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This contribution shows the effect of residual chlorine on the catalytic performance of a Pd-based catalyst
in the hydrogenation of nitrite for cleaning of drinking water. The catalyst was prepared via immobiliza-
tion a colloidal Pd nanoparticles using activated carbon as support. Different amount of hydrochloric
acid (HCI) was added to immobilize the Pd colloid on the carbon support, facilitating the removal of
the residual stabilizer, polyvinyl alcohol (PVA), from the surface of the Pd nanoparticles (NPs). The cat-
alysts were characterized by TEM, CO-chemisorption, XRF, N, physisorption, UV-vis spectroscopy, and
XPS. The activity and selectivity of the catalysts were measured for nitrite hydrogenation in semi-batch
operation. The results show that PVA can be removed completely at pH below 2. The residual chlorine
on the catalysts can be removed by reduction in H,/N; at a mild temperature, i.e. 200 °C, regardless the
amount of HCI used. Nevertheless, high concentration of HCl during immobilization (pH 1) causes par-
tial Pd re-dissolution according to UV-vis spectroscopy, resulting in formation of highly dispersed Pd
clusters that could not be detected with TEM. Reduction of this catalyst with high chlorine content in

H, at 200°C is resulting in formation of relatively large Pd particles via sintering. Without pre-reduction
at 200°C, residual chlorine can also be removed almost completely during the hydrogenation reaction
at room temperature. The activity of the Pd catalyst is insensitive to the chlorine concentration below
30 wmol L1 in the aqueous reaction mixture. Interestingly, the selectivity to N3 is improved by adding
chlorine to the reaction mixture, independent of the way chlorine is added, i.e. via the catalyst or added

directly to the reaction solution.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction dures, and is able to convert nitrate and nitrite in water lacking any
organic contamination, as is required for biological treatment [6,7].
Nitrate and nitrite contamination in groundwater has become Pd.C
i ; ; ki ; ; icul- -Cu
a rising risk for supplylng of.drlnkmg w.a.ter, especially in agricul 2NO5 +2H, 2NO, + 2H,0 1)
tural areas where synthetic nitrogen fertilizers are extensively used

[1-3]. Catalytic hydrogenation of nitrate/nitrite (Egs. (1)-(3)) using Pd

Pd-based catalysts has been developed since the late 1980s, as a 2NOy +3Hz + 2H"— N +4H,0 (2)
highly efficient method operated under mild conditions (typically Pd

around 25°C and ambient pressure) [4,5]. This method prevents NO, +3H, + 2H"— NH4* + 2H,0 3)

formation of any contaminating brines as in ion-exchange proce-

Colloidal method has been developed extensively for prepara-
tion of metal nanoparticles (NPs) for catalytic application in the
last few decades [8,9]. The advantage of the method is well-known:
the sizes of the NPs can be well controlled and manipulated, facil-
itating studies on structure-performance relationships. Advanced
methods allow formation of NPs with well-defined shapes, offer-
ing interesting opportunities on even more detailed studies on the
influence of surface structure on catalysis [10,11].
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Pd based catalysts for nitrate/nitrite hydrogenation have been
studied using colloid preparation methods [11-16], reporting that
the rate of nitrite hydrogenation is independent on Pd particle size
[14,17,18]. Nevertheless, it is also well reported that residual sta-
bilizers, such as polyvinyl alcohol (PVA) and polyvinylpyrrolidone
(PVP), can block part of the active sites by covering the major-
ity of the metal surface [14,19-22]. Stabilizers and capping agents
can also manipulate adsorbed reactive species on metal surface,
influencing the activity as well as the selectivity of Pd catalysts
[14,22-25]. As aresult, it is generally preferred to remove the resid-
ual stabilizers on metal surface.

Removal of the residual stabilizers is challenging, normally
including oxidation and thermal treatment, making it difficult to
maintain particle size and crystal structure of the NPs, and still, the
removal can be incomplete [26-30]. In our previous work [13], the
Pd colloid was immobilized on activated-carbon (AC) in aqueous
HCl solution at pH 2. It was observed that PVA could be completely
removed from the Pd surface, according to TEM and CO chemisorp-
tion results. It was proposed that extensive chemisorption of Cl on
the Pd surface, promoted by the presence of O, according to reac-
tions in Egs. (4) and (5), is weakening the interaction between PVA
and the NPs [13].

