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Metal Loaded Zeolite Adsorbents for Phosphine Removal

Wen-Chih Li, T Hsunling Bai,*" Jung-Nan Hsu/* Shou-Nan Li,;* and Chienchih Cherl

Institute of Emironmental Engineering, National Chiao Tung Warsity, Hsinchu, Taiwan, and Energy and
Environment research Laboratories, Industrial Technology Research Institute, Hsinchu, Taiwan

Phosphine (Pk) is a highly toxic air pollutant commonly used in the semiconductor and optoelectronic
industries, but it has received less research attention due to its handling difficulty. In this study, metal (Cu,
Zn, or Mn) loaded ZSM-5 and Y zeolite adsorbents are first prepared for the adsorption; 6bigas.

The physical and chemical properties of the adsorbents which influence thad3drption capacity are
analyzed. The results show tha®9% PH adsorption efficiency is achieved when zeolites are loaded with
Cu. The maximal Pkladsorption capacities are about the same for both zeolites at 1.9 mobofiéitef Cu,

which occurs at similar Cu loaded mass of-335%, beyond which the decrease in specific surface area is
the major factor responsible for the decrease of Bitsorption capacity. The maximum adsorption capacity
per loaded metal mass is much higher than literature data using CuO only for adsorbing hydride gases.

1. Introduction stream was compared. The correlation between the physical/

) . ) chemical properties of adsorbents and theirz Rtdsorption
The hydride gas of phosphine (PHs commonly used in capacities was then discovered.
the fabricating processes of the semiconductor and optoelec-

tronic industries. It is a hazardous air pollutant and must be
immediately abated by local scrubbers installed after process
equipment. Various methods have been used for gaseous hydride 2.1. Zeolite AdsorbentsTwo commercial zeolites (Zeolyst,
removal such as combustion, gdiuid reaction, and dry Valley Forge, PA), ZSM-5 (CBV5524G) and Y (CBV500)
adsorptior?-® Hardwick and Mailloux indicated that oxidizing zeolites, were used as supported materials of metal adsorbents.
hydride gas by combustion can be costly while agueous The BET surface area, pore size, and pore volume of the
treatment tends to generate large volumes of dilute aqueousadsorbents were measured by a surface analyzer with nitrogen
waste. On the other hand, carbon dry adsorption would be lessadsorption (Micromeritics ASAP 2020). Table 1 compares the
expensive, simpler to operate, and involve fewer waste disposalphysical and chemical properties of these two zeolites prior to
problems than the wet scrubber meti{édHowever, it has the metal loading process. Although the measured data are
suffered from its inflammability.57 When large quantities of ~ somewhat different from those provided by the manufacturer,
spent carbon react exothermically with air, spontaneous com-it is observed that Y zeolite has a higher BET surface area than
bustion might occur; thus the activated carbon adsorbent is notthe ZSM-5 zeolite. The measured BET surface area and pore
practically acceptable in abating the toxic hydride gases for the volume for Y zeolite are 641 #fg and 0.36 crfig, respectively,
semiconductor and optoelectronic industries. and 388 mYg and 0.23 crilg for ZSM-5 zeolite. As for the

On the other hand, zeolite materials are characterized by theirpore size, because the surface analyzer can measure only down
high surface area, large pore volume, and high thermal stability. to 2 nm of pore size, only the mesopore size is reported here.
Zeolite has been studied for the removal of volatile organic The mesopore size of Y zeolite, 2.22 nm, is slightly smaller
compounds (VOCs}8 and it has gradually substituted for than that of ZSM-5 zeolite, 2.36 nm. The channel sizes of Y
activated carbon in reducing VOC emissions from the semi- zeolite and ZSM-5 zeolite are around %47.4 and 5.3x 5.6
conductor and optoelectronic industrfedowever, researchon A, as cited directly from literature datdMoreover, ZSM-5 is
the possibility of abating any hydride gas by zeolite dry a high silica zeolite with a Si@Al,Oz; molar ratio of 50 as
adsorption has never been studied. provided by the manufacturer, while the Y zeolite has a,5i0

lon-exchange and impregnation methods which combine Al20s molar ratio of only 5.2.
zeolite supports and active metals have been frequently used A total of 10 g of each type of zeolite and 250 mL of metal
for the preparation of catalysts or adsorbents. The effects of precursor, either Cu(Ng-3H0, Zn(NGs)2-6H;0, or Mn(CHs-
types and amounts of metals on the activities of the zeolite COOY-4H;0, were stirred individually at room temperature for
adsorbents or catalysts have been investigated in removing airl2 h. After filtration and washing process, the adsorbents were
contaminants such as VOCs and N&:13 However, there dried in an oven at 120C for 12 h and then calcined in a
has been limited research aimed at the relationship betweerfurnace at 550C for 6 h. The amount of metal loaded on the
adsorbent capacity and the physical/chemical characteristics ofzeolite was varied by using different concentrations of metal
the adsorbents. precursor solutions, and the actual mass of metal loaded on the

In this study, two types of zeolite, ZSM-5 and Y zeolites, zeolite was determined by inductively coupled plasma atomic
were loaded with metals (Zn, Mn, and Cu) to act as chemical €mission spectrometry (ICP-AES, Jarrell Ash).

adsorbents and their performance for removing b a gas The maximum Cu(Ng), concentration b5 M used in this
study is approaching its saturated concentratio®.27 M);

therefore, multiple metal loadiA®/'>was applied for the ZSM-5

2. Experimental Section
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Table 1. Physical and Chemical Properties of Zeolites Used in This 100

Stud

u .

Y I Cu/Y zeolite
zeolite BET surf. pore vol  Na&oO fraction SiO/AIs - (¢ _____ 7Zn/Y zeolite

type area (m/g) (cm?lg) (% wiw) (molar ratio)
— - — Mn/