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Effects of residual double bonds on the catalytic
activity and stability of Pt/SDB hydrophobic catalyst

Xiuchun Li, Cailin Liu,* Kezhen Gou, Haijun Yang, Xianyan Ren, Bihui Peng

Pt/SDB hydrophobic catalysts, platinum supported on cross-linked styrene-divinyl benzene copolymer
(SDB), were prepared by an impregnating method. Results indicated that the contents of residual double
bonds was positively proportional to the amount of divinyl benzene (DVB) and negatively proportional
to the amount of initiator. When the molar ratio of DVB to St was 1:1, the content of residual double
bonds reached a highest value of 1.248 mmol/g. The influences of the contents of residual double bonds
on the loading amounts of Pt, as well as the catalytic activity and stability of Pt/SDB catalysts were
investigated. Performance tests demonstrated that the loading amounts of Pt increased correspondingly,
as the contents of residual double bonds increased. Moreover, Pt/SDB with a higher content of residual
double bonds generally had a higher column efficiency and a better stability. Interestingly, the column
efficiencies of Pt/SDB with a highest content of residual double bond were all above 90% under all

experiment conditions.

1. Introduction

Liquid phase catalytic exchange (LPCE), hydrogen isotope exchange
between liquid water and gaseous hydrogen, is an efficient approach
for separating tritium from tritiated water [1]. Due to its lower
energy consumption and higher equilibrium separation factor, LPCE
has been widely applied in producing and upgrading heavy water,
removing tritium from light water or heavy water, and recovering
tritium for fusion reactor [2-4]. In LPCE, an efficient and stable
hydrophobic catalyst plays a key role in the catalytic exchange
process [1-5].

Platinum is usually the most active metal used in the hydrophobic
catalysts of LPCE, such as metallic oxide supported Pt catalysts
[6-8], Pt/C/polytetrafluoroethylene (PTFE), Pt/PTFE [9-12], and
Pt/SDB [13-15]. However, the metallic oxide supported Pt catalysts
usually suffer strong mass-transfer limitations and catalyst poisoning
when contacted with liquid water [16]. Generally, Pt/PTFE has a low
stability and a short service life due to the weak interactions between
Pt and PTFE [17]. Besides, the catalytic activities of Pt/C/PTFE are
comparatively low because that the Pt supported on activated carbon
are inevitably covered by PTFE and thus the interfacial areas of
Pt/C/PTFE are small [18]. It is noted that Pt/SDB hydrophobic
catalysts usually have a good stability and a high catalytic activity,
which have become the focus of research and application [19-23].
For Pt/SDB, synthesis of a hydrophobic SDB carrier with a large
surface area is the most important. SDB carrier is usually
synthesized via a copolymerization of St and DVB, of which the
mechanisms and kinetics were previously studied [24-26].
Experiments indicated that there were some unreacted vinyls
remained in SDB, which were called “residual double bonds” [27].
This was because the activities of the two vinyls in DVB were
different in copolymerization, and the activity of the second vinyl
decreased significantly after the first vinyl participated in
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polymerization. Theoretically, coordination bonds could be formed
between Pt and residual double bonds as well benzene rings [28].
The existence of both residual double bonds and benzene rings in
SDB could provide a strong interaction between Pt and SDB carrier
and thus improve the stability of Pt/SDB catalysts. To the best of our
knowledge, the effects of the contents of residual double bonds on
the stabilities and catalytic activities of Pt/SDB catalysts have not
been investigated. In this work, SDB carriers with different contents
of residual double bonds were synthesized. Furthermore, the effects
of the residual double bonds on the loading amounts of Pt, as well as
the stabilities and catalytic performances of Pt/SDB hydrophobic
catalysts were studied.

2. Experimental section

2.1. Chemicals and Apparatus

All reagents used were analytical grade: Styrene (St), Polyvinyl
alcohol-2499 (PVA-2499), Sodium dodecyl benzene sulfonate
(SDBS), Calcium carbonate (CaCOs), Anhydrous ethanol, Toluene,
N-heptane, Dichloroethane, Benzoyl peroxide (BPO), Dioxane,
Sodium bromide, Methanol, Sodium thiosulfate, Potassium iodide,
and Acetone. Divinyl benzene (DVB) was purchased from Aladdin
Chemical Co. Hexahydrated chloroplatinic acid (H,PtCls.6H,0) was
obtained from Suzhou Jinwo Chemical Co., Ltd. of China.

