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JIn order 10 decompose trace dmounis of mtnte in drmkmg water uuder nnid cond:tlons a ﬂxcd»bed fiitermg

B sysiem {hat ‘used ‘structural : catalysts ‘was <mployed to filter recycled -aqueous nitrite. -High performance and
- continuous mass processing are generally accepted as requirements to catalyze the decomposmon of aqueous nitrite. -

_Howcvcr the use of a fixed-bed operatlon when eeycling aqueous nitrite with pailadium catalyst systems could
“result in either negligible activity when using a carbon monolith impreguated with Pd, or could stop the flow by

C. enhancing the. pressure drop whan using non-porous -alumina spheres ‘coated -with Pd/C -or ‘structural _catalysts " -
: - consisting of a polyurethane sponge skeleton impregnated with Pd.In the prcscnt paper, a Si/SiC ceramic filler was

- ‘employed as a structural suppori fo prevent pressure drop. When paliadium was loaded onto the surface of the filter . <

© .- via electroless plating, contingous flow suitably contmucd and the conyersion of nitrite was 45% after 60 min, in . L

*contrast, when paiiadmm was oadgd after :the coating of the filter ‘with alumina, complete decomposmon was 5

- :achieved afier 60 min under conditions corresponding to those used for the former system. X-ray diffraction, an Ny /25
- “adsorption-desorption . measurement, ‘scanning-electron microscopy, and energy-dispersive X-ray ‘spectroscopy 7"

" results “in - the formation of ‘nitrite (Eq. .

" analyses revealed that a higher dispersion of palladium on the Iatter. stmctura] cataiyst rcsulted in the grcatcst level ©

R of actmty for, the reductwe dccomposmon of aqueous mtntc L

o _ -Introductlon

Nmogen-contammg compounds such as mtrate

o _(N03 ) -and nitrite (NOz ) are known. as harmful B
o contamjnatlons in water since they are causatlve agents

fors methemoglobmemla (Titov "and. Potlenko, -2005;
- Gladwin e al, 2009) diabetes {Dahlquist er al., 1990)
and stomach cancer (Bryan et al,, 2012). Since nitrate is

- "_-present mamly in natural settings -(Cantar, :1996), its
~*‘reduction has received attention for the purification of -

' -'polluted water, and catalytlc reductive decomposition is
“the ~‘most plau31ble ‘techniques to -accomplish ‘this.
~However, since the reductive decomposxtwn of mtrate

1,

'on the earth‘s surface at lower concontlatmns than that SR

--of nitrate. It should be noted ‘that nitrite easily Teacts

- with hemoglobm in_thebiood, - w]nch resulis .in . ’{he o
“development - S
- Petrenko, 2005; Gladwm ‘et al.,:2009). Due to the . =~ "
porsonous nature of nitrite, in 2014, the Mxmstry of .

' -'decomposmon of nitrite is certainly as jmportant as that o

~*" of nitrate (Hayashi et al., 2000 Sakamoto ef al., 2004;
e Wang et al 2007, 2009)

MOy o Oy .'—’; N )

. Furthermore, ‘organic - nitrogen compounds -that .are "

present in the natural world often are decomposed to
nilrite via the aerobic bacteria found in soil  and

. -groundwater. Therefore, the resultant Iii_trite is common - .-

of methemog]obmemla (Titov .~

quahty standards for 1ts presence in drmkmg watel ﬁom
110 mg/l, to less than 0.04 mg/L. These ‘problems
--prompted our group to examine the catalytlc reductive

~ decomposition of ‘nitrite (Hayash1 et al., 2000, :2004). .
~~The -catalytic - decomposition ‘of nitrate ‘using a Pd -~

- catalyst doped with Cu, Ag or Ni is known to favorably .-

proceed under.a hydrogen atmosphere (Horold et al.,

'1993), ‘but this creates ‘a_serious ‘problem of ‘nitrite ...