2Pd + 0, — 2PdO
AG = —186.82K]

(4)

PdO + 2C1~ + 2H" — PdCl, + H,0 (1)
AG = —41.38K] (5)

After the PVA removal, the catalysts were reduced mildly in
H,/N, atmosphere at 200°C, in order to reduce PdCl, to Pd°,
removing chlorine from the Pd surface. On the other hand, chlo-
rine removal is not complete and a small but significant amount of
chlorine remains on catalyst support i.e. activated carbon.

This contribution aims at optimization of the HCI concentration
during immobilization of Pd-PVA colloid on activated carbon. The
effect of residual chlorine influencing the activity and the selectivity
in nitrite hydrogenation will also be shown.

2. Experimental
2.1. Chemicals

Sodium tetrachloropalladate(ll) (Na,PdCly >99.995% (metal
basis)), polyvinyl alcohol (PVA, average MW =13000-23000,
87%-89% hydrolyzed), sodium borohydride (NaBHg4, >96% (gas-
volumetric)), and formic acid (98%-100%) were purchased from
Sigma-Aldrich. Sodium nitrite (>99%) was purchased from Merck.
Activated carbon (AC, Sger=1000m2 g~!) was supplied by Norit.
AC was sieved in the range of 38-45 um in diameter before used
as catalyst support. All the aqueous solutions were prepared using
ultra purified water obtained (Millipore, Synergy).

2.2. Pd colloid preparation

The preparation of palladium nanoparticles via colloidal method
has been described previously, which can be summarized as follows
[13].PVAwasdissolved in water at 70 °Cwith stirring for at least 2 h.
The solution (2 wt%) was then cooled down to room temperature.
Aqueous solution of Na;PdCl, (20 mL, containing 0.086 mmol Pd)
and 1.76 mL of freshly prepared PVA solution were added to 240 mL
water, obtaining a yellow-brown solution. After 3 min, NaBH,4 solu-
tion (1.72 mL, 0.172 mmol) was added under vigorous stirring. The

brown Pd colloid solution was immediately formed. The final pH
was typically 8-8.5.

2.3. Colloid immobilization

Typically, 0.75 g AC or graphite was added to the Pd colloid solu-
tion (260 mL, 3.3 x 10~ mol L-!) immediately after preparation.
Hydrochloric acid (HCl) was added to adjust pH to either 1, 2 or
3. The slurry was stirred in air with a mechanical 6-blade-stirrer
(¢b 44 mm, 1000 rpm) with the propeller positioned at the centre of
liquid for 2 h at room temperature, filtered and thoroughly washed
with water. After that, the catalysts were dried in vacuum at 40°C
overnight.

2.4. Catalyst reduction

Catalysts prepared as described above were carefully treated in
a tube furnace. In a typical procedure, the temperature was raised
to 200°C at a rate of 5°Cmin~!, then kept for 1h at 200°C, in 10
vol% H;/90 vol% N,. Then the sample was flushed in N, for 30 min
at200°C, and cooled down at arate of 20 °C min~! to room temper-
ature in the same atmosphere. The catalysts were flushed in N, for
24 h before exposure to air. In the following, the sample notation
will be used as shown in Table 1.

2.5. Characterization

Pd particle size distribution was determined using TEM (Philips
CM300ST-FEG) allowing reliable detection of metal nanoparticles
of 1nm and lager on AC. The AC supported catalysts were firstly
ground into sub-micron fragments and dispersed in ethanol. Then
the suspension was dropped on a copper grid covered with hollow
carbon for TEM image taking. At least five of these fragments were
randomly selected for determination of Pd particle sizes, and typi-
cally 300 Pd particles were measured. Note that information on the
spatial distribution of nanoparticles through the support cannot be
obtained as the samples were ground. The metal loading on the sup-
ports were analyzed by XRF. The total surface area of samples were
calculated based on N, physisorption data, using the BET method
for p/po values between 0.03 and 0.13 for catalysts prepared with
AC following the recommendations of Rouquerol et al. [31], with a
typical error margin of 5%.

