005
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the ammonia. A great deal of effort has been devoted metal catalysts at 23 and pH= 12. Although Qin
to creating various heterogeneous catalysts to pro-and Aika claimed that Pt/AD3; was not effective,
mote the necessary oxidation reaction at temperaturesUkropec et al. achieved an efficiency of about 40%

from 250 to 600C [3-6]. In many cases, nitrous
oxide and nitric oxide are formed in the oxidation

with Pt supported on graphite in a continuous stirred
tank reactor at 180C [19]. It was also reported that Pt

processes as unfavorable by-products. Other ammo-catalysts supported on T¥dP-25), AbOs, ZrO, and
nia abatement techniques such as supercritical waterH-ZSM-5 could decompose at least 90% of ammonia

oxidation[7,8], ozone and hydrogen peroxide oxida-
tion [9] and catalytic photooxidatiofiL0] have been
investigated.

Simultaneous removal of COD and ammonia in
a single-stage is a very attractive solution with the
use of catalytic wet air oxidation. This technique has

in 6h at 160°C [20]. Obviously, there is still not a
consensus regarding catalysts in WAO of ammonia.
In this paper, we report our recent findings on cat-
alytic wet air oxidation of ammonia. Several transition
metals (Cu, Co, Mo, Mn, Ru and Pt) were supported on
inert porous materials (activated carbon (AC), 7O

several advantages such as a relatively short reactionAl,03 and MCM-41). Among the catalysts prepared,

time by the cheapest and most abundant oxidapt, O
(or air), and applicability to a broad range of COD,
toxicity, pH and ammonia concentrations, from mu-
nicipal wastewater to heavily loaded landfill leachate.
The selection of the catalyst is the key issue in
utilizing this simple process. The catalysts used for
organic pollutant degradation function well at neutral
pH [11-13]but suffer a significant drop in efficiency
when ammonia is present. Nitrogen-containing or-

activated carbon supported Pt was found to be the
most effective catalyst. Consequently, its development,
evaluation and application in the simultaneous oxi-
dation of ammonia and phenol were investigated in
detail.

2. Experimental

ganic compounds can be readily oxidized to ammonia 2.1. Catalyst preparation

at 200°C [14]. Further decomposition of ammonia,
however, is very difficult. Clearly, ammonia oxida-
tion is the rate-limiting step in the whole process.
Therefore, catalytic wet oxidation of ammonia has

Heterogeneous catalysts were prepared by im-
pregnation or co-impregnation methods. Activated
carbon, TiQ, alumina and MCM-41 were selected

become the focus of several researchers. Imamuraas the catalyst supports for the test. Tiegussa,

and Dol [15] discovered that the Co/Ce and Mn/Ce

P-25) and alumina (pure AD3, active neutral, 60—-80

composite oxides were remarkably active in ammonia mesh, BDH) were used as received. MCM-41 was

oxidation. At 263°C, about 50 and 70% of ammonia
were removed in 1 h with Co/Ce and Mn/Ce oxides,
respectively. Deiber et aJ16] obtained removal effi-
ciency of 66—81% at temperatures from 260 to 300
with the help of a Mn/Ce composite oxide catalyst. It

synthesized using a dodecyltrimethylammonium bro-
mide (Aldrich) solution as the templaf@1,22] The
activated carbon was Norit ROW 0.8 Supra extrudes
(American Norit Company). It was ground into fine
particles and separated in a series of sieves. Particles

has been suggested that the combination of a Groupwith sizes ranging from 0.125 to 0.3mm were em-

VIl with a Group VIB metal or metal compound
on a support would be suitable for treating wastew-

ployed as the catalyst support. The fine carbon parti-
cles were further treated by HCI solutions (5 wt.%) to

ater containing phenol, ammonia and other offensive remove impurities on the carbon surfgt2], followed

substances in a packed bed rea¢iaf]. NiMo, NiwW

by oven drying at 105C 24 h under ambient pressure

and CoMo were found to be more active and capa- and then vacuum drying at room temperature for 24 h.

ble of removing 50-70% of ammonia and 60-90%
of phenol simultaneously. Qin and AiKa8] inves-

Aqueous solutions of Cu(N§),-2.5H,0, Co-
(NOg3)2:6H20, Mn(NO3)2-4H20, (NHz)sM07024-

tigated various metal catalysts supported on alumina 4H,O from Riedel-deHaén, and Ru&H,O and

and found that Ru/AlO3 could remove more than

H,PtClk-xH>O from Aldrich were used as the source

99% of ammonia in 2 h. Base metal catalysts, such as of the active catalytic elements. After impregnation
Co, Ni, Fe, etc. were much less effective than noble for 24 h, the catalysts were dried at 8D overnight.