: _"accumulatnon (Hayashi et al., 2000; Horold er al., 1993;

" 'E-mai_l address of corresponding author*; sa_glyama@mkushima—u_.ach

1

‘Sakamoto ef al., 2004; Wang et al., 2007, Wang ef al.,
~ . 2009). In contrast, Pd is suitable as a single catalyst f01
" the reduotlve .decomposition of nitrite (Horold ef al.,
" '1993; Hayashi et al., 2000, 2004). Most of the studies
: "_on the catalytic decomposition of nitrate or pitrite under
“a ‘hydrogen atmosphele have ‘used a batch-reactor
. system. ‘However, a batch reactor is not s_ul_table for the
‘purification of drinking water since it cannot be used in




great volumes. Therefore, a fixed-bed operation that
‘recycles an aqueous substrate was used in our earlier

" study (Hayashi et -al., 2004) in order to achieve high

. performance and continuous mass processing, A powder
_ catalyst generates a pressure drop during continuous
operation, which has necessitated the use of fixed-bed
_palladmm eataiyst systems such as a carbon monolith
“impregnated -with ‘Pd, non-porous _a]um_i_na_ spheres

‘Unfortunately, those attempts ' afforded - unsuitable

" results. such.as ‘a generation: of : pressme drops that
stopped the flow resulted in low -activity. These carly .
_ '_-attempts demonstrated that the most memtant factorin
- ’a continuous. 1ecyclmg operation involves the selection .-
- of a structural support that doesn’t involve a monollth oy

L support sphere support ora sponge skeleton

o n the plesent study, a Si/SiC. ceramic. ﬁlter (Flg 1.
s -(a}) ‘was employed as the ‘structural support fora Pd
- catalyst - mainly to -prevent pressure-drops - ‘while
'attemptmg the - 1educt1ve decomposmon of nitrite. Pd
- was loaded onto” the filter via electroless - p]atlng '
ot (Pd/SL/SlC Fig.- 1 (b)) that 1mplegnated Pd ontc an
- alumina ayer that covered the ﬂlter (Pd/Aleg/Sl/SlC
_Flg 1 (c)) ' :

g :'1 Flg 1 Photo nnages of various ﬁlters (a) SI/SIC
' (b] Pd/Sv’SlC and (C) Pd/AizOg/Sl/SlC

' i Experlmental B

1. 1 Catalyst preparatnou

o _The structuraf support whlch amounted to a Sl/SlC 3
i :celamjc ﬁlter (Sl/S]C filter; #20, § 20 mm X 20 mm,
1:95.6% of porosity, - bulk “density 0.12 g/cm3), was
L acquned from Nippon Pillar Packmg Co., Itd, '

- _' s An electroless p}atmg ‘technique ~ was used to -

" ‘deposit Pd onto an actWated Si/SIC filter. (Mardlio\uch - & 46.1:mmol) in 75 mL of dlSt'”ed water at 353 K for

et al., 1998; Katoh er al,, 2006, 2010). The structural '

:'_suppmt -provided a surface activation -prior . to the
electroless - plating, The . support *was ‘washed “with

- “ultrasonic cleaner for 1 h then aliowed to dly Theround -
- side of the support was tapped with Teflon tape, then -
- .the support was immersed in 25 mL of 1.2 M aqueous .
" HCl (Wako) for 5 sec.-The support was washed, dried *
© and immersed for 5 min in 25 mL of SnClz. solution,

.1_'_whlch consisted of 1 mL of 1.2 M aqueous HCI, 0.44

mmol of SnClz2H>O (Aldrich) and 100 mL ‘distilied
- water, The resultant support was washed and nnmelsed_ :

e _dunng the
_*introduction period .of the autocatalytrc process at the o

-begmmng of the deposmon : : TR
JIn order to cover the Si/SiC ﬂlter w1th an alumma R
; 'Iayer a bochmite 'sol was used. The boehmlte sol was
~prepared by hydrolyzmg alurmnum 1sopropox1de S