Re-dissolution of Pd by HCl was measured with UV-vis spec-
troscopy of the colloidal suspension in a UV-spectrometer (Perkin
Elmer Lambda 850, wavelength from 200 to 800 nm, scanning
speed 266.75nmmin~') at room temperature. The pH of freshly
prepared unsupported Pd-PVA colloid suspension was adjusted
to 1, 2 and 3 by adding HCI solution, followed by stirring the
suspension in air atmosphere for 2 h. Then 500 L of the treated
suspension was introduced in a quartz cell (QS1000) for performing
the measurement.

CO chemisorption at room temperature was used to determine
the metal surface area that is accessible in gas phase. Typically,
the sample was pre-reduced at room temperature in hydrogen
and then flushed in He at the same temperature. Then CO was

Table 1
Sample notations and details of corresponding preparation procedure.

Sample Preparation Procedure

Pd_AC.1.A Pd-PVA colloid immobilized on AC using HCl to adjust pH to 1
Pd_AC2_A Pd-PVA colloid immobilized on AC using HCl to adjust pH to 2
Pd-AC3_A Pd-PVA colloid immobilized on AC using HCl to adjust pH to 3
Pd_AC.1R Pd_AC_1_A reduced in Hy /N, at 200°C

Pd_AC2R Pd_AC_2_A reduced in H,/N; at 200°C

Pd_AC3R Pd-AC_3_Areduced in H,/N; at 200°C
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introduced as pulses and the response was recorded using a TCD
detector. We assumed that the stoichiometric ratio of number of
adsorbed CO molecules and number of accessible Pd surface atoms
is 1: 1. The Pd dispersion (Pd disp.) was defined as

number of Pd atoms in the surface of NPs

Pd disp. = number of Pd atoms in total

(6)

The surface composition of the catalysts was analyzed by
X-ray photoelectron spectroscopy (XPS, Quantera SXM, Al Ko
(1486.6eV)). The powder samples were stored in air without
any further pretreatment before analysis. Typically, a few micro-
gram sample was pressed into an indium foil, and four spots
(600 x 300 wm?) on the sample were randomly selected for mea-
surements to average out any inhomogeneity in the catalysts. The
accuracy of the resulting peak positions was within 0.2 eV. The
spectra were fitted using the software “Multipak v.9.4.0.7". Typi-
cally, the binding energy in all spectra was first calibrated using
the carbon 1s peak at 284.8 eV as an internal reference. The spec-
tra detected at four spots of one sample were averaged in order
to improve the signal-to-noise ratio, followed with Shirley back-
ground subtraction. The Pd peaks were fitted using an asymmetric
model, necessary because of interaction of the photoelectrons with
the valence band electrons [32], whereas the S and Cl peaks were
fitted using mixed Gaussian-Lorentzian model, as suggested by
Handbook of X-ray Photoelectron Spectroscopy [33]. The peaks for
each sample (Pd 5d, Cl 2p and S 2p) were fitted with sets of doublets
with identical FHWM. Both width and peak position were allowed
to optimize. The distance within the doublets was fixed, according
to the data suggested in the handbook [33].

2.6. Nitrite hydrogenation

The reaction was performed in a home-build apparatus includ-
ing a glass tank reactor (¢ 98 mm with four 5 mm baffles), equipped
with a mechanical 6-blade-stirrer (¢ 44 mm, 1000 rpm) with the
propeller positioned at the centre of liquid. Typically, 50 mg cat-
alyst was added to 300 mL H;O. The mixed suspension was then
stirred vigorously, while a H,/He/CO, gas mixture was introduced
viaadipped pipe (H,/He/CO, = 6/3/1 by volume flow rate, total flow
rate=100mLmin~?, total pressure = 1 bar) for at least 1 h. CO, was
used as a buffer according to reaction shown in Egs. (7) and (8) to
partly compensate for the protons consumed by nitrite hydrogena-
tion.