2.2. Preparation of SDB carrier

The amounts of different reagents used for the preparation of
SDB are shown in Table 1. PVA-2499, CaCOs3, and SDBS were
added to deionized water in a three-necked flask at 30 °C. After
being dissolved completely, a mixture of St, DVB, toluene, n-
heptane, dichloroethane, and BPO were added dropwise into
the three-necked flask with stirring. The resulting reaction
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mixture was heated to 85 °C and kept at this temperature for 4
h. SDB particles obtained by filtration were thoroughly washed
with water, ethanol, as well as acetone, and dried in vacuum at
ambient temperature.

Table 1 The amounts of reagents used for the preparation of SDB.

Ingredients Weight (g) Ingredients Weight (g)
PVA-2499 1.0 St 10
SDBS 0.12 DVB 6,8, or 10
CaCO3 0.5 Toluene 15.8
Water 200 n-heptane 12.4
BPO 0.5,1,2,3,4,0or5 Dichloroethane 11.6

2.3. Preparation of Pt/SDB carrier

H,PtCls-6H,0 (255 mg) was dissolved in isopropyl alcohol solution
(68 mL). In this solution, 5 g of SDB was impregnated for more than
24 h at room temperature. Isopropyl alcohol and water were then
evaporated with stirring at 60 °C. The resulting particles were
reduced in a reduction furnace under hydrogen at 220 °C for 8 h.
When the reduction furnace was cooled to room temperature,
hydrogen was purged with nitrogen and a Pt/SDB hydrophobic
catalyst was thus obtained.

2.4. Determination of the contents of residual
double bonds [30]

To a 250 mL iodine flask was added 0.5 g of SDB, 10 mL of
dioxane, and 10 mL of NaBr-Br, methanol solution (0.25 mol/L).
The resulting mixture was kept in dark overnight. Then 10 mL of
potassium iodide aqueous solution (10 wt%) was added into the
iodine flask. The iodine released was titrated by standard sodium
thiosulfate solution. The contents of residual double bonds were
determined as follow:
B (Vo — V) 0.1
C=¢ = 2000m

Where Re_c is the contents of residual double bonds (mmol/g), V,is
the volume of standard sodium thiosulfate solution consumed by
15ml NaBr-Br, methanol solution, V; is the volume of standard
sodium thiosulfate solution consumed by the tested SDB sample,
and m is the weight of tested SDB sample.

2.5. Catalytic performance evaluation

The catalytic performances of Pt/SDB were tested in a glass column
with an internal diameter of 20 mm and a height of 300 mm [31].
The Pt/SDB hydrophobic catalysts and an insert packing of
Dixon gauze rings were mixed well with a volume ratio of 1:3 and
then used to fill the glass column. Thereafter, column was packed at
both ends with a 80 mm-height of Dixon gauze rings layer to
promote liquid and gas distribution. The total height of all the
packing was 240 mm.

In LPCE, hydrogen gas was fed from the bottom end of the glass
column and deuterated water (deuterium (D)/hydrogen (H) atomic
ratio = 1.0 x 10?) was added from the top end with a fixed molar
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ratio of hydrogen to deuterated water of 1:1.5. The catalytic
activities were tested at 50 °C, 65 °C, and 80 °C under different flow
rates of hydrogen gas and deuterated water (Table 2). The catalytic
performances were evaluated by the column efficiency n of the glass
column.

Yo~ Wi 0
n="2-x100%

Yo =Wt
Where y, is the HD concentration in the hydrogen gas at the inlet, y,
is the HD concentration in the hydrogen gas at the outlet and y,” is
the HD equilibrium concentration in the hydrogen gas at the outlet.
The y," value was calculated according to the reaction equilibrium

and the separation constant.

Table 2 The flow rate of hydrogen gas and deuterated water.

The flow rate of
deuterated water (g-min™")

The flow rate of
hydrogen gas (L-min™")

1 1.5
2 3.0
3 4.5
4 6.0
5 7.5

2.6. Sample Characterization

SDB and SDB after being titrated with NaBr-Br, were characterized
by Fourier transform infrared spectra (FT-IR) in the range of
400~4000 cm'. The crystal structures of SDB and Pt/SDB were
characterized by powder X-ray diffraction (XRD) using Cu Ka
radiation (A=0.154056 nm) in the range of 26 =10~90°. Scherrer
equation was then applied to calculate the diameter of Pt. The
loading amounts of Pt were determined by inductively coupled
plasma emission spectrum-mass spectrometer (ICP-MS). The sample
used for ICP-MS was first burned in a muffle furnace at 800 °C for 2
h with a heating rate of 10 °C/min and then dissolved in aqua regia,
and the resulting mixture was diluted to a constant volume. The mass
losses of Pt/SDB catalysts were tested by thermal gravimetric
analyzer (TG) in N, with a constant heating rate of 10 °C/min from
room temperature to 800 °C. The binding energy of Pt/SDB was
measured by X-ray photoelectron spectrometer (XPS) using Cu Ka
radiation.