Jinto 25 mL distilled water for 5 min. Then the support

- was immersed for § min into 25 ml of PdCl, solution,

‘which consisterd of 10 mL of 1.2 M aqueous HCI and
/056 mmol ‘of PACl, (Aldrich) .diluted with distilled
*water to a tota] volume of 1 L. After the support was
" immersed for 2 min into 25 mL of 0.012 M HCl, it was
~washed and immersed for 3 min into distilled water.
. This . completed one cycle of the activation process.
.7 coated with Pd/C, or structural catalysts consisting of a - -
' polyurethane sponge skeleton impregnated with Pd,

Next, palladium was deposited onto the filter via an

- autocatalytic reaction using PA(NH3)4CL 1120 (Tokuriki
"= Honten Co.), H;NNH; (Tokyo Chemical Indusiry), and

. 'NH4OH ' (Wako). at 333 K fm L5 h (elecnoless- .
":deposmon process Eq. 2) ¥

"_ZPd(NH3)4C12+H2NNH2+4NH.;OH—> R
: 2Pd + N2 +8NH, +4NH401+4H20 @ o

~The process optumzed for thjs system was_ as foliows _
" ‘The ‘round side ‘of ‘the :activated support ‘was again
““lapped with Teﬂon tape. The support was immersed in
“28 ‘mL of ‘the “clectroless palladivm-plating solution, .~ - """
“ which. consisted ‘of 1,44 mol -NIH4OH, 152 - mmol i

'PdCNH3)4C}2H20 and 0.15 ,mol 2NA(EDTA 2Na)__-,
_(Wako) diluted with distilled water to 1 L but that was -0
3_';_.'_:used after- it ‘had been let stand for more than 12 h RO
: -'--'_'foliowmg preparatlon Then 0.1 mI, of 0.5 M aqueous _
HoNNH, ‘was . ‘added. mto the . solutlon via ‘a ‘micro.
- syringe. The. solution was maintained at 333 K for 00
- imin. Dunng tms step, bubbles founed in_the support T .
-+ were removed every ‘15 ‘min, The support was finally -~ -
| " washed using distilled waler. The resultant - catalyst can. o
" be expressed as X%Pd/SUSIC, wherein the loading (x%) &

U of Pd s explessed as a percentage of the weight, The -

- loading ‘was controlled via changes in the number of
. passages - through ‘the  activation - and - electroless- .
.. deposition processes. Pre—seedmg with pailadrum nueler A

‘reduce “the

aottvat}on process can ..

.~ {Wako) (Suglyama ef al., 2007). A boehmlte sol was :
~prepared by hydrolyzing aluminum Isoplopox1de (9.42

24 h. After the hydrolysis, the dlcohol was removed
" from the. solution and then HINO; (0.34 mL; 538 mmol)
- (Wako) was added into the solution for the peptization -~ '
-of the hydrox1de at 363 K for 24 i to form boehmite sol.

" The final sol pH was 3.8. The bochmite 50l was then

dip- coated onto the surface of the. SI./S]C filter, followed
'by drymg for 24 h at a room temperature and calcination

at 876 ‘K for 3 'h, which was adjusted from room

' -temperature ata rate of 1K/min. Previous reports have

. 'shown that, durmg thls calcination step, boehmite is
. converted to T-Alzds ‘that is stdble at a higher
' 'tempeiature of up fo 1073 K (Suglyama ef al., 2003)




| . Aqueons PA(NOs)z (24.41% by weight, N. E. Chem-cat

Co.) was impregnated into the alumina-coated Si/SiC
-~ filter followed by drying and calcination at 473 K for 3

o . h. This impregnation process was repeated to conirol the
‘Pd loading. After impregnation, formalin reduction was

“carried out at.347 K for 2 h followed by drying at 347K

- under atmospheric pressure for 24 h, then drying at 347
. K under vacuum, The resultant catalyst was expressed
.as x%Pd/y%ALOs/Si/SiC, wherein the loadings (x%
“and y%) of Pd were expressed as the we1ght percentage :

: _of Pd and ALOs, respectively.
"The structural catalysts thus obtamed Pd/St/S}C