CO, + H,0 — HCO3~ + H* (7)

Table 2
Summary of XRF elemental analysis, TEM and CO chemisorption.
Sample Cqp (Wt%)? drgm (Nm) Pd disp. (%)
Cco TEM®
chemisorption”
Pd_AC.1.A 1.1 3.0+1.2 12+£3 30
Pd.AC2.A 0.8 28+09 1242 32
Pd_AC3.A 0.6 31+1.2 8+2 29
Pd_AC.1R n.d.d 41+1.1 32+5 22
Pd_AC2R n.d. 3.0+1.0 30+4 30
Pd_AC.3R n.d. 32+12 18+4 28

2 Chlorine content in the catalysts according to XRF.

b CO chemisorption in gas phase. The samples reduced in H; flow for 1h at
21+1°C

¢ Estimated assuming clean spherical Pd NPs.

d The content is under XRF detective limitation (<0.05 wt%).

HCO3;~ +H,0 — CO3%~ +H* (8)

Then 3 mL 4.2 mmol L-! NaNO, solution was introduced, start-
ing the reaction. Samples of 1 mL were taken with a syringe every
5 min. Catalysts were removed using a syringe filter (PTFE, 0.2 wm)
before injecting into ion chromatograph (DIONEX, ICS 1000) to
determine the content of nitrite and ammonium.

3. Results
3.1. Elemental analysis and physical properties

XRF results in Table 2 shows that the chlorine concentration
decreased with increasing pH (less HCl used) for as-prepared
catalysts. Chlorine content was below the XRF detection limit
(<0.05 wt%) after reduction in Hy/N, at 200°C. The Pd content of
all catalysts was 1.2 0.1 wt.

TEM results in Table 2 and Fig. 1 and S-1 show Pd particle sizes
of about 3 nm on average in all catalysts, except for Pd_AC_1_R with
4nm averaged particle size, prepared using the highest HCI con-
centration and reduced at 200°C.

CO chemisorption was used to determine the accessibility of
Pd surface in gas phase. As shown in Table 2, the apparent disper-
sions were as low as 10% for all as-prepared catalysts. Note that the
samples were first reduced in H; flow at room temperature before
CO was chemisorbed from gas phase. After reduction in Hy/N;
at 200°C, the apparent dispersion was significantly increased,
agreeing with our previous observations [ 13]. Nevertheless, the dis-

Fig. 1. Typical TEM images of Pd-PVA supported on AC: (a) Pd-AC.1_A; (b) Pd_.AC_1R.
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Fig. 2. UV-vis spectra of unsupported Pd-PVA colloid suspension after stirring in air
for 2 h at different pH adjusted with HCI. The absorption peaks at 207 nm and 236 nm
can be attributed to [PdCl3(H,0)]~ and peaks at 222 nm and 278 nm to [PdCl4]?~
[34,35]. Note there is no activated carbon support added in the colloid suspension.

Table 3

XPS results of Pd and Cl oxidation-states and surface concentration.
Sample Pd?*/Pd Cl(Pd)/C1? CI(Pd)/Pd?*
Pd-AC.1.A 0.38 0.75+0.04 1.7
Pd_AC2A 0.38 0.79+0.05 1.8
PdAC3A 0.07 0.72+0.04 3.0
Pd-AC.1.R 0.12 0.37+0.11 2.1
Pd-AC.2R 0.03 0.43+0.12 3.1
Pd_AC3R 0.03 0.36+0.11 1.7

2 CI(Pd) stands for chlorine bonded on Pd surface.

persion of the catalyst prepared with pH 3 was only 18% after the
reduction, much lower as compared with catalysts prepared with
pH 1 and 2 (about 30%).

Figure S-2 shows that PVA is blocking micro-pores exclusively
in all catalysts, without influencing meso-pores where the Pd NPs
are most probably located, agreeing with the previous study [13].

