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Liquid-phase reduction using a solid catalyst provides a potential technique for the
removal of nitrites from waters. Activity and selectivity measurements were performed
for a wide range of reactant concentrations and reaction conditions in an isothermal
semi-batch slurry reactor, which was operated at temperatures below 298 K and atmo-
spheric pressure. The effects of catalyst loading and initial nitrite concentration on the
reaction rate were also investigated. The Pd monometallic catalysts were found to be
advantageous over the Pd-Cu bimetallic catalyst with respect to either reaction activity
or selectivity. Among the catalysts tested, minimum ammonia formation was observed
for the Pd(1 wt. %)/y-Al,O; catalyst. The proposed intrinsic rate expression for nitrite
disappearance over the most selective catalyst is based on the steady-state adsorption
model of Hinshelwood, which accounts for a dissociative hydrogen adsorption step on
the catalyst surface and an irreversible surface reaction step between adsorbed hydrogen
species and nitrite ions in the Helmholtz layer. Both processes occur at comparable
rates. An exponential decay in the activity of Pd(1 wt. %)/y-Al,O; catalyst has been
observed during the liquid-phase nitrite reduction. This is attributed to the catalyst sur-
face deprotonation, which occurs due to the partial neutralization of stoichiometrically
produced hydroxide ions with carbon dioxide.

Introduction

Groundwater pollution by nitrates, which are perhaps the
most ubiquitous of all groundwater contaminants, is a
widespread problem in many locations in the world. Man-
made or man-induced sources of nitrogen introduction into
the subsurface environment include agricultural fertilizers,
septic tank systems, and animal waste disposal. A number of
hydrogeological factors and agricultural practices like precip-
itation/runoff, irrigation, soil type and depth, as well as geo-
logical features such as karst areas, denitrification, fertilizing
intensity, crop types, and land usage influence the concentra-
tion of nitrates in groundwater at specific locations. Due to
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the incomplete abiotic and nitrification /denitrification proc-
esses in the soil, nitrite concentration in some groundwaters
has been found at levels up to 3 mg/L (Vorlop et al., 1992).
Since this value is significantly higher than the maximum con-
taminant concentration (that is, 0.02 mg/L) set by the Euro-
pean Drinking Water Directive, the nitrite content in such
streams should be necessarily reduced in order to avoid health
risk. The role of nitrite as a precursor to clinical cyanosis
(blue baby syndrome) and carcinogenic nitrosamines, as well
as to other N-nitroso compounds, is firmly established
(Canter, 1996). Conventional physicochemical methods (such
as reverse osmosis and electrodialysis), however, allow effec-
tive removal of nitrite ions from contaminated groundwater
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by concentrating them in a secondary waste stream, which
has called for new and environmental friendly systems. The
most promising techniques for nitrite removal, without any
occurrence of wastewater, are biological digestion (Kapoor
and Viraraghavan, 1997) and catalytic denitrification (Vorlop
and Tacke, 1989; Horold et al., 1993a,b). Biological denitrifi-
cation processes (either heterotrophic or autotrophic) are
known to have great potential for the treatment of municipal
and industrial wastewater streams. The main reasons for the
slow transfer of technology to drinking water purification are
concerns over possible bacterial contamination of treated wa-
ter, the presence of residual organics in treated water, and
the possible increase in chlorine demand of purified water.
The reduction of aqueous nitrite solutions by using hydrogen
over a solid catalyst offers an alternative and economically
advantageous process to biological treatment as a means of
purifying drinking water streams. This process can be repre-
sented by the following overall reaction

Pdy — Al,O4
INO; +3H, —— 24N, +20H" +2H,0 (1)

Nitrites are selectively converted to nitrogen in a two- or
three-phase reactor operating at mild reaction conditions
(such as T =278-298 K; p(H,) <1 bar). To maintain elec-
troneutrality of the aqueous phase, consumed nitrites are re-
placed by hydroxide ions. The main drawback of this method
is formation of the side product ammonia, which is undesir-
able in drinking water. Since catalytic liquid-phase hydro-
genation of aqueous nitrite solutions is in a stage of develop-
ment, it is obvious that more kinetic and mechanistic studies
in aqueous solutions are needed in order to develop an effec-
tive catalytic process for purifying drinking water streams and
industrial effluents.

Relatively few investigations have been published on the
reduction of nitrites in aqueous solutions. It is reported by
Horold et al. (1993a,b) that among numerous noble metals
(such as Pd, Pt, Ru, Ir, Rh) capable of promoting nitrite re-
duction, only the supported Pd catalysts represent satisfac-
tory performance. In order to prepare a more selective cata-
lyst, these authors varied the Pd-precursor for the impregna-
tion, the Pd-loading (from 0.1 to 5 wt. %), and the support
(aluminas and silicas). When Pd catalysts were prepared by
the impregnation of macroporous silica supports with aque-
ous solutions of PA(NH ;),(OH),, lower nitrite removal activi-
ties, with much higher selectivities, were obtained. The low-
est formation of ammonia (selectivity of 99.9%) was observed
with 0.8 wt. % of palladium on the silica support with an
average pore diameter of 50 nm and BET surface area of 80
m?/g. In this way, it was possible to reduce 100 mg/L of ni-
trite without exceeding the European Community permitted
level of ammonia in drinking water (that is, 0.5 mg/L). Vor-
lop and Tacke (1989) and Horold et al. (1993a) found that
the nitrite removal activity, as well as the formation of ammo-
nia, strongly depend on the pH value of the aqueous solu-
tion; with respect to higher nitrite disappearance rate, it is
advantageous to carry out the reaction at low pH values. Fur-
thermore, Vorlop et al. (1992) and Strukul et al. (1996) re-
port that by using catalysts with larger particles (diameter
above 0.5 mm) lower reaction selectivity is observed, which is
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due to the enhanced ammonia production. Pintar and Kaji-
uchi (1995) have found out that lower reaction selectivity
might be attributed to the slow counter-diffusion of formed
hydroxide ions from catalyst pores into the bulk liquid phase.

Quantitative rate data concerning the catalytic liquid-phase
nitrite reduction are scarce. Tacke and Vorlop (1993) deter-
mined the kinetics of liquid-phase nitrite hydrogenation over
a Pd/y-Al,O; catalyst containing 5 wt. % of Pd. The mea-
surements were performed in a slurry reactor at 7 = 276-297
K. The initial rate kinetic data were analyzed by means of the
differential method resulting in the rate expression of power-
law type. They found the reaction rate to be of order 0.6 with
respect to nitrite and independent of hydrogen partial pres-
sure provided that this pressure is greater than about 1.0 bar.
It is further reported that the observed rate per unit weight
of the catalyst is not affected by the catalyst concentration.
The apparent activation energy was found to be 31 kJ/mol.
Nevertheless, the rate equation proposed by Tacke and Vor-
lop (1993) is useless when catalytic liquid-phase nitrite reduc-
tion is carried out at hydrogen partial pressures lower than 1
bar.