. ____3and Pd/ALOS/SI/SIC, ‘were characterized using Keray '
v diffraction (XRD; SmaltLab/RA/lNP/DX Rtgaku Co.),
N3 adsmptmn—desorpﬂon measurement {BELSORP- '

-~ rmax 12, Mier otracBEL), CcO pulse method (BELCAT 1,

G '-_.'MlclottacBEL) and scanmng electron - microscope
~together with . energy - d1spers1ve X-ray  spectroscopy
o (SEM and EDX JSM- 6510A JEOL 1td.). The powder_-
i XRD pattems of .the. “catalysts “were ~obtained ‘using i

"+ monochromatized .Cu ‘Ko radiation (40 KV, 40 . mA)..
R ': _-'_'_'Before the No adsm ptton-desorptlon measurement at 77 -

"+ K, the catalysts were pretreated at 473 K- for 5 h under ~ -
- vacuum, The BET: surface area was calculated from an ‘-

RN '_';obtamed isotherm. The. loadmg of Pd was analyzed -

0 using ICP-AES (SP83520UV, SII Nanotechnology Inc.)

G __:aﬁel the complete dtssolutmn of rd ﬁom the structural
e 'catalysts usmg aq HN03 Lo :

.. :1 2 Catalytlc actmty testmg

Catalytlc act1v1ty testing 'was camed out in the L
usmg ﬁxed bed -ﬁ_ :

‘continuous . recycling - _ep_e_ratl_on
'"_ﬂ_stluct_ulal_ca_talysts. S

" Burette |

C_atalyst_ i

.'Samlm sune--_-' ;v '
pe y & Thermostatrc bath

S Flg 2 Apparatus for nitlate 1educt10n using ﬁxed— S '

“bed opetatlon w1tlnecycl1hg of aqueous L
substrate o . .

As Fig. 2 shows, 400 mL of agueous nitrite (100

_ ppm NaNO; solution: 0.87 mmol/400 mL) was added to
@ 4-necked flat-bottom  separable flask ‘that was

- connected to a hydrogen gas-holding, 0.25 M HCI
* burette in order to adjust the pH, of both the catalyst bed

and the electrode. A given number of Pd/S¥SIC or
PA/ALOS/SI/SIC filters were loaded .into the catalyst. -

*bed, which allowed solution to flow from bottom to top. -~~~

“The reaction -temperature was eontrolled using double -
*thermostatic baths adjusted to 298 K. In this operation,
©'aqueous ‘nitrite “saturated - with hydrogen ‘using -a .
" magnetic stirrer was supplled to the catalyst bed and o
1ecycled via a pump. Unless otherwise stated, the, flow .. -~ . _
Tate.was set either at 1,166 or .1,048 mL/min foroneor -
five filters, which corresponded to. either 370 or 330
.cm/min _of linear velocity, 1especttvely “In the present *
' fstudy, the concentration .of the nitrite and the hydrogen - -
-volume that was consumed were momtored in order to

detect the decomp051t10n behavior. ‘An . ahquot of the: _
b 'ltqu]d sampie was taken mtermtttently usmg a samplmg o
" syringe ‘and ‘was ‘analyzed for ‘nitrite composition via PRI RS
» 1on—chromatography (DKK-TOA Co PCI-230) :

."2 Results and Dlscussmn R

: -21 PdlSu’SlC R : R SRR

8 XRD analys1s of Pd/St/SlC (Flg 3 for 259% R

-'-Pd/Sh’SlC) showed that the siructural catalyst prepared

- in the present study’ consisted of metallic Pd (PDF-00- . =

SR '-'-__':0056-0681), Si (PDF.00-005-0565), and SiC (PDF 01- 0
. 1075-0245), which indicated that a4 much greatez particle .