3.2. UV-vis spectroscopy

Fig. 2 shows partial re-dissolution of Pd for unsupported Pd-PVA
colloid stirred in air at different pH controlled by HCI concentration.
No Pd-Cl complex was detected in as-prepared colloid suspension,
indicating no Pd-containing ions exist right after colloid prepara-
tion. After stirring in air for 2 h, [PdCl3(H,0)]~ (207 nm and 236 nm)
was the only detected Pd-Cl complex in the colloid suspension at
low HCI concentration (pH 3). In contrast, [PdCl4]?>~ (278 nm) is
detected in the suspension at pH 2, becoming the majority Pd-Cl
complex (222 nm and 278 nm) when the pH was further decreased
to 1 by adding more HCl.

3.3. XPS

XPS results are summarized in Table 3, and typical spectra are
shown in Fig. 3 and Figure S-3 in Supporting Information. The
results agree with previous observations in general: the surface of
Pd NPs was oxidized by formation of PdCl,; reduction in Hy/N,
at 200°C reduces Pd%* to Pd®, while removing chlorine [13]. In
addition, the results show that these effect depend on the HCI con-
centration: while only 7% Pd is oxidized in the as-prepared catalyst
prepared with low HCI concentration (pH 3), much higher values
are observed (up to 38%) for catalysts prepared with lower pH. It is

also shown that as high as 12% Pd is oxidized in catalyst prepared
with pH 1 after reduction in Hy /N, at 200°C.

On the other hand, two types of chlorine were detected with
formal charge Cl~, as shown in Fig. 3 and Table 3, which can be
attributed to Cl bonded to Pd (ca. 198 eV) and Cl in organic com-
pounds presumably present on AC (ca. 200 eV), respectively [36].
The amounts of both types of chlorine decreased significantly after
reduction at 200°C in H;/N,, whereas the signal of chlorine in
organic compounds decreased to lesser extent as compared to chlo-
rine on Pd. Furthermore, the molar ratio of Cl(Pd)/Pd?* was in the
range of 2-3 for all samples, both before and after reduction.

3.4. Nitrite hydrogenation

Fig. 4(a) and (b) present concentrations of nitrite and ammo-
nium as function of time. The initial rate per total Pd can be
estimated using the Pd loading as determined by XRF in Table 1, as
shown in Fig. 4(c). Alternatively, Fig. 4(d) shows the initial rate per
surface Pd, where the amount of surface Pd was determined by XRF
results together with CO chemisorption results in Table 2. In both
cases, thereaction rate showed no significant change with variation
of the pH during colloid immobilization for as-prepared Pd-PVA/AC
catalysts in Fig. 4(d). For the reduced catalysts, an increase of reac-
tion rate was observed with increasing the pH-value. Additionally,
ammonium formation continued after nitrite was converted com-
pletely. This was explained in previous work by the presence of
residual N-containing species on Pd surface, probably nitrogen
atoms, reacting very slowly with hydrogen at close-to-complete
conversion level [15]. Consequently, the selectivity of the catalysts
to ammonium can only be compared at conversion levels below
100%.

Fig. 5 shows that selectivity to ammonium decreased with
increasing pH during colloid immobilization, for both as-prepared
and reduced catalysts. The reduction treatment at 200°C in H, /N,
resulted in higher selectivity to ammonium, regardless the amount
of HCl used for immobilization.

The amount of Cl introduced by adding the catalysts to the
batch reactor (Mcjcata) can be calculated using the XRF results in
Table 2, as shown in Table 4. Cl~ is released from the catalyst to the
solution during the 1h pre-reduction treatment, before the reac-
tion is initiated by injection of the nitrite solution. The amounts
of CI~ in aqueous phase detected by IC (Mcj so1y) are also shown in
Table 4. In all cases, the values of M| cara and Mcjsopy are in good
agreement, indicating that chlorine on the catalyst indeed dissolves
completely. In order to reveal the influence of the free Cl~ in the
reaction solution on catalyst performance, NaCl was added to the
reaction slurry with Pd_AC_3_R, as shown in Table 4. The catalyst
activity remained constant within experimental error as a result of
adding NaCl; surprisingly, the selectivity to ammonium decreased
significantly.