S Cao et al./Catalysis Today 88 (2003) 3747 39

Exhaust Cooling coil Magnetic stirrer Gas in Liquid in

Pressure gauge \ i
|
> %') i

ch

Exhaust Liquid out

Acid trap Electric heating jacket

Fig. 1. Reactor for catalytic wet air oxidation of ammonia.

Further treatment by calcination and/or reduction was cause it took only about 10 min to cool down the reac-

carried out if necessary. tor from 200 to 40C. Some early experiments were
performed in a similar reactor with a total volume of
2.2. Apparatus and experimental procedures 21 (as reported irBections 3.1 and 3)2The switch-

ing of reactors was because non-repairable leakage of
Most of the catalytic wet air oxidation was per- the 21 reactor was detected after a few trials.

formed in a 1| stainless steel Parr reactbig( 1).
In a typical run, 500 ml of synthetic wastewater con- 2.3. Analysis
taining 1000 mg/IN of ammonium sulfate (BDH) and
2.5¢ of catalyst were charged into the reactor. When  Concentrations of ammonia in the gas and liquid
necessary, sodium hydroxide (Riedel-deHaén) or sul- phases were measured with an Orion ammonia elec-
furic acid (ARCOS) solution was added to adjust the trode (Model 95-12) with a range up to 14,000 mg/IN.
initial pH. Phenol (RDH) was added as the source of Nitrate (NO;~) and Nitrite (NQ ™) were analyzed
COD. Argon was used to purge the reactor for 5min by lon Chromatography (Dionex LC20). Leaching of
to ensure there was noy@eft in the reactor. Then, all  metals from the catalyst surface was determined by
the valves were closed and the reactor was heated byinductively coupled plasma (ICP) spectroscopy (Op-
an automatic electric heater. Meanwhile, the solution tima 3000XL). Concentrations of phenol were mea-
was mixed by stirring at 500 rpm. After the temper- sured by a Shimadzu UV-1206 Spectrophotometer at
ature reached the set point (2a0), 4.2 bar of Q a wavelength of 500 nm after proper solution dilution.
(200°C, 0.054 mol, equivalent to twice the stoichio- The specific surface area of the catalysts was estimated
metric amount) was introduced into the reactor and at 77 K by an Omnisorp 100CX BET machine manu-
this point was taken as the starting point of the reac- factured by Coulter Science Instruments. The catalyst
tion. After 2 h reaction, the reactor was quickly cooled morphologies were analyzed by a Philips High Res-
down to 40°C with chilled water. Then, the gas and olution X-ray Diffraction System (Model PW1825,
liquid samples were taken. Gas from the reactor was 3 kW) using Cu Ky radiation (1.54 A). The analyses
trapped with 80 ml of 0.05 M BSOy solution. Further were performed over an angular range 62 25—-70
oxidation was insignificant in the cooling process be- at a speed of 0.0%min with a step of 0.05
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3. Results and discussion 100
3.1. Ammonia eguilibrium at elevated g0 L .
temperatures
X 1 o
Ammonia (NHg) is highly soluble in water, form- % 60
ing an alkaline solution called ammonium hydroxide £ "
(NH40OH). Ammonium hydroxide is a weak base. The % 40 + R}
following equilibrium exists in a closed system: 2
o0
@20 T
NH4" + OH™ & NH4OH < NH3(l) 4+ H20 z
< NH3(g) + H20 0 bd % % % %
. " . . 1 3 5 7 9 11 13
pH is a critical factor affecting the quantity of ammo- pH

nia in different forms. Although the ammonia—water

vapor-liquid equilibrium at various temperatures Fig. 2. Ammonia equilibrium at 200C in a closed batch reactor.
and pressures has been std@24) its bohay- s GSINA Lo) v el 2 e peros o o
ior at different pH at elevated temperatures is S“,” volume:QZOOF())mI (liquid: 1400 ml, gas: 600 ml); initial am‘monia
not well understood. In a batch reactor, ammonia concentration in the liquid: 1000mg/IN (N§SQ; as the source
(or ammonium) exists in the gas phase as well as of N).