_size of Pd had formed. on the structural catalyst. prepared__

via electroless plating. Structural catalysts with various - -

-5 loads of © Pd on Si/SiC Ailter ' via - ‘electroless. plating

.. (Pd/SI/SIC) were, set in the apparatus for 60 min in order FSIRR LRI,

o ::_'to aceornphsh theleductwe decomposnmn of mtute I R

ntensity faw] -

29["] - S
" Fig. 3 XRD of SISiC (A) and 198% -
' Pd,"Sl/SlC (8) filters ' R

Flg 4 sllows a 1educed amount of NOz “at

' varlous Tevels df Pd loadmg after the reaction starting . '-

w1th 100 ppin (0.87 mmol/400 mL) of NO, " aqueous
solutl_on_ Thls result mchcated that a favorable

SO T R v SIC



.decomposﬁron of NO; was observed at rather lower
" loadings of Pd, while an excess loading of Pd resulted in

" d decrease in an amount of NO;~ that was reduced to -

0,022 mmol/400 mL from NO, ™ decomposed usmg
'13 1%Pd/S]fSlC Lol
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The spemﬁc surface areas of all the catalysts

*"-shown in Fig. 4 were estimated to be less than 1 m¥g
“while Pd dispersions on all the samples detected in the

CO. pulse method were estimated at 0,1%, .or less, as

- suggested using XRD.  This information, . however,
- cannot explain the greater activity that was attained
- when using a smaller loading of Pd on Pd/Si/SiC. A
- comparison of the SEM image- of 4.4% Pd/Sl/SlC (Fig.
-5 (A)) with that of 13.1%Pd/Si/SiC (Fig. 5 (B)) revealed
. that the. greater activity “was the results of usmg a
. structural catalyst covered with a smaller particle size of - - .
: -.':Pd In order to decompose NO, ‘more effectively, the - - e
- -effect that the number of Pd/Si/SiC filters exerted on the - :
- 'xeductlon
-'_'__1eprodu01ble 2.68% Pd/Si/SIiC (Fig. ‘6). Figs. 6 (A) and
" (B) show increases in. the reduced NO; _
: hydlogen that was simultaneously used according to the .
" number of filters, which plateaud at. four or five filters
R plobably due ‘to :an. insufficient - concentration of
; 33;hydr0gen in the solutlon foria. lower dlspersmn of Pd .
. §pecies on the str uetulal support. In 0rde1 to improve the SR
" dispersion of Pd on the structural. support (SI/SIiC), an . .- . .
“impregnation ‘of Pd onto an alumma layer covenng the SRR
: ;ﬁlter was exammed : . L '

‘activity . was . “examined using

: -_2 2 Pd/Ales/Sl/SlC

" The ‘most : 1mporfant factm fo1 lmplovmg, low._

_-'_.‘aetrvrty ‘when * using - Pd/Si/SiC ‘'seemed to be an
" ‘enhancement --of - the - Pd; dispersion, Therefore, ‘to 70
- improve ‘the ‘low ‘surface .area of the Si/SiC filter, an. . _
- alumina layer, Al;04/Si/SiC, was formed on the surface, i
' of the filter, followed by an nnpregnatron of Pd, which @ -0
* “was referred to as Pd/ALO3/Si/SIC. Covering the SSIC. '
- with alumina increased the surface area to 2.4 m%g from oo
" “less than 1. m?/g; PA/ALOS/SISIC. catalysts with various -
N loadmgs of -Pd “were prepared ‘via changes inthe -
- impregnation times, ‘which showed that an lmpregnatlon SN
.. of more than 5- fold did not improve | the activity, ‘A 3- S
. fold. 1mp1egnat10n increased the surface area to 8.2 m¥g
.- and the Pd and ALO; ‘loading rates to 0.55 and 8.0%, . %
.1espect1vely After the meregnatlon of Pd on Al/Su’SlC oL
. XRD detected mo peaks due o the Pd ‘species, which =
L '_mdlcated that Pd must 11npregnate via high drspelskon i
- (Fig. 7). This was suppmted by.a CO pulse method that -~ -0
*showed a Pd : dispersion of :9.9%, “which .~ was
100 tmles greater than that for ST RS

13 1%Pdel/SlC (0 1%)
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=20 -60: ' 80
L 29[ 1.