4. Discussion
4.1. Influence of HCl on the accessibility of Pd surface

CO chemisorption results in Table 2 show significant increase
of accessible Pd surface after reduction in H,/N, at 200°C for the
catalyst prepared at pH 1 and 2, resulting in Pd dispersions sim-
ilar to the observations with TEM. This confirms that PVA can be
removed completely using HCI at pH 2 in the presence of air, as
reported previously [13]. After PVA removal via washing and sub-
sequent drying, H, reduction at 200 °C removed chlorine from the
Pd surface via formation of gaseous HCl, as confirmed by XRF results
in Table 2.
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(a) Pd’

Intensity (a. u.)

Pd AC 2 R

DR
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(b)
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Fig. 3. XPS spectra of activated carbon supported Pd-PVA colloids prepared at pH 2: (a) Pd 3d spectra, (b) Cl 2p spectra. Original data (hollow dots) was subtracted with Shirley
background (black line) and fitted using method described in Section 2.5. The fitted Pd 3d5/2 peaks, and Cl 2p3/2 peaks are highlighted (blue and orange) for comparison. The
fitted Pd 3d3/2 peaks and Cl 2p1/2 peaks are kept in gray. The sum of all fitted peaks showed as red line with error showed as dash line. CI(C) and CI(Pd) stand for chlorine
in organic compounds and chlorine bonded on Pd surface, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Table 4

Summary of reaction rate and selectivity to ammonium related to chlorine concentration.

Sample Mcicata Mcisolu Initial Initial rate per NH4* selectivity at 80%
(pmol)? (pmol)® rate per total Pd surface Pd conversion (%)
(Molyitriee MOlpg~' L~ min~")  (Molyicsire Molpg~! L~! min-1)
Pd_AC.1.A 16 16 7.7+1.5 62.6+12.5 9.1+0.5
Pd_AC2.A 11 11 6.0+1.5 51.3+12.8 3.6+04
Pd-AC3.A 8.4 8.0 42415 50.7+17.8 0.84+0.2
Pd_AC3_R - 0.3 12615 719485 23403
Pd_AC_3_R with extra NaCl 9.2 133+£1.5 76.1+8.5 1.1+£0.2

2 Amount of Cl introduced by adding the catalyst in the reactor, according to XRF results in Table 2.

b Amount of Cl in aqueous phase during reaction detected by IC.

On the other hand, CO chemisorption data in Table 2 also show
a relatively low Pd dispersion of 18% on the reduced catalyst pre-
pared with low HCI concentration (pH 3). This apparent dispersion
is lower than what would be expected based on TEM and we sug-
gest that this is caused by the presence of PVA. XRF results in Table 2
show arelatively low chlorine concentrationin the as-prepared cat-
alyst, in agreement with XPS results in Table 3. In this as-prepared
catalysts only 7% of the Pd is oxidized as can be seen in Figure
S-3(a); furthermore, the Pd%*: CI(Pd) molar ratio is 1: 2, indicat-
ing that the chlorine coverage is well below one monolayer (about
30%), much lower as compared to catalyst prepared using higher
HCI concentration (pH 1 and 2). Obviously, both the low chlorine
and Pd%*content are caused by the low HCI concentration used dur-
ing the preparation. We suggest that the small amount of Cl~ is not
sufficient to induce desorption of PVA to the same extent at high
Cl~ concentration.

Interestingly, the data in Table 4 reveals that almost all chlo-
rine present on the catalyst desorbed and dissolved during the
reaction, based on the similarity between the amount of CI~ intro-
duced, according XRF, and Cl~ content in aqueous phase in the

batch reactor as detected by IC. Apparently, the majority of chlo-
rine can be removed from the catalyst surface during reduction in
H, in aqueous phase, before nitrite was introduced, by reducing the
PdCly species to Pd metal and producing HCl. However, this does
not rule out small amount of chlorine on Pd can still influence the
catalytic reactions, as discussed below in Section 4.3 and 4.4. Addi-
tionally, the produced HCl is in such a low concentration (lower
than 54 wmol L~ as calculated based on data in Table 4), and can-
not influence the pH in the reactor significantly, especially in the
presence of CO,.