the liquid phase. Fronfig. 2, it is obvious that at

200°C most ammonia remained in the liquid phase

at a pH of 3 but existed in the gas phase when the 3.2. Screening of active catalytic elements for CWAO

pH was higher than 9. On the contrary, ammonia of ammonia

in the gas phase only accounted for less than 1%

of the total amount at room temperature (29 The catalyst plays a vital role in CWAO of am-
even if the pH was as high as 11.80. These results monia. Five transition metal catalysts were prepared
suggest that samples could only be withdrawn at using impregnation methods and tested in the 21 re-
the end of the reaction after the system was cooled actor. The preparation conditions of CoMo/AC and
down to the ambient temperature when running Ru/Al,Os were similar to previous worKkl7,18] The
WAO under alkali conditions. Otherwise, sampling results are listed iffable 1 Eight hundred ml of am-
from the liquid phase would increase the volume monia sulfate solution, 0.8 g of catalysts and 0.3 MPa
of the headspace, which in turn caused the limited of oxygen (about twice the stoichiometric amount)
amount of ammonia in the liquid phase to evaporate. were used except for the case of the Cu/AC catalyst
Consequently, the ammonia concentration in the lig- when the initial volume of the ammonia sulfate solu-
uid phase would be highly biased by the sampling tion was 1400 ml and the oxygen was 1.05 MPa. The

process. ammonia removal efficiency was defined as the ratio

Table 1

Heterogeneous catalyst preparation conditions and test resultsG2atitial pH: 12)

Catalyst no. Metal and loading Support Calcination Reductiog) (H NH3 removal
efficiency (%)

1 Cu (5wt.%) AC 550C, 18h (Nb) 300°C, 3h 13

2 Co (2wt.%), Mo (5wt.%) AC 450C, 18h (N) 300°C, 3h 18

3 Mo (5wt.%) AC 450°C, 18h (N\b) 300°C, 3h 20

4 Mn (5 wt.%) AC 600°C, 18h (N) 300°C, 3h 20

5 Ru (3wt.%) AbOs 300°C, 3h (air) NA 39
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of the missing ammonia to the initial amount of am-
monia in the reactor.

It is clear that base metal catalysts were not active,
which is consistent with Okada et §5], who found
that base metal catalysts on.8l3 were not active
at oxidation temperatures below 28D0. CoMo/AC
was claimed to have good activity for ammonia re-
moval [17], which was 45-67% when the synthetic
wastewater (150 mg/INg] pH = 8.4) was fed into a
3/8in. 0.d. stainless steel tube reactor at 110120
However, this catalyst showed a low efficiency for
concentrated ammonia removal in the 21 batch reac-
tor in our experiments. In contrast, the noble metal
catalyst, Ru/A}O3, showed reasonable removal ac-
tivity even at 230C. Qin and Aika obtained 99%
ammonia removal with 2g of an Ru (3 wt.%)x03
catalyst for 100 ml of synthetic ammonium chloride
solution (NH;: 1500 mg/l, pH= 123) at 230°C in
a batch reactofl8]. We obtained medium efficiency
(39%) with 19/l of the Ru (3wt.%)/AlO3 catalyst.
This result indicates that it is still possible for noble