Pd-Cu/y-Al,O; solids are known as powerful catalysts for
liquid-phase nitrate reduction (Horold et al., 1993a,b; Pintar
et al., 1996); however, the capability of Pd-Cu bimetallics syn-
thesized by means of a multistep wet-impregnation technique
to catalyze reductive nitrite destruction has not been investi-
gated yet. Therefore, the objectives of this work are: (1) to
evaluate the potential of Pd monometallic and Pd/Cu
bimetallic catalysts for active and selective transformation of
nitrites to nitrogen in the presence of either distilled or tap
water as the reaction medium; and (2) to present a detailed
kinetic study of catalytic liquid-phase hydrogenation of aque-
ous nitrite solutions aimed at the development of a rate
equation for the design and modeling of a large-scale reduc-
tion reactor. Reaction rate and selectivity data were collected
in an isothermal semi-batch slurry reactor. The values of ki-
netic parameters, included in different rate equations, typical
of heterogeneous catalytic systems, were derived by means of
the integral kinetic analysis. The results obtained are dis-
cussed in terms of the processes that take place at the cata-
lyst-electrolyte interface. Finally, the chemical stability of the
catalysts employed was examined.

Experimental Studies
Catalyst preparation

The liquid-phase reduction of aqueous nitrite solutions by
hydrogen was studied using two monometallic Pd/y-Al,0,
catalysts (labeled as CAT-1 and CAT-2) with different palla-
dium loadings (1 and 5 wt. %), and a Pd-Cu/y-Al,O,
bimetallic catalyst (designated as CAT-3). The solids were
synthesized by a multistep wet-impregnation of the powdered
alumina support (y-Al,O; of high purity from Nikki-Univer-
sal; NST-3H type; pore diameter: 10-25 nm) with an acidi-
fied aqueous solution of PdCl, (p.a., Fluka) in the case of
CAT-1 catalyst, or with aqueous solutions of palladium and
copper nitrate in the case of CAT-2 and CAT-3 catalysts.
After every alumina impregnation step, the resulting solids
were dried at 423 K. The catalyst preparation procedures were
carried out as follows:
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Table 1. Properties of Support and Hydrogenation

Catalysts
Material Metal Loading, wt. %  Sppr, m%g  iep, /
y-Al,O5 support — 154 8.5
CAT-1 1% Pd 149 6.4
CAT-2 5% Pd 146 8.6
CAT-3 4.7% Pd, 1.4% Cu 142 8.8
CAT-1: impregnation by an HCI acidified aqueous solu-

tion of PdCl,, drying, and reduction (2 h, 773 K in H,);

CAT-2: impregnation by palladium nitrate, drying, calci-
nation (3 h, 773 K in air), and reduction (1 h, 773 K in hydro-
gen atmosphere);

CAT-3: impregnation by copper nitrate, drying, calcina-
tion (1 h, 773 K in air), impregnation by palladium nitrate,
drying, calcination (3 h, 773 K in air), and reduction (1 h, 773
K in H,).

The concentrations of metallic palladium and copper
phases (ICP-AES analysis), the surface area (BET method),
and the isoelectric point (iep) of catalysts are given in Table
1. The zeta potential of catalyst suspensions (0.07 wt. % in
distilled water) was measured by means of a laser zee meter
(Pen Chem, model 501) at T =293 K and different pH val-
ues, which were adjusted by adding 0.1 M HCl or 0.1 M NaOH
solutions. The resulting zeta potential vs. pH dependencies
for the alumina support and various catalysts are represented
in Figure la. It is seen that there is a downshift in the iep of
the CAT-1 catalyst, which is a direct consequence of the
preparation procedure. It is well known that C1™ is strongly
bound to y-Al,0,, and its presence might lower the iep of
the support even at low concentrations. By means of bulk
chemical analysis, the concentration of chloride in fresh
CAT-1 sample was found to be 0.3 wt. %. Furthermore, the
dependencies presented in Figure 1a exhibit maxima at a pH
value of aqueous solution close to 4, which is associated with
the instability of alumina support in acidic aqueous solutions
(Ponec and Bond, 1995). The prepared solids have X-ray
powder diffraction patterns similar to the one of y-Al,04
support (Figure 1b). No peaks assigned to palladium- or cop-
per-containing phases were detected, which suggests the
presence of highly dispersed metallic phases; this was also
confirmed by EDAX and EXAFS examination (Batista et al.,
1997; Pintar et al., 1998a). A detailed comparison of X-ray
diffractograms of the alumina support and synthesized solids
shows that the catalyst preparation procedure mainly influ-
ences the peak position at 20 close to 40° (Figure 1b), which
can be attributed to the preferred diffusion of Cu and Pd
atoms into the y-Al,O, lattice (Strohmeier et al., 1985;
Strukul et al., 1996).

Apparatus and experimental procedure

Measurements were carried out in a 2.0-L reactor made of
Pyrex glass, and equipped with a stirrer and a temperature
control unit. Since the liquid-phase nitrite reduction can also
be promoted by physical mixtures consisting of supported hy-
drogenation catalysts and metallic particles (Pintar and Kaji-
uchi, 1995; Batista et al., 1997), the reactor was free of metal
parts in order to eliminate their effects on the measured ni-
trite conversions. The temperature of the reaction mixture
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Figure 1. Zeta potential as a function of pH value (a)
and X-ray diffractograms (b) of various
monometallic and bimetallic catalysts tested
in this study.

was successfully controlled within +0.1 K of the set value by
employing a PID control. No temperature rise due to the heat
of reaction was observed in any of the runs, because the reac-
tor was operated with low nitrite concentrations (up to 30
mg/L). No pressure control was required since the total op-
erating pressure was equal to atmospheric pressure. The hy-
drogen and carbon dioxide flows, introduced into the vessel
below the impeller, were controlled by electronic mass-flow
controllers. Three phases were present in the reactor, so the
entire system is treated as a slurry reactor.