3. Results and discussion

3.1. FT - IR analysis of SDB and SDB after being
titrated with NaBr-Br,

FT-IR spectroscopy was used to detect residual double bonds in
SDB. As shown in FT-IR spectra (Fig. 1, curves 1~5), two
absorption peaks at 1640 cm-1 and 989 cm™' were attributed to the
stretching vibration of C=C bond and the deformation vibration of
=C-H bond , respectively [32]. While the two characteristic peaks of
double bond in SDB were not observed in the FT-IR spectrum of
polystyrene (PS) (curve 6), and disappeared after being chemically
titrated (curves 7~11). These results indicated that there are certainly
some residual double bonds existed in the prepared SDB.

This journal is © The Royal Society of Chemistry 2012
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Fig. 1. FT-IR spectra of SDB (curves 1~5) and SDB after being
titrated with NaBr-Br, with different molar ratios of DVB to St
(curves 7~11), and PS (curve 6).

3.2. Determination of the contents of residual double
bonds in SDB

When DVB was used as a crosslinking agent, the activity of the
second vinyl decreased significantly when the first vinyl participated
in polymerization [27]. When gelation took place in the
polymerization system, some unreacted double bonds were bounded
in the initial formed network, which could not further be reacted
[33]. Therefore, some residual double bonds would remain unreacted
in the SDB copolymer.

Data show that the contents of residual double bonds increased
gradually with the amount of DVB, and reached 1.248 mmol/g when
the molar ratio of DVB to St was 1:1 (Table 3). On the other hand,
the contents of residual double bonds decreased with the increase of
the amount of BPO (Fig. 2), which was probably due to the increase
of free radical concentration and crosslinking degree.

Table 3 The contents of residual double bonds in SDB with different
molar ratio of DVB to St.

Molar ratio of DVB to St 1:1 4:5 3:5 2:5 1:5

Content of residual

1.248 1.027 0.906 0.725 0.453

double bond (mmol/g)
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Fig. 2. The contents of residual double bonds in SDB with different
dosage of BPO.
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3.3. XRD analysis of Pt/SDB hydrophobic
catalysts

As shown in Fig. 3, the characteristic diffraction peaks at 26 = 39.7°,
46.2° and 67.5° were ascribed to the (111), (200), and (220) planes
of Pt, respectively. This was consistent with the face-centered cubic
(fce) structure of platinum [34]. However, the three characteristic
diffraction peaks were not observed for SDB. This indicated that Pt
were successfully supported on SDB carriers. As the contents of
residual double bonds increased, the diffraction peak intensities of Pt
increased correspondingly, indicating that the loading amounts of Pt
were positively proportional to the contents of residual double
bonds. The particle size of Pt was calculated using the diffraction
peaks of Pt in SDB by Scherrer equation. When the molar ratios of
DVB to St were 1:1, 4:5, and 3:5, the diameters of Pt were 6.8 nm,
4.5 nm, and 2.3 nm, respectively.

1:1 Pt/SDB

Diffricted intensity(a.u.)

1 1
20 30 40 50 60 70
20 (degree)

Fig. 3. XRD spectra of Pt/SDB and SDB with different molar ratios
of DVB to St.

3.4. ICP-MS analysis of Pt/SDB hydrophobic
catalysts

The loading amounts of Pt supported on SDB were measured by
ICP-MS. As shown in Table 4, the Pt contents of Pt/SDB catalysts
were positively proportional to the contents of residual double
bonds, which was consistent with the result obtained from XRD
analysis. When the highest contents of residual double bonds was
1.248 mmol/g, the highest Pt contents of 1.467% was obtained.
Theoretically, both benzene rings and residual double bonds could
form coordination bonds with Pt [28]. In the Pt/SDB catalysts, the
existence of both benzene rings and residual double bonds could
probably strengthen the interaction force between Pt particles and
SDB carrier. Thus, the loading amounts of Pt increased accordingly
with the increase of the contents of residual double bonds.