41

Table 2 presents the performances of the two cat-
alysts at three temperatures. The initial pH was 12
in all tests. The concentrations of NO and NG~
were based on the mass concentration of N (mg/IN).
It is encouraging to note that fairly high efficiencies
were obtained at 200C for both Ru and Pt catalysts,
although the metal loading was only 0.5wt.%. Ni-
trate and nitrite were detected after the treatment, but
their total amount only accounted for a minor portion
of the decomposed ammonia%% for Ru/AC and
<3% for Pt/AC). Most of the ammonia was oxidized
to Na. This is very important for CWAO of ammonia
because nitrate and nitrite are still toxic pollutants.
On the other hand, Pt/AC had higher activity than did
Ru/AC at all temperatures tested, and the difference
increased with the temperature. It is impressive that
79% of ammonia removal was achieved by applying
Pt/AC in CWAO. Moreover, elementary analysis by
ICP revealed 0.6—4.2 mg/l of Ru in the treated water,
whereas dissolution of Pt did not occur, indicating the
high stability of the Pt/AC catalyst under the condi-

metal catalysts to promote wet oxidation at relatively tions employed. Therefore, the wastewater after wet air
low temperatures. Other researchers also found thatoxidation was free from contamination by the toxic Pt
base metal catalysts (Cr, Fe, Co, Ni, Cu, etc.) had complex ion and could be discharged without further
much lower activities than did noble metal catalysts treatment.
(Pt, Pd, Ru, etc.) under the same reaction conditions pH sensitivity analysis is also necessary for screen-
[18,20], which illustrates the necessity of employing ing a suitable CWAO catalyst of ammonia. Qin and
noble metals as the active catalytic elements. Aika [18] reported that an AlD3-supported Ru cata-
Since the performance of either Pt or Ru on acti- lyst was highly pH-sensitive. The ammonia oxidation
vated carbon was not studied previously, we prepared hardly occurred in the acidic region although the re-
and tested Ru and Pt supported on AC in this project. action proceeded quickly when the pH was higher
Ru and Pt were first impregnated and deposited on than 10. In our experiments, the Ru/AC catalyst ex-

Norit activated carbon with the metal loading of
0.5wt.%. Then, they were calcined at 48D in a
flow of N2 for 2h before being reduced byHat
450°C for another 2h. The 11 Parr reactor was used
for the CWAO experiments following the reaction
conditions and procedures describedSaction 2.2

Table 2

hibited some activity under acidic conditions, but it
was much lower than that for the Pt/AC catalyst. Am-
monia removal with the Pt/AC catalyst was less pH
sensitive, as can be seen framble 3(runs 1 and 2).

Run 3 inTable 3indicates the simultaneous oxidation
of ammonia (1000 mg/IN) and phenol (1000 mg/l, as

Performance of Ru/AC and Pt/AC catalysts at different temperatures (initial pH: 12)

Temperature {C) Ru/AC Pt/AC
Efficiency [NO37] [NO27] Final pH Efficiency [NO3™] [NO>] Final pH
(%) (mg/IN) (mg/IN) (%) (mg/IN) (mg/IN)
230 59 8.96 2.02 7.58 79 5.92 0.16 7.11
200 40 6.18 8.16 9.30 50 7.2 7.56 9.08
160 17 4.78 2.72 10.16 28 5.46 2.26 10.04




42

Table 3
Comparison of the activities between Pt/AC and Ru/AC catalysts

Run Temperature pH Removal efficiency (%)
no. (°C)
Pt/AC  Ru/AC
1 200 5.6 Ammonia 42 16
2 200 12 Ammonia 50 40
Ammonia 61 62
3 230 12 Phenol 99.8 99.6
COD 84 89

the initial source of COD) with an excess supply of
02 (1.06 MPa) at 230C. The initial pH was 12. The

ammonia removal was almost the same. The removal

of phenol and COD reduction were highly efficient
for both catalysts. The slightly lower COD removal
than phenol degradation is believed to result from the
formation of refractory intermediates in the oxida-
tion procesg26]. The results obtained in this section
clearly show that Pt is the better element for ammonia
removal.

3.3. Supports for Pt catalysts

The support is another important aspect of hetero-

S Cao et al./Catalysis Today 88 (2003) 3747

from 0.22mol/(kgh) (Pt/AlO3) to 25.2mol/(kgh)
(Pt/graphite), and Pt/Ti©was not active with a reac-
tion rate of 4.19 mol/(kg h). At 171C, the ammonia
removal was less than 5% on Pt/Ti®ut about 50%

on Pt/graphite in a continuous stirred tank reactor.
Our results are consistent with those of Ukropec et al.
[19]. In our experiments, Pt/AC exhibited the highest
ammonia removal efficiency (42%) among all the
catalysts. AC was therefore chosen as the support to
make Pt catalysts for subsequent tests.