The range of experimental conditions used in this work is
listed in Table 2. In a typical run, a given amount of fresh
(and previously reduced) catalyst was charged into the reac-
tor containing 1.4 L of distilled water. The content of the
reactor was purged with nitrogen, and then continuously
sparged at a metered rate with a gas mixture of hydrogen and
carbon dioxide, the latter being used as a hydrogen diluting
agent. When the temperature of the reactor system was con-
stant and equal to the set value, a concentrated solution (100
mL) of nitrites, prepared from reagent-grade NaNO,, was in-
troduced into the slurry. The pH value of the aqueous phase
was kept constant during the reaction course at a value of
4.7+0.1 by means of CO,, according to the reactions
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Table 2. Range of Reaction and Operating Conditions
of the Catalytic Liquid-Phase Nitrite Hydrogenation
Carried Out in Slurry Reactor

Reaction temperature, K 283-298
Hydrogen partial pressure, bar 0.11-1.0
Total operating pressure, bar 1.0
Catalyst concentration, mg/L 15-150
Average catalyst particle diameter, um 25
Initial nitrite concentration, mg/L 5.0-30.0
Stirrer speed, rpm 400-600
Gas flow rate, mL ,/min 300-600
Reaction volume, L 1.5
20H™ +CO, ~» CO%‘ +H,0 )
CO3;~ +CO, +H,0 —» ZHCO5 (3)

To monitor the progress of the reaction under considera-
tion, representative samples were withdrawn periodically (the
time period was a function of experimental conditions) and
the catalyst was immediately separated from the aqueous
phase by centrifugation. The aqueous phase was then ana-
lyzed for the residual content of nitrites, as well as instanta-
neous concentration of ammonium ions.

External mass-transfer resistance can be dependent on the
stirrer speed. Runs were conducted for various stirrer speeds
and for different H,-CO, flow rates with the resulting nitrite
disappearance rates independent of both these variables in
the range investigated (Table 2). In the additional blank runs
(that is, absence of catalyst or hydrogen), no nitrite conver-
sion was observed.

Analysis

The concentrations of nitrite ions in the aqueous-phase
samples were determined by employing a UV/VIS spec-
trophotometer (Perkin-Elmer, model Lambda 40P) combined
with the X-Y autosampler and flow-injection analyzer (Per-
kin-Elmer, model FIAS 300). A flow cell with a volume of 18
1L and optical pathlength of 10 mm was installed in the sam-
ple compartment of the UV/VIS spectrophotometer, thus
enabling instantaneous response. The nitrite ion analysis was
carried out in the VIS-range at A= 540 nm using the naph-
thylamine analytical procedure. Distilled water was used as
the mobile phase, and the flow rate of the latter was set to
280 mL/h in order to ensure linear system response in the
concentration range 0-40 mg/L of nitrites. The flow of the
mobile phase and reagents through the tubing and loops was
arranged in such a way that a sample was injected according
to the branched FIA technique. For the described analytical
method, the relative analysis error was found to be below
0.5%. To evaluate concentrations of ammonium ions formed
during the catalytic liquid-phase nitrite reduction, the gas-
diffusion /acid-base indicator analytical procedure was ap-
plied using the same apparatus. In order to check for any
evolution of hydroxylamine during the catalytic nitrite reduc-
tion, aqueous-phase samples were further analyzed following
the procedure proposed by Johnson (1968). The pH values of
the samples were determined by employing a digital pH me-
ter (Orion, model 710A) equipped with a Ross combination
electrode and ATC probe.
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Figure 2. Nitrite (a) and ammonium (b) ions concentra-
tion vs. time dependencies obtained in the
slurry reactor over various monometallic and
bimetallic catalysts.

Results and Discussion

Typical concentration vs. time dependencies for nitrite and
ammonium ions obtained during the catalytic liquid-phase ni-
trite reduction in the slurry reactor at a constant pH value of
4.7 are illustrated in Figure 2. It can be seen from Figure 2a
that at the employed reaction conditions, the Pd(5 wt. %)/y-
Al,O; catalyst exhibits the highest activity for nitrite re-
moval, while the activity of the alumina-supported Pd(1 wt.
%) sample is correspondingly lower. Although Pd-Cu
bimetallics are effective catalysts for liquid-phase nitrate re-
duction (Horold et al,, 1993a,b), the resulting curve for the
CAT-3 sample demonstrates that addition of copper to the
Pd metallic phase has no beneficial effect on the measured
nitrite conversions. Based on this experimental fact and the
results of EXAFS investigation (Pintar et al., 1998a), which
show that Pd and Cu form a substitutional solid solution, one
can conclude that the role of copper is primarily that of an
inert diluent exerting a geometric effect by breaking up en-
sembles of palladium atoms which constitute active sites for
nitrite hydrogenation. Similar observations are reported also
by other investigators (Skoda et al., 1994; Pintar and Kaji-
uchi, 1995). Furthermore, a comparison of the data with those
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Figure 3. Nitrite (a) and ammonium (b} ions concentra-
tion-time profiles obtained in the course of
liquid-phase nitrite hydrogenation over differ-
ent catalytic systems.

of the catalytic liquid-phase nitrate reduction (Pintar et al.,
1996; Batista et al.,, 1997) shows that, at the same reaction
conditions, nitrite disappearance rates are greater by about
one order of magnitude. As demonstrated in Figure 2b, mini-
mum production of ammonium ions was observed in the
presence of the CAT-1 sample. In this case, the reaction se-
lectivity (at complete nitrite transformation) was equal to 99.5
mol. %. When the liquid-phase nitrite reduction was carried
out over the supported Pd catalyst with a higher metal load-
ing (CAT-2), the formation of ammonia was five times higher.
On the other hand, Figure 2b illustrates that the production
of ammonium ions is particularly enhanced by the deposition
of the copper metallic phase on the alumina support.

The experiments illustrated in Figure 2 were carried out at
a constant pH value of the aqueous solution; the hydroxide
ions desorbed from the catalyst surface were, accordingly, to
Egs. 2 and 3 instantaneously neutralized by means of carbon
dioxide dissolved in the liquid phase. On the other hand, Fig-
ure 3 shows nitrite and ammonium ions concentration vs. time
dependencies obtained in the slurry reactor over various cat-
alysts in nonbuffered aqueous solutions; these runs were con-
ducted by bubbling the reaction suspension with a H,-N, gas
mixture. It is evident from Figure 3a that at these experimen-
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tal conditions lower nitrite disappearance rates were ob-
served in the presence of alumina-supported Pd and Pd-Cu
catalysts. In these cases, much higher quantities of ammo-
nium ions were detected in the liquid phase (Figure 3b), which
confirms that both reaction kinetics and selectivity are drasti-
cally influenced by the increase of pH value of the aqueous
solution during the reaction course. One can tentatively sup-
pose that due to the accumulation of hydroxide ions in the
liquid phase, there is a certain amount of these species physi-
cally adsorbed on the surface of either Pd monometallic or
Pd-Cu bimetallic catalyst particles, which is also suggested by
other investigators (Johansen and Buchanan, 1957; Vorlop
and Tacke, 1989). The metal loadings in the catalysts em-
ployed are relatively low and the metallic clusters are less
than 50-70 A in diameter, because x-ray analysis did not show
the metallic phase. For example, EXAFS examination of the
CAT-2 sample revealed that metallic clusters consist of about
20 Pd atoms in a tentative shape of an octahedron with a
diameter of 5.6 A (Pintar et al., 1998a). Hence, the charging
mechanism of the catalytic solid is more likely to be con-
trolled by the y-Al, O, support, and occurs as a result of pro-
ton binding/release, which is pH dependent. During the lig-
uid-phase nitrite reduction carried out in nonbuffered aque-
ous solutions, the increase of pH value of the liquid phase
results in negative charge development, which arises due to
the deprotonation of catalyst surface (MOH3 « MOH+H™,
MOH < MO~ +H"). Consequently, it is believed that a
buildup of negative charge on the particle surface results in
lower nitrite disappearance rates due to the enhanced repul-
sion between residual nitrite ions and the catalyst. Contrary
to the results illustrated in Figure 2a, it is interesting to point
out that at the operating conditions listed in Figure 3, the
Pd-Cu bimetallic catalyst (CAT-3) in comparison to the CAT-
2 sample enables much higher nitrite disappearance rates. It
is speculated that the presence of the copper metallic phase
on the alumina support makes the charge of a catalyst-solu-
tion interface less negative.