Flg 7 XRD of 0. 55%Pd/8 0%A1203/81/S1C
ﬁlter .

‘easily L

‘and inthe -




The high dispersion of Pd was further supported
using SEM and the corresponding element mapping
images of the Pd/ALOs/Si/SiC. As shown in Fig. 8 (A),
a greater size of the Pd species was not detected in the
SEM image of the structural catalyst, which revealed
greater concentrations of Si and Al, as shown in Figs. 8
(B) and (C), respectively. In contrast, a much lower
concentration of Pd was detected in the element-
mapping image of Pd over the surface of the structural
catalyst.

200 um

200 um 200 um

Fig. 8 SEM image of 0.55%Pd/8.0%A1,05/Si/SiC
(A) and the corresponding element mapping
images of Si (B), Al (C) and Pd (D),
respectively

Four or five 0.55%Pd/8.0%Al,04/Si/SiC filters
were used for the decomposition of NO, ™ (Fig. 9).
When using four filters, flow rates of 913 and 1,048
mL/min were used, the former of which corresponded to
290 cm/min of liner velocity. Tt was evident that the
much rather greater flow rate of 1,048 mL/min was
more suitable than the lower flow rate of 913 mL/min,
and a complete decomposition of NO,~ was achieved
after 60 min. It should be noted that the loading of
Pd/Al,03/Si/SiC was 1/4 times that of Pd/Si/SiC.
Therefore, as expected by the Pd dispersion that was
greater on Pd/A1,Os/Si/SiC than that on Pd/Si/SiC, the
incorporation of Al,O3 between Pd and Si in Pd/Si/SiC
resulted in a great improvement in the catalytic activity
and the decomposition of NO,~, Further increasing the
filter number to five resulted in a slight enhancement in
the decomposition activity. It is of interest to note that
such a slight enhancement of the decomposition using
Pd/AlLO3/Si/SIC  filters was not observed using
Pd/Si/SiC filters (Fig. 6 (A)). This indicates that a high
dispersion of Pd on Pd/A1,O3/Si/SiC filters may be more
suitable for the consumption of low concentration of
hydrogen in the solution compared with Pd/Si/SiC
filters that consist of a lower dispersion of Pd. It seemed
strange that a greater flow rate (1048 mL/min using four
filters in Fig. 9), and shorter residence time resulted in
the complete decomposition of NO,~ while a lower

flow rate (913 mL/min using four filters in Fig. 9)
resulted in incomplete decomposition of NO, ~. It
should be noted that the lower flow rate and longer
residence time may have resulted in a deep reduction
from NO> to NH3 or NH,OH which requires an excess
amount of hydrogen, compared with the decomposition
of NO; to N,. Furthermore, the shortened residence
time resulted in an enhancement of the recycling time.
This indicated that the contact time of the reaction
solution with the structural catalyst also increased,
resulting in an enhancement of the decomposition.
Therefore it is suggested that a suitable decomposition
of NO; to Ny requires a great dispersion of Pd on the
structural support and a short residence time in the
reactor system. Study into the deep reduction of NO2~
using the present system is now in progress.
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Fig. 9 The effect of flow rate and numbers of
Pd/Al,O4/Si/SIC filters on the decomposition

of NO; and Hz consumption
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Conclusions

Previous reports show that fixed-bed nifrite
filtering systems that use a palladium catalyst to recycle
an aqueous substrate resulted either in negligible
activity or in enhanced pressure drops that stopped the
flow. These systems consisted of various structural
supports such as a carbon monolith, non-porous alumina
spheres or a polyurethane sponge skeleton. However,
the employment of a Si/SiC ceramic filter coated with




_ an ALO; layer as the structural support for a Pd catalyst

‘revealed suitable results for a fixed-bed operation while
recycling aqueous NO; ™. This setup showed that a
greater dispersion of Pd together with the use of a

| SUSIC filter was an important factor in the sultable

- decomposmon of aqueous NOz .
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