Table 4 The loading amounts of Pt in Pt/SDB hydrophobic catalyst
with different molar ratios of DVB to St.

molar ratio of DVB to St 1:1 4:5 3:5
Content of residual double 1248 L027 0906
bond (mmol/g)

Loading amounts of Pt (%) 1.467 1.069 0.878
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3.5. Column efficiency analysis of Pt/SDB

hydrophobic catalysts

The catalytic performance of Pt/SDB was evaluated by column
efficiency, which was measured at different temperatures with
different hydrogen gas flow rates. As shown in Fig. 4, Pt/SDB with a
higher content of residual double bonds generally had a higher
column efficiency. When the highest contents of residual double
bonds was 1.248 mmol/g, the column efficiencies of Pt/SDB were
excellent and all above 90% under all the experimental conditions.
However, the column efficiencies of Pt/SDB with less contents of
residual double bonds declined obviously as the hydrogen gas flow
rates grow. Interestingly, improving the contents of residual double
bonds could provide Pt/SDB a better column efficiency in a larger
rang of hydrogen flow rates. It was probably because that a higher
content of residual double bonds provides a stronger interaction
between Pt and SDB, which in turn improve the loading amount of
Pt.

°
3

~
S

N @

s 3

2
3

a
s

Column efficiencies (%)
g 8

Column efficiencies (%)

a
3

@
s

The flow rate of H, wmin)

b

—_—

*I \
70 b

—a— 11
—e—4:5
40 - —h—3:5

3

2
g

1 2 3 K
The flow rate of H( L'min™" )
c

Fig. 4. The column efficiencies of Pt/SDB at different temperatures:
() 50°C (b) 65°C (c) 80°C.

3.6. Stability of Pt/SDB hydrophobic catalysts

The Pt/SDB hydrophobic catalysts were processed under the same
reaction conditions as LPCE for 0 d, 14 d, and 30 d. The mass losses
of Pt/SDB catalysts after being treated for different times were
measured by TG analysis (Fig. 5). Actually, the residual masses
were mainly arrived from the remained Pt loaded on SDB, which
could be used to evaluate the stabilities of the Pt/SDB hydrophobic
catalysts. As shown in Fig. 5, the Pt losses of Pt/SDB catalysts with
less content of residual double bonds were more serious after being
treated for 14 d and 30 d. In other words, a higher content of residual
double bonds could give Pt/SDB a better stability. It was probably
due to the strong interaction formed between Pt and benzene rings as
well as residual double bonds [35-37]. Therefore, the contents of
residual double bonds were an important factor for the stabilities of
Pt/SDB.
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Fig. 5. Stabilities of Pt/SDB with different molar ratios of DVB to
St: (a) 1:1(b) 4:5 (c) 3:5.

3.7. XPS analysis of Pt/SDB hydrophobic catalysts

The Pt4f high resolution spectra of Pt/SDB with different molar
ratios of DVB to St are shown in Fig. 6. For element Pt, the electron
binding energy of 4f;, is 71.20+0.1 eV [38]. With the contents of
residual double bonds increasing, the binding energy of the Pt4f;,
orbit gradually increased from 71.40 eV to 72.26 eV. It was probably
due to the electronic delocalization effect formed between the d
orbital of Pt and = conjugated ligand of benzene ring and residual
double bond as the electrons transferred from Pt to the SDB [39]. In
addition, the activity of Pt/SDB in LPCE was mainly determined by
the hydrogen dissociative adsorption rate on platinum and the
transition state is expressed as H-Pt/SDB. Due to the electron
delocalization effect, the energy of Pt-H bond and the activation
energy for desorption of H atoms decreased [40]. Therefore, the
catalytic activities of catalysts were improved.

Pt 4f
72.26 @

L
88 86 84 82 8

| L 1 L L
0 78 76 74 72
Binding Energy (eV)

L L
70 68 66 64

Fig. 6. XPS micrographs of Pt/SDB with different molar ratios of
DVB to St.

4. Conclusions

This journal is © The Royal Society of Chemistry 2012
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The existence of both benzene rings and residual double bonds in
SDB carriers could provide a strong interaction force between Pt
particles and SDB carriers. Generally, Pt/SDB with a higher content
of residual double bonds had a higher Pt content, a better stability,
and a higher catalytic activity. When the highest content of residual
double bonds is 1.248 mmol/g, the column efficiencies of Pt/SDB
were excellent and all above 90% under all the experimental
conditions. Therefore, the contents of residual double bonds were an
important factor for the stabilities and catalytic activities of Pt/SDB.
XPS analysis showed that the electron delocalization formed
between the d orbital of Pt and © conjugated ligand of benzene ring
as well as residual double bonds was enhanced with the increase of
the contents of residual double bonds. Besides, the energy of Pt-H
bond and the activation energy for desorption of H atoms was
decreased simultaneously, which was responsible for the catalytic
activity improvement of Pt/SDB.
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