To further demonstrate the importance of textural proper-
ties of Pd-Cu bimetallics on the reaction under considera-
tion, some experiments were carried out in which a physical
mixture consisting of Pd /y-Al,O; and metallic copper parti-
cles was used as a catalyst. In these cases, the Pd-Cu active
sites were formed in situ by the collision of particles; how-
ever, previous experiments (Pintar and Kajiuchi, 1995) have
confirmed that the observed kinetics were not influenced by
the collision probability. Although the concentration of active
sites for nitrite removal was rather low, the results depicted
in Figure 3a show that in this case nitrite disappears much
faster than in the presence of the CAT-3 sample. For exam-
ple, nitrite disappeared completely within less than 3 min (the
shortest period in which our measurement had been made).
Furthermore, in the presence of a physical mixture in the
aqueous phase, about 95 mol. % of the initial nitrite content
was transformed to nitrogen, even at pH noncontrolled con-
ditions (Figure 3b). In the described experiment, the reaction
was limited to contact of outer surfaces of Pd/y-Al,O; and
Cu particles. Correspondingly, these results represent a good
example to illustrate to what extent the diffusion of ionic
species in the interior of even very small and porous particles
could influence either reaction kinetics or selectivity of the
catalytic nitrite reduction. According to the results concern-
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Figure 4. Nitrite (a) and ammonium (b) ions concentra-
tion as a function of time obtained in the slurry
reactor using different reaction media and gas
mixtures.

ing the reaction selectivity (Figures 2b and 3b), it is con-
cluded that the liquid-phase hydrogenation of aqueous nitrite
solutions can be efficiently carried out at pH-controlled con-
ditions in the presence of the Pd(1 wt. %)/y-Al,O; catalyst.
In order to achieve high nitrogen production yield, Pd-Cu
bimetallic solids known as catalysts, which effectively pro-
mote liquid-phase nitrate reduction, should be employed only
for the transformation of nitrates to nitrites. Furthermore, a
comparison of data represented in Figures 2b and 3b with
those obtained by Strukul et al. (1996), who also studied lig-
uid-phase nitrite reduction in the presence of Pd monometal-
lic and Pd-Cu bimetallic catalysts prepared by a sol-gel pro-
cedure, confirms that the use of solids synthesized by using
the multistep wet-impregnation technique leads to lower pro-
duction of ammonium ions.

Liquid-phase reduction experiments were also conducted
in order to find out the effects of gas- and liquid-phase com-
positions on the catalytic nitrite hydrogenation. The results
are illustrated in Figure 4; in the runs represented, the hy-
drogen partial pressure was equal to 0.1 and 0.4 bar, respec-
tively. It can be seen in Figure 4a that the nitrite ion disap-
pears very fast when carbon dioxide is employed as a hydro-
gen diluting agent. This is attributed to the low pH value of
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the aqueous solution, which was kept constant at pH = 4.7
during the entire reaction course. When hydrogen partial
pressure was equal to 0.4 bar, the nitrite jon was completely
transformed within a few minutes. On the other hand, when
a hydrogen-nitrogen gas mixture was used as a reducing agent,
the nitrite disappearance rate was still high in the very first
stage of the reaction. Simultaneously, the pH value of the
aqueous solution changed abruptly due to the formation of
hydroxide ions, which made the surface of catalyst particles
negatively charged. As discussed above, due to repulsion
forces nitrite disappearance ceased, which is in agreement
with the observations of other authors (Vorlop and Tacke,
1989; Horold et al., 1993a). It can be further seen from Fig-
ure 4a that at the used operating conditions, composition of
the reaction medium has no impact on the nitrite disappear-
ance rate. This experimental finding was expected, since with
respect to the structure of the nitrite ion there is no species
available in tap water which could competitively adsorb to
the Pd active sites (Pintar et al., 1998b). It is furthermore
reported by Pintar et al. (1998b) that the ionic strength of the
reaction medium, and, hence, the spatial extension of the
double layer, has no meaningful influence on the reaction
course, which confirms that no reaction steps of nitrite reduc-
tion take place in the liquid phase. Figure 4b clearly shows
that the formation of ammonium ions is increased by increas-
ing the hydrogen partial pressure. It is concluded that ammo-
nia proguction is favored at pH noncontrolled conditions, or
when the nitrite reduction is carried out in tap water. In the
latter case, the enhanced ammonia formation can be at-
tributed to the high concentration (270 mg/L) of hydrogen
carbonate ions in drinking water (Pintar et al., 1998b). At the
end, investigations were conducted in order to determine the
role of the nitrate ion present in the liquid phase in the course
of catalytic nitrite reduction. It is well documented that Pd(5
wt. %)/y-Al,0, is a good catalyst that promotes nitrite re-
duction; however, it is completely inactive for the liquid-phase
nitrate transformation to nitrogen (Vorlop and Tacke, 1989;
Pintar and Kajiuchi, 1995; Batista et al., 1997). In these runs,
the initial nitrite concentration was equal to 74 mg/L and the
hydrogen partial pressure was set to 0.4 bar; all other operat-
ing parameters were equal to those listed in the caption of
Figure 4. It can be seen in Figure 5 that when only NaNO,
was present in the aqueous solution at the beginning of the
reduction run, at the given experimental conditions, 4.1 mg/L
of ammonium ions were found in the liquid phase after the
transformation of nitrites was completed. However, in the
presence of nitrite as well as nitrate ions (100 mg/L) in the
aqueous phase, the formation of ammonium ions was appre-
ciably enhanced; at the end of the reaction, 10.5 mg/L of
ammonium ions were detected in the aqueous solution. In
the light of this experimental finding, it can be concluded
that the nitrate ion, analogously to the hydrogen carbonate
anion, reduces selectivity of the concerned reaction. On the
other hand, chlorides and sulfates present in the liquid phase
exhibit no influence on ammonia production (Pintar et al.,
1998b). Therefore, it is believed that in the process of cat-
alytic liquid-phase hydrogenation of aqueous nitrite solu-
tions, anions with planar structure (that is, nitrates and hy-
drogen carbonates) hinder the desorption of gaseous inter-
mediate and final products from the surface of supported Pd
monometallic and Pd-Cu bimetallic catalysts.
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Figure 5. Influence of nitrates on the formation of am-
monium ions in the course of catalytic
liquid-phase nitrite reduction.