It is worth noting that under the same conditions,
only 3% of ammonia disappeared in the blank test. De-
position of Pt on the AC surface could greatly enhance
the activity of Pt in ammonia removal. This result
was not due to the relatively large surface area of the
AC (~1200 nt/g), because the MCM-41 we prepared
possessed an even larger surface areb400 nt/g)
but exhibited much lower activity (12%) compared
with Pt/AC (42%). Takayama et al. proposed that the
hydrophobicity of the surface of AC provided a better
medium for the reaction of neutral ammonia (§H
and oxygen, which contributed to the high activity of
the Pd/AC catalyst in ammonia removal under basic
conditions[27]. However, this may not apply to our
cases. In our tests, pH started from 5.6 and dropped
to 2-3 at the end of the reaction. In this pH range,

geneous catalysts. Catalysts were prepared using AC,most ammonia exists in the form of ammonium ions

TiO2, Al,03 and MCM-41 as supports. The calcina-
tions of Pt/AC and Pt/Ti@ were conducted at 45C

for 2h in N; and Q environments, respectively. The
Pt/Al,O3 and Pt/MCM-41 were calcinated at 300

for 6h in an N environment. All the catalysts were
reduced by hydrogen gas for 2h at 480 With the
same amount of Pt loading of 0.5wt.%, Pt/MCM-41
exhibited only 12% ammonia removal after 2h at
200°C with an initial pH of 5.6. Using AlIOs as
the support yielded a 20% ammonia removal. Under
the similar preparation conditions as reported2a],
Pt/TiO; yields slightly better activity of 25% ammo-
nia removal. This finding is not consistent with results
reported by Taguchi and Okuhdi0]. They reported
that Pt/TiQ® was able to oxidize 70% of ammonia
in 1h and 98.5% in 6 h at 16@. This high activity
was also found for Pt deposited on other supports,
Pt/AI,O3 (99.8%), Pt/ZrQ (98.5%), Pt/H-ZSM-5
(94.1%) and Pt/pure rutile Ti$(86.8%). However,
Ukropec et al.[19] reported that the reaction rates
of Pt catalysts on different supports varied greatly

(NH4%) because the iy, value of ammonia is 9.27.
Therefore, the ammonia oxidation might proceed via
a way other than the Langmuir—Hinshelwood (L—H)
mechanism proposed by Qin and Aik&8]. In ad-
dition, the hydrophobicity may contribute little to
ammonia oxidation in the pH range of 2-5.6. Because
AC and the homogeneous catalystR4Ck exhibited
much lower efficiencies than did Pt/AC, 10 and 7%,
respectively, the high activity of Pt/AC could be due
to the interaction between Pt and the AC surface,
although this interaction has not yet been elucidated.

3.4. Conditions optimization for Pt/AC catalysts
preparation

The activity of a catalyst can be greatly affected by
its preparation conditions. A three-level, four-factor
orthogonal collocation chart was therefore employed
to find the optimum preparation conditions for Pt/AC
catalysts Table 4. The prepared Pt catalysts were
tested at 200C for ammonia oxidation at two initial
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Table 4
Three-level, four-factor orthogonal collocation chart
Level Factor

A B C D

Calcination temperature®C) Calcination time (h) Reduction temperatureC] AC pretreatment
1 300 10 300 None
2 450 6 450 Reduced inHat 450°C for 9h
3 600 2 600 Calcined in Nat 450°C for 9h

pHs (Table 3. In the liquid phase, the major reactant
was ammonium ions (Ni) at pH of 5.6 and free
ammonia (NH) at pH of 12. The average efficiency