In short, a critical amount of chlorine is necessary for PVA
removal from the Pd surface. The chlorine concentration in the cat-
alyst is determined by the HCI concentration in the aqueous phase
during immobilization of Pd-colloid on the carbon support.

4.2. Influence of HCl on Pd oxidation state and particle size

UV-vis spectra in Fig. 2 show the presence of Cl-containing Pd
complex anions in the unsupported colloid suspension after stir-
ring in air with different HCl concentration, and the complexes
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Fig. 4. Activity of Pd-PVA supported on AC before and after reduction at 200°C in H,/N,: concentration of nitrite (solid symbols) and ammonium (open symbols) with (a) as
prepared and (b) reduced catalysts; initial reaction rate (c) per total Pd or (d) per surface Pd (in unit of moljiice molpg~' L=' min~') with catalysts prepared at different pH.

The error bars represent standard deviation.

converted from [PdCl3(H,0)]~ to [PdCl4]?~ with increasing HCI
concentration (i.e., decreasing pH). Apparently, these Pd complex
anions originate from partially re-dissolution of the Pd NPs, accord-
ing to Eq. (9).

Pd*S Pdcl, "2 [PdCl; (Ho0)] S [PdCly 2 9)
O H* +H,0 -H,0

XRF results in Table 2 clearly show very similar Pd loadings for
all the catalyst supported on AC, independent of the HCI concen-
tration. This indicates that the majority of dissolved PdClx-(H20)4.x
anions (2 <x <4) re-adsorb on AC. In this study, the Pd dispersion
determined by CO chemisorption, after reduction at 200°C for 2 h
in order to remove chlorine from the Pd nanoparticles, is 32% for the
catalyst prepared with the highest HCl concentration (pH 1), signif-
icantly higher than the dispersion estimated based on TEM (22%).
This indicates the existence of extremely small Pd NPs, which can-
not be detected with the TEM used in this study. Simonov et al.
reported that [PdCl4]~ can either form w-complexes of PdCl, with
C=C fragments of the carbon matrix, or be reduced to metallic
Pd particles by spontaneous reduction on carbon in the presence
of HCl [36-38]. Probably, extremely small Pd and PdCl, particles
are formed in the same way here. On the other hand, TEM shows
even larger Pd particles with an average size of 4 nm in the sample
Pd_AC_1_R, indicating some sintering during reduction in Hy /N, at
200°C.

Surprisingly, as high as 12% of Pd atoms remained oxidized after
reduction in Hy/N, at 200°C for 2 h with catalyst prepared with
the highest HCI concentration (pH 1), according to XPS results in
Table 3 and Figure S-3. As comparison, only 3% of Pd was oxidized
in reduced catalysts prepared at pH 2 and 3. All catalysts were kept

in ambient overnight before XPS performed. The high amount of
oxidized Pd in the reduced catalyst prepared with pH 1 is support-
ing the suggestion that very small Pd particles are present, as these
are more susceptible for oxidation in ambient.

In summary, excess amount of HCI causes partial re-dissolution
of Pd NPs, causing increasing Pd particle sizes as well as residual
PdCl, after reduction by Hy. Thus a moderate amount of HCl should
be used to remove PVA from Pd surface completely, at the same
time minimizing side-effects caused by extra HCI.

4.3. Influence of HCl on activity

4.3.1. Influence of chlorine on the activity of as-prepared catalysts

As shown in Fig. 4(c) and (d), all as-prepared catalysts showed
similar activity within experimental error, regardless the different
chlorine concentrations. Accordingly, XRF results in Table 2 and
IC results in Table 4 show the majority of chlorine re-dissolved
in aqueous phase during the reduction treatment in the reactor,
immediately before the catalytic experiment, cleaning the Pd sur-
face and making the surface Pd atoms accessible for reactants.
Furthermore, no significant change in activity for Pd_AC_3_R was
found when adding chlorine up to 9.2 umol (30 wmol L~1) as shown
in Table 4. Apparently, chlorine dissolved in the reaction mixture
at the concentrations in this study has no significant influence on
the apparent activity.