Figure 6 illustrates concentration of ammonium ions as a
function of nitrite conversion obtained in the slurry reactor
which was operated in a wide range of operating conditions
(Table 2). It is evident that in any of the performed runs, the
measured concentrations of ammonium ions are far below
the maximum allowable concentration for drinking water. The
reaction selectivity was found to be as high as 99 mol. %,
which indisputably confirms that CAT-1 is suitable for the
treatment of drinking water streams containing nitrites in ap-
preciable quantities. Furthermore, the formation of hydroxyl-
amine was not observed in any of the runs (detection limit of
the applied spectrophotometric determination with p-nitro-
benzaldehyde was equal to 0.01 mg/L NH,OH). Conse-
quently, a detailed study of the kinetics of liquid-phase nitrite
reduction with hydrogen was carried out by using the Pd(1
wt. %)/y-Al,O5 catalyst. Figure 7a shows the nitrite concen-
tration as a function of time at different reaction tempera-
tures with constant hydrogen partial pressure. Figure 7b pre-
sents the same dependence at various hydrogen partial pres-
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Figure 6. Concentration of ammonium ions as a func-
tion of nitrite conversion over the CAT-1 sam-
ple at various reaction conditions.
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Figure 7. Nitrite concentration vs. time curves obtained
in the slurry reactor in the course of
liquid-phase nitrite reduction.

(a) Various reaction temperatures; (b) hydrogen partial
pressures; (c) catalyst loadings; and (d) initial nitrite concen-
trations.

sures but at a constant reaction temperature. The experimen-
tal data points plotted in Figures 7c and 7d illustrate the ni-
trite concentration vs. time dependencies obtained in the
slurry reactor at different catalyst loadings, as well as initial
nitrite concentrations. These data demonstrate that the ni-
trite is irreversibly transformed to intermediate and final
products at the reaction times, which make this denitrifica-
tion technique attractive for large-scale operation. In Figure
8 nitrite disappearance rates are plotted as a function of in-
stantaneous nitrite concentration in the reaction suspension.
These rates were obtained by differentiating the data from
Figures 7c and 7d. It can be seen in Figure 8a that the nitrite
disappearance rate per unit weight of catalyst is independent
of initial nitrite concentration provided that this concentra-
tion is less than or equal to 10 mg/L. However, at higher
values of initial nitrite concentration, the measured reaction
rates decrease, which implies that the kinetics of the investi-
gated reaction is rather complex. The same phenomenon is
depicted also in Figure 8b; the nitrite disappearance rate de-
creases by increasing the initial nitrite to catalyst concentra-
tion ratio. These findings might be ascribed to the catalyst
deactivation, which already occurs to a substantial extent in
the early stage of the hydrogenation run. Although the cat-
alytic nitrite reduction was performed at a pH value below
the isoelectric point of CAT-1 (that is, the catalyst surface
was positively charged at actual operating conditions) and
CO, was employed in order to eliminate the influence of
produced OH™ ions on the reaction course, it seems that at
the given operating conditions a certain amount of hydroxide
ions is preferentially neutralized by protons adsorbed on the
catalyst surface. The surface charge would in turn become
less positive, which would (due to the coulombic repulsion)
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Figure 8. Nitrite disappearance rate as a function of in-
stantaneous nitrite concentration in the slurry
reactor at different initial pollutant concentra-
tions (a) and catalyst loadings (b).

adversely affect the nitrite disappearance rate. This hypothe-
sis was checked by carrying out catalytic liquid-phase nitrite
reduction in a continuous-flow monolith reactor operating in
the Taylor flow regime. The apparatus, the procedure for
these measurements, and the reaction conditions are de-
scribed in detail elsewhere (BerCi¢ et al., 1997). The effluent
nitrite concentrations as a function of onstream time are de-
picted in Figure 9. It can be seen on the basis of represented
dependencies that the activity of the Pd metallic phase for
destructive nitrite reduction slowly decreases. Nevertheless, it
has been found that the activity of the Pd catalyst could eas-
ily be replenished by washing the reactor surface with a di-
luted HCI solution (5-10™* mol/L in this case). It is there-
fore believed that the above described drop of CAT-1 activity
in the process of liquid-phase nitrite hydrogenation could be
attributed to the catalyst surface deprotonation, which is in
agreement with the observation of other investigators (Op-
penheim et al., 1967).

Reaction kinetics

In order to derive an intrinsic rate equation of the catalytic
liquid-phase hydrogenation of aqueous nitrite solutions, si-
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Figure 9. Catalyst activity tests of liquid-phase nitrite
reduction carried out in a monolith reactor.

multaneous deactivation of the Pd(1 wt. %)/y-Al,0; catalyst
was involved in calculations by considering the concentration
of hydroxide ions in the Helmholtz layer. The intrinsic rate of
nitrite disappearance in the presence of catalyst deactivation
(—r), is defined as (Froment and Bischoff, 1990)

(=r)g=(=r)y-f(d) (4)

where (— r), is the reaction rate without any catalyst deacti-
vation, and f(d) is the activity function which represents a
slowdown correction to the reduction reaction because of the
depletion of catalyst active sites by surface deprotonation.
This activity function depends on the reaction conditions and
catalyst properties; based on the discussion below, it is ex-
pected that the exponential function will best describe our
results.

In the Helmholtz layer, electrostatic potential ® (V)
changes linearly with the distance from the catalyst particle
surface, as follows

X X
d>(x)=¢>s-(1——)+(ba'— )
a a

According to the Gouy-Chapman-Stern model (Greef et al.,
1985) for diluted and symmetrical electrolytes, the potential
in the diffuse layer, which is the region between the bulk and
the outer Helmbholtz plane, varies exponentially with the dis-
tance from the catalyst surface

D(x) =D, exp P (6)

Since liquid-phase nitrite hydrogenation represents a typical
heterogeneously catalyzed irreversible reaction, and composi-
tion of the liquid phase (and consequently of the diffuse layer)
has no influence on the nitrite disappearance rate, it is obvi-
ous that the use of only Eq. 5 is sufficient to describe quanti-
tatively the effect of the electrostatic potential in the very
vicinity of the catalyst surface on reaction kinetics. One should
also note that, due to the neutralization of desorbed hydrox-
ide ions by means of dissolved carbon dioxide, the electro-
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static potential in the diffuse layer was equal to the one in
the bulk liquid phase.