As shown inTable 5 the calcination time and reduc-
tion temperature had greater effects on catalyst activ-
ity. Pretreatment of the AC was of negligible advantage

was calculated as follows. To take level 3 and factor C and seemed unnecessary. The pH of most wastewater
at pH of 5.6 for an example, under factor C, runs 1, 5 is much lower than 1228-30] Hence, the best con-
and 9 were carried out using the catalysts prepared atdition for Pt/AC preparation can be determined as the

level 3, i.e., reduction temperature of 60D. The am-

levels corresponding to the largest average removal

monia removal efficiencies for runs 1, 5, and 9 at pH efficiency. That is calcination temperature: 3@
of 5.6 are 41, 50 and 44%, respectively. The average of (level 1); calcination time: 6 h (level 2); reduction
the three removal efficiencies is 45%. The importance temperature: 608C (level 3); no AC pretreatment.

of the four factors is reflected by the maximum dif-

The catalysts were then prepared under these optimal

ference among the averaged value for each level. Theconditions. They yielded ammonia removal of 52 and
larger this value, the more important the factor. Inter- 88% at the initial pH of 5.6 and 12, respectively. As
actions between different factors are not considered. expected, the removal efficiency was higher than the

Table 5

Orthogonal collocation experiments and results (2@)

Run no. Factor NK removal efficiency (%)
Level

1 1 1 3 2 41 45
2 2 1 1 1 18 36
3 3 1 2 3 34 42
4 1 2 2 1 44 69
5 2 2 3 3 50 68
6 3 2 1 2 35 46
7 1 3 1 3 33 53
8 2 3 2 2 41 66
9 3 3 3 1 44 48
Level Average efficiency (%)

pH =5.6 pH=12

A B C D A B D
1 39.3 31 28.7 35.3 55.7 41 45 51
2 36.3 43 39.7 39 56.7 61 59 52.3
3 37.7 39.3 45 39 45.3 55.7 53.7 54.3
Maximum difference 3 12 16.3 3.7 114 20 14 3.3
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results listed inTable 5 The catalysts prepared under 3.6. CWAO of ammonia with Pt(opt)/AC catalysts

the optimal conditions are denoted as Pt(opt)/AC in

subsequent analyses. These catalysts have the BET The Pt(opt)/AC catalyst was tested in a series of
surface area of 12254ty at Pt loading of 0.5wt.%.  experiments under different reaction conditions. As
XRD measurement indicated that no Pt crystallite illustrated in Fig. 3, a higher reaction temperature

was present, suggesting Pt was highly dispersed onconsiderably improved the ammonia oxidation. At
the surface of the activated carbon. lon chromatogra- 180°C, the reaction proceeded rather slowly and
phy analysis of the treated wastewater revealed thatonly about 20% of the ammonia was oxidized after

Pt(opt)/AC still retained high selectivity for N Fur- 105 min. However, the activity was greatly enhanced
thermore, leaching of Pt from the catalysts was not when the temperature was increased by’ @0 At
detected. 220°C, removal of most of the ammonia=80%)
could be achieved. This high temperature dependence
3.5. Performance of used Pt(opt)/AC may be attributed to the refractory property of ammo-

nia, which results in the high activation energy in this
The Pt(opt)/AC catalysts were recycled after process.

treatment. The used catalysts were washed, dried Table 6shows the effects of different parameters on
overnight at 80C, and then treated in Hat 600°C the ammonia removal efficiency after 2 h of reaction
for 4h. Reactions were carried out with the used at 200°C. It is very clear that higher catalyst loading
catalysts. A slight deactivation was observed in the enhanced the oxidation of ammonia. When the cata-
second run: the removal efficiency was 43% com- lyst loading was increased to 10 g/l, 83% of the initial
pared with 52% of the fresh catalyst. But no further ammonia was removed in 2h. Reducing the initial
deactivation occurred in the third run, with a removal ammonia concentration resulted in an increased re-
efficiency of 44%. A similar ammonia removal ef- moval efficiency with 89% of ammonia removal after
ficiency (39%) was obtained with the used catalyst the reaction when the initial ammonia concentration
without pretreatment in i1 These results indicate that was 500 mg/IN. It should be noted that, in the case
Pt(opt)/AC is reusable and maintains its high activity of high concentrations (2000 mg/I N), the removal did
after reactions at elevated temperatures. Therefore,not change much with variation in the initial ammo-
it is potentially employable for continuous CWAO nia concentration. The improvement of the oxidation
process. efficiency by using higher metal loading was not

1200

1000

800 A

600 -

400 -

200 +

Ammonia Concentration / ppm N

0 20 40 60 80 100 120
Time / min

Fig. 3. Ammonia removal at different reaction temperaturgs) {80°C; (A) 200°C; (O) 220°C; catalyst: Pt(opt)/AC, 0.5 wt.%; catalyst
loading: 59g/l; initial pH: 5.6; @: stoichiometric amount 2; initial ammonia concentration: 1000 mg/I N.
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Table 6
Ammonia removal under different conditions (20D)
Run no. Catalyst Initial ammonia Pt loading on Initial pH 0O loading NH3 removal
loading (g/l) concentration (mg/IN) AC (wt.%) (MPa) efficiency (%)
1 25 1000 0.5 5.6 0.42 41
2 5 1000 0.5 5.6 0.42 52
3 10 1000 0.5 5.6 0.42 83
4 5 500 0.5 5.6 0.21 89
5 5 1000 0.5 5.6 0.42 52
6 5 2000 0.5 55 0.85 54
7 5 1000 0.5 5.6 0.42 52
8 5 1000 0.5 12 0.42 88
9 5 1000 1 5.6 0.42 60
10 5 1000 1 12 0.42 98
11 5 1000 0.5 5.6 0.21 79
12 5 1000 0.5 5.6 0.42 52
13 5 1000 0.5 5.6 0.63 51

significant under both acidic and basic conditions, al-
though 0.5wt.% of metal loading was extremely low
for most of heterogeneous catalysts. Higher metal
loading was of little advantage, suggesting 0.5wt.%
of Pt loading was already sulfficient.

It is interesting to note that when the, Gupply
was much greater than the stoichiometic amount
(e.g. two times the stoichiometic amount), the effi-
ciency changed little with variation in the;@oading.
However, when the stoichiometric amount of, O
(0.21 MPa) was provided, a higher removal efficiency
was observed, which was quite different from most
of the cases encountered in the wet air oxidation
of organic pollutants. Further experiments showed
that ammonia oxidation could be greatly improved
by gradual addition of @ into the reactor although
the total @ supply was the same. Specifically, when
half of the stoichiometric amount of Qwas supplied
to the reactor at half hour intervals, i.e., at= 0,

30, 60, 90 min, the ammonia removal efficiency was
70% instead of 52%. Ukropec et dll9] observed

a similar phenomenon in their experiments. A grad-
ual decrease of the activity of the 5wt.% Pt/graphite
catalyst occurred in a continuous stirred tank reactor

a reversible deactivation/over-oxidation process under
higher oxygen concentrations. Our results here are
consistent with their observation and may be due to
the effect of Pt over-oxidation.

3.7. CWAO of concentrated ammonia and phenol
with Pt(opt)/AC catalysts

Although the Pt(opt)/AC catalyst exhibited satis-
factory activity in ammonia oxidation, the ability to
remove simultaneously ammonia and organic pollu-
tants is indispensable in a one-stage wet air oxidation
system. In this test, the oxidations were performed
at 200°C with the synthetic wastewater instead of
real industrial effluents and landfill leachate under
three different initial conditions, noted as runs 1-3.
Ammonia sulfate served as the source for the am-
monia. Phenol was chosen to represent the various
organic compounds. The ammonia concentration
and COD (initially in the form of phenol) were
500 mg/I N/1000 mg/I, 1000 mg/IN/4000 mg/l and
1500 mg/IN/8000 mg/l, respectively, for runs 1-3.
The oxygen pressure was 1.5 times the stoichiometric
amount, i.e. 0.34, 1.04 and 1.93MPa, respectively.

when the oxygen concentration in the gas feed was The initial pH of the synthetic wastewater was ad-

increased from 3.75 to 7.5%. Nevertheless, if the
oxygen supply was ceased for 30 min, the activity of

the Pt/graphite catalyst could be restored. Therefore,

justed to 7.0 (6.5-7.5). Metal loading of Pt(opt)/AC
was controlled to be 0.5 wt.%.
The removal of phenol was demonstrated to be quite

they proposed that the Pt/graphite catalyst underwentrapid and complete, more than 99.9% in all three runs.
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