At first sight this seems to disagree with results reported by
Pintar, et al. on nitrate hydrogenation on Pd/Al, 03 [39] and Chaplin
et al. on nitrite hydrogenation [40]. In both studies reaction rates
decrease with chlorine addition; it should be noted though that
the chlorine concentration in this study is at least two order of
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Fig. 5. Selectivity to ammonium for nitrite hydrogenation with Pd-PVA supported on AC: (a) selectivity to ammonium as function of nitrite conversion with as-prepared
catalysts; (b) selectivity to ammonium as function of nitrite conversion with catalysts reduced at 200°C in H,/N3; (c) comparison of ammonium selectivity at 80% nitrite

conversion with catalyst prepared at different pH.

magnitude lower, explaining why the effect on catalyst activity is
negligible.

4.3.2. Activity after reduction

The activity of the catalysts after reduction in H,/N, at 200°C
is compared in Fig. 4(c) and (d). The initial rates of the reaction
increase with increasing pH, using less HCI during immobilization
of the colloid. It is clear from the discussion above that dissolution
and re-deposition of Pd is likely to occur during immobilization
of the colloid, probably influencing the particle size distribution of
Pd NPs on the support, especially in the case of high HCI concentra-
tion (low pH). Possibly, extremely small Pd particles induce a lower
activity per active site, as particle size effect have been experimen-
tally excluded exclusively for metal particles larger than 2.5nm
[14,17,18]. This hypothesis needs to be further tested using catalyst
with narrow particle size distribution below 2 nm to even atomic
level.

In summary, catalyst prepared with lowest HCl concentration
(pH 3) results in the highest activity after reduction in Hy/Nj,
despite incomplete removal of PVA from the Pd surface. Instead,
the re-dissolution of Pd in presence of high HCl concentration in air
may cause the decrease of the activity despite complete removal of
the polymer.

4.4. Effect of HCl on the selectivity to ammonium

Reduction in Hy /N, at 200 °C increases the selectivity to ammo-
nium as shown in Fig. 5(c), together with removal of chlorine
content as detected by XRF in Table 2 and XPS in Table 3. On the
other hand, Table 4 shows the selectivity decreases with adding
extra NaCl in Pd_AC_3 R catalyst. Clearly, Cl~ decreases the selec-
tivity to ammonium, no matter whether Cl~ is released from the
catalyst during the reaction or is added to the aqueous phase reac-

tion mixture. A reliable comparison to similar effects reported in
literature is not possible, again because the concentration of chlo-
rine in this study is much lower than in literature [39,40].

Surprisingly, the selectivity to ammonium increased with
increasing HCl concentration during colloid immobilization, for
both as-prepared and reduced catalysts, as shown in Fig. 5. Table 4
confirms that catalysts prepared with higher HCl concentration
induced higher chlorine concentration during the catalytic reac-
tion. Clearly, this disagrees with the effect of the ClI~ concentration
in the reaction mixture as discussed above and therefore another
effect on selectivity apparently contributes.

It was found in our previous work [14] that PVA is not influenc-
ing the selectivity whereas the selectivity to ammonium increases
with increasing Pd particle size. Therefore, we suggest that the
selectivity is influenced via the metal particle size as the particle
size distributions might be different, as discussed above, influ-
enced by the dissolution and re-deposition of Pd in presence of
HCI. Clearly, more work would be needed to test this hypothesis.

In short, the selectivity to ammonium decreases with adding
low concentration of chlorine in the reaction mixture, whereas the
selectivity to ammonium increases with increasing concentration
of HCI during colloid immobilization.

5. Conclusion

Pd-PVA colloids have been immobilized on AC with different
HCI concentration in the presence of air. High concentration of HCI
(pH 1) used during colloid immobilization causes partial dissolution
of Pd, decreasing activity for nitrite hydrogenation and increasing
selectivity to ammonium. In contrast, high activity and low selec-
tivity to ammonium can be achieved by using low concentration of
HCI (pH 3) during colloid immobilization, despite the fact that PVA
can only be partly removed from the Pd particles. Finally, low con-
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centration of free Cl~ in the reaction mixture induces a decreasing
selectivity to ammonium, without influencing the reaction rate.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.cattod.2017.01.
028.
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