Decrease of &, and &, potentials in Eq. 5 is linearly pro-
portional to the amount of surface protons being consumed
by hydroxide ions produced and, correspondingly, to the in-
stantaneous conversion of nitrites. When describing proc-
esses that take place at the solid-liquid interface (electrical
double layer), the Maxwell-Boltzmann statistics are generally
assumed to relate the concentration of ions at a specified
position in the interface to its bulk concentration, and the
electrostatic potential, thus

C(x’t)=C(:x:,t).exp‘[z-F~(b(X,I)W-T (7)

Since z for the hydroxide ion is equal to —1, it results from
Eq. 7 that the variation of the catalyst properties, that is, the
decrease of the electrostatic potential in the inner layer, ex-
ponentially reduces the accessibility of nitrite ions to the outer
Helmholtz plane. In other words, due to the enhanced repul-
sion forces between deprotonated catalyst surface and resid-
ual NO5 ions in the liquid phase, total concentration of ac-
tive sites for subsequent catalytic cycles apparently decreases
with reaction time. Deactivation of the Pd(1 wt. %)/y-Al,0;
catalyst, which occurs in the course of liquid-phase hydro-
genation of aqueous nitrite solutions, will be considered in
the integral analysis of kinetic data by multiplying various re-
action rate equations, typical of heterogeneous processes, by
an appropriate decay term.

The intrinsic rate equation for the catalytic liquid-phase
hydrogenation of aqueous nitrite solutions over the CAT-1
sample was developed by analyzing data of kinetic measure-
ments, carried out in an isothermal slurry reactor at different
initial nitrite concentrations, catalyst loadings, hydrogen par-
tial pressures, and reaction temperatures. Seventeen data sets
were collected in these hydrogenation experiments and ana-
lyzed by means of the integral analysis. Different rate equa-
tions derived on the basis of Langmuir-Hinshelwood, Eley-
Rideal, and steady-state adsorption kinetic formulations (Ta-
ble 3) were employed as a sink term in the respective mass
balance equation describing the gradientless semi-batch
CSTR reactor. For nitrite ions, the mass balance can be writ-
ten as

dc m

a = ey

reactor

Ca(.

(®

I.C: t=0; cnor =Cnos.o

t>0; cy,=const.,, T =const.

During preliminary experiments, the operating conditions
were analyzed and adjusted in such a way that the reactor
was operated in the kinetic regime. In subsequent calcula-
tions, the value of the effectiveness factor n was set to be
equal to 1, since it had been found previously that at the
given reaction conditions the nitrite disappearance rate is not
influenced by pore or surface diffusion processes (Pintar et

Table 3. Tested Reaction Rate Equations

Eq. Eq.
I (-n ki Cro " Cy X1 (-r ki Choz “Cify
—r)= - = 9
(1+ Kyo; *Cxo; + Kn, Cif) (1+ Kno; *Chos ) (14 Ky  Cif2)
ki Cyos - C?
n o (—r)-= Lo — XL (=1 =k-Clp; -Cla
(1+ Knos *Cnos + Ky, CH3) :
k- Cyx _.Cc2 k.- Cn :.Cl/l
m  (-n= 1o Xl (-r)= L 7
(1+ Knos *Cnos + Kny HZ) (1+ Kno 5 *Cros) ‘(1+ Ky, CyY)
ki*Cnoy - Cif2 ki*Cnojz *Cifs
vV (-n)= 4 . XIV  (-n= MO -
(1+ Kxo; *Cros +KH2~Ciﬁ) 1+ Kyo s *Cros ) -1+ Ky - CIf)
ky ok Cros CIf ki Cio; - CHY
\Y% (-r)=—— XV (—r)—-———vz'
ky*Cros Ty Co (1+ Ky, CifH)
k- CY3:-Clf k- CY3 - Clﬂ
VI (-n)= Bt Ei 1 = XVI (-p=—tr T
(+ Kyo; " Cio; + K, Cif) (1+ Ky CIf)
ki-CY3--CH: k-CYy--Cift
VI (=r)= AL - XVIE (wr)—————NO——
(1+ Knog "Clo; + Ky, CH2) (1+ Ky - Cif? )
k- Cly - -Clf? Kk Cnos -CHE
VI (—r)= i E i . XVIIT (=)= —0b 207 “f2
(1+KN05-CN02-+KH2~C%{ZZ)' (1+ Kno; *Cros)
ky*Cnos - CIf2 ki*Cno- - CI
IX (—r)= 1"~No; "“H, . XIX (—r)= 1"Unoy “ha, -
(1+ Kno; *Cxos )-(1+ Ky - CIf) (1+ Kyos *Cyos )
k- Cl3 - -ClP k- Cnoo - CH2
X (—r)= 1 ~NOy XX (—r)= 1"YNO; H,

1+ Kno; - C¥B;)- (1+KH2-C11.{22)

(1+ Kno, *Cnos

*(~ r) = Nitrite disappearance rate.
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al.,, 1998b). Investigators who have studied hydrogen
chemisorption on noble metals have found that molecular hy-
drogen adsorbs dissociatively on Pd surface atoms (Knor,
1983); consequently, in the rate equations listed in Table 3,
the hydrogen reaction order was set equal to 1/2. The con-
centration of hydrogen dissolved in the aqueous solution was
almost constant during the run and was dependent only on
reaction temperature and hydrogen partial pressure. Concen-
tration of hydrogen in the liquid phase was calculated by us-
ing a correlation proposed by Fogg and Gerrard (1990)

x, = exp(—125.939+5528.45/T +16.8893In(7))  (9)

To convert the mole fraction of hydrogen into common con-
centration units, such as mg H,/L, the former equation was
multiplied by the hydrogen partial pressure, water molar den-
sity (dissolved moles of hydrogen were neglected), and hydro-
gen molecular weight. The resulting equation reads

Ptot. xg MHZ

. P -1000 (10
Pow=1bar 1—x, "H:07 o (10)

Cu,=Yi°

In the fitting procedure, the constants appearing in the tested
reaction-rate equations were taken as parameters and their
values were calculated by means of nonlinear regression. The
Marquardt’s minimization technique (Duggleby, 1984) was
coupled with the fifth-order Cash-Kerp Runge-Kutta integra-
tion algorithm (Press et al., 1992) in order to calculate the
values of residuals within the parameter minimization loop of
the Marquardt’s algorithm. The proportionally weighted sum
of squares was minimized and calculated as

=

Sp=

i

(CN0{ ,exp. ” CNOT ,calc.)2 W, an

1

where the weighted factor W, was set proportional to
(1/cno; );"xp. This weighting ensures that during the parame-
ter optimization, all data sets as well as the measured con-
centrations contribute proportionally to the calculated sum
of squares despite the nitrite concentrations used. Since the
integral analysis was applied in this study, the initial concen-
trations at =0 were set equal to the experimental ones;
consequently, the differences between the measured and pre-
dicted concentrations become more pronounced for the ex-
perimental points measured at longer reaction time. To ana-
lyze the usefulness of the employed reaction rate equations
(Table 3) in predicting experimental concentration vs. time
dependencies, the measured data sets were combined into
three groups in order to separately test the influence of ni-
trite concentration, hydrogen partial pressure, and tempera-
ture on the reaction course; hence, the first group includes
eight data sets measured at constant hydrogen partial pres-
sure (0.323 bar) and at constant temperature (298.15 K); the
second group contains data from the first group plus four
additional data sets measured at different partial pressures
of hydrogen; the third group of data includes five additional
data sets obtained at different reaction temperatures, hydro-
gen partial pressures, and initial nitrite concentrations. In
Table 4 the goodness of fit of the examined rate equations
for different groups of data is shown by the values of the
calculated sum of squares, and also by the number of mea-
sured points which scatter around the calculated values less
than +20%.

It follows from the calculated sum of squares (SS) shown in
Table 4 that, on the basis of data in group 1, we cannot dis-
tinguish between the proposed reaction rate expressions, since
at least six rate equations give comparable results. The same
conclusion is obtained when we compare either the number
of points (N *2°) which lie within the 20% error band, or the
corresponding reduced sum of squares (RSS). However, when

Table 4. Results of Nonlinear Regression Analysis of Kinetic Data in the Process of Catalytic Liquid-Phase Nitrite
Reduction Carried Out in a Slurry Reactor

No Deactivation Considered

Catalyst Deactivation Considered

Data Group 1 Data Group 1 Data Group 2 Data Group 3
Equation (102 Points) (102 Points) (138 Points) (198 Points)

(see Table 3) SS N*20 RSS SS N2 RSS SS N*20 RSS SS N=20 RSS

I 11.3 68 0.53 2.8 84 0.23 6.3 118 0.37 7.14 174 0.655
11 22.6 53 0.38 4.94 76 0.76 14.9 86 0.60
111 9.9 61 0.59 3.18 83 0.38 5.6 109 0.43
v 10.1 62 0.62 353 81 0.47 5.87 107 0.52

v 113 68 0.538 2.85 83 0.18 6.34 118 0.37 7.14 174 0.690
VI 304 69 0.406 6.2 82 0.33 14.9 104 0.58
Vil 321 71 0.509 6.11 81 0.32 353 99 0.41
VIII 53.1 52 0.15 6.15 82 0.33 20.7 106 0.37

IX 11.3 68 0.53 28 84 0.21 6.23 112 0.35 8.23 169 0.90
X 303 69 0.40 6.11 81 0.32 17.8 100 0.43
X1 20.2 64 0.33 11.5 75 0.37 9.19 99 0.65
X1 29.8 56 0.10 55 75 0.32 13.0 84 0.41
XIII 20.6 60 0.18 43 83 0.81 9.35 98 0.48
X1V 9.9 61 0.59 31 83 0.38 6.01 109 0.44
XV 49.5% 94* 0.74* 16.8 9 0.51
XVI 45.1* 95%* 0.81* 17.2 106 0.67
XVII 42.9% 94* 0.73* 14.2 96 0.77
XVIII 18.7* 96* 0.50* 13.2 101 0.25
XIX 50.6* 78* 0.30* 21.7 101 0.74
XX 16.7* 92* 0.45* 12.1 103 0.50
*Kinetic data from group 2 were used in calculations considering no catalyst deactivation.
AIChE Journal October 1998 Vol. 44, No. 10 2289



the measured and predicted concentration-time dependen-
cies are compared in detail, one can see that the predicted
profiles do not coincide with the measured ones; the calcula-
tions have shown that discrepancies between the measured
and calculated values increase with reaction time. This again
indicates that the catalyst deactivates during the hydrogena-
tion process. Different algebraic expressions for the exponent
in the exponential decay term of Eq. 7 were tested, and the
best agreement between the measured and calculated values
was achieved when the catalyst deactivation was set propor-
tional to the amount of hydroxide ions produced during the
nitrite hydrogenation. The simultancous deactivation of
CAT-1 is accounted for by the following relation

CNo; .0 ~ CNOs

(—rNOE)d=(_rN05).exp —b- (12)

cat.

When all tested equations were multiplied by the deactiva-
tion term of Eq. 12, much better agreement was obtained
and the previously observed discrepancies between the pre-
dicted and measured nitrite concentrations vanished. Now,
almost all tested equations give reasonably good fit of data in
group 1. Furthermore, the rate equations were used to fit
data from group 2. It is obvious that only Eqgs. I, V, and IX
(in Table 3) could describe the experimentally evaluated con-
centration-time dependencies obtained at different hydrogen
partial pressures. When these equations are tested over all
collected data (group 3), Eqs. I and V provide better results
than Eq. IX. The temperature dependency of reaction rate
(k,, k,) constants and adsorption (K,) constants was intro-
duced in calculations by assuming Arrhenius and van’t Hoff
relations.

The fitted values of parameters in Eqs. I and V are sum-
marized in Table 5. The calculated values of adsorption con-
stants are unrealistic, which is due to global minimization.
This means that number 1 in the adsorption term of the rate
equation I could be neglected and the resulting equation
transforms into a form similar to Eq. V. We can further ob-
serve that the five-parameter Eq. V gives the same results as
the seven-parameter Eq. I. The resulting equations confirm
that Eq. V, which represents the steady-state adsorption
(SSA) mode! (Shelstad et al., 1960; Teichner, 1975), is more
suitable for describing the catalytic liquid-phase nitrite hy-
drogenation than models based on LHHW kinetic formula-
tions. The number of parameters in Eq. V was further re-
duced by accounting for the reaction stoichiometry and tem-
perature dependency of the hydrogen adsorption rate. Since
the stoichiometric ratio between formed OH™ ions and the
reacted nitrite ions are equal to 1, the value of parameter b
in Eq. 12 was fixed to 1. The fitted value of activation energy
for the hydrogen adsorption step is almost four times smaller
than the one for surface reaction. It is well known that the
value of activation energy for hydrogen chemisorption on no-

ble metals is close to zero (Knor, 1983); hence, one can rea-
sonably suppose that the rate of hydrogen adsorption (that is,
catalyst surface regeneration) is temperature independent,
which is in agreement with the performed statistical calcula-
tions. In spite of the reduced number of parameters (3 in-
stead of 5), the resulting equation fits the experimentally
measured data very well {172 data points within +20% error,
RSS = 0.638). The final form of the proposed kinetic model
for catalytic liquid-phase nitrite hydrogenation is written as

93948
2.918:10"-exp| — ——— | ‘cnos e
( - R-T 2
T INos 4T 93948
1.283-1014-exp( -~ -—R—Y—:) *CNos -+-0.0227'ng2

No; .0 T ONOSy

-exp( - ) (13)

cat.

This equation assumes that the rate of adsorption of hy-
drogen is of the same order of magnitude as the rate of ni-
trite reduction, which means that a steady-state concentra-
tion of hydrogen is established on the catalyst surface. For
illustration, at identical reaction conditions the reaction rate
of catalytic nitrate hydrogenation, as compared to the rate of
liquid-phase nitrite reduction, is lower by more than one or-
der of magnitude. Due to the slower surface reaction step,
the rate of hydrogen adsorption in the former case is suffi-
ciently high at equilibrium; consequently, the kinetics of the
catalytic nitrate reduction is well described by a rate equation
of the Langmuir-Hinshelwood type (Pintar et al., 1996).

By using Eq. 13, the predicted nitrite concentration vs. time
dependencies for various reaction conditions are shown in
Figure 7 by solid curves. It can be seen that good agreement
between the measured and calculated values is achieved, thus
indicating that the assumptions and the kinetic model devel-
oped are reasonable. In Figure 10, a comparison between the
measured and predicted nitrite concentrations as a function
of time is illustrated for four experiments composed of two
consecutive nitrite hydrogenations. In each of the two con-
secutive runs, the same batch of CAT-1 catalyst and the same
initial nitrite concentrations were used. It is obvious from the
presented results that, in the case of consecutive nitrite re-
ductions, the predictions based on the proposed rate equa-
tion are also in very good agreement with the experimental
values. These findings confirm that the exponential deactiva-
tion term of Eq. 13 properly accounts for the decay of cata-
lyst activity even when amounts of H™ ions removed from
the catalyst surface are higher than those found during the
runs performed for the collection of kinetic data (Figure 7).

Catalyst stability

Finally, the chemical stability of the Pd monometallic and
Pd-Cu bimetallic catalysts was tested. For this purpose, the

Table 5. Fitted Values of Kinetic Parameters for Eqs. I and V

Eq. k, k, Ko Ky, b
1 1.29-10°- ¢(~ 20180RT) 1.45-107 - ¢H49993RT) 1411 . o0 0078RT) 1.097
5 6.27-1011. ¢~ BO634RT) 96.9« ¢t~ 20067RT) 1.084
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Figure 10. Nitrite concentration as a function of reac-
tion time determined in the slurry reactor in
consecutive runs using the same catalyst
batch.

amounts of leached palladium and copper ions in aqueous-
phase samples were determined by means of an ICP-AES
method. In all samples, the concentrations of metal ions were
found to be below the detection limits of both elements. Fur-
thermore, the chemical analysis of fresh and used catalyst
samples confirmed that no dissolution of active components
took place during the above described experiments. Also, cold
oxidation of Cu by ammonia leading to the appearance of
Schweitzer’s blue liquor was not observed. To elucidate the
chemical resistance of the Pd-Cu catalyst, additional long-
term stability tests were performed. The catalyst samples were
exposed for one week to aqueous solutions of various pH val-
ues. For all pH values except pH = 2, the concentrations of
Pd and Cu ions were found to be below the detection limit of
the applied technique (Table 6). The high concentrations of
Pd and Cu dissolved in the liquid phase at pH = 2 are associ-
ated with the instability of alumina support in aqueous solu-
tions with a pH value below 3 (Ponec and Bond, 1995). Nev-
ertheless, these experimental findings reflect high chemical
stability of Pd monometallic and Pd-Cu bimetallic catalysts at
neutral and slightly acidic conditions, which indicates that
these solids can also be employed for direct drinking water
purification. To conclude, the above results corroborate the
fact that the catalyst deactivation observed in liquid-phase
nitrite hydrogenation runs should be attributed to the release
of protons from the catalyst surface due to their neutraliza-
tion with produced hydroxide ions, which consequently leads

Table 6. Concentrations of Pd and Cu Ions, Leached
from CAT-3 Sample at Different pH Values

pH, / Cpy, mg/L Ccyw» mg/L
2.0 42 11.7
5.2 <0.3 <0.1
8.1 <0.3 <0.1
10.0 <03 < 0.1
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to the buildup of negative charge on particles, rather than to
modifications of chemical composition of employed solids in
the course of liquid-phase nitrite reduction.

Conclusions

The results of this study demonstrate that the nitrite ion
can be efficiently and selectively removed from contaminated
groundwater by using alumina supported Pd catalysts. At pH
= 4.7, the Pd(1 wt. %)/¥Al,0, catalyst converts more than
99% of initial nitrite content to nitrogen. Contrary to this,
higher amounts of ammonium ions are observed over a Pd-Cu
bimetallic solid, which might be attributed to inappropriate
textural properties.

The intrinsic rate kinetic data over the Pd(1 wt. %)/y-Al,O;
catalyst are well correlated by an extended three-parameter
steady-state adsorption model of Hinshelwood, which ac-
counts also for the simultaneous catalyst deactivation during
the reaction course. Due to the partial neutralization of the
produced hydroxide ions by means of carbon dioxide, the ac-
tivity of the catalyst decreases exponentially with nitrite con-
version, which is in agreement with the theory of electrical
double layer. The activation energy of the surface reaction
step was found to be 94 kJ/mol, while the surface reduction
(regeneration) step is temperature independent at the given
operating conditions. Good agreement between the mea-
sured and calculated concentration vs. time dependencies for
single as well as consecutive reduction runs confirms that this
model provides a valuable means of interpreting rate data
concerning the catalytic liquid-phase hydrogenation of aque-
ous nitrite solutions.
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Notation

= thickness of the Helmbholtz layer, m
b= parameter in Eq. 12, dimensionless
¢ = concentration in liquid-phase, mg/L
c(=)=bulk concentration, mg/L
C.a¢ = catalyst concentration in slurry reactor, mg/L
d, = average catalyst particle diameter, um
F= Faraday constant (96483 As/mol)
k, = reaction rate constant, LAg_,, -min)
k,= hydrogen adsorption rate constant, (mg-L)"’Ag_,, - min)
K= adsorption constant, L/mg
ar.= mass of catalyst in aqueous solution, g
M= molecular weight, g/mol
N = stirrer speed, rpm
Pu,= hydrogen partial pressure, bar
P, , = total operating pressure, bar
(- rno; )= nitrite disappearance rate, mgAg.,, * min)
R = gas constant, 8.3144 JAmol-K)
= reaction time, min
T = reaction temperature, K
V e actor = volume of reaction suspension, L
x=distance from catalyst surface, m
x = Debye length, m
x,=mole fraction solubility, dimensionless
X NOF= nitrite conversion, dimensionless
y;= mole fraction of hydrogen in gas-phase, dimensionless
z= charge of ion, dimensionless

p=density, g/L

m
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Subscripts

a= outer Helmholtz plane
d = deactivation
H, = hydrogen
H,0O= water
NO; = nitrite ion
s = catalyst surface
0= initial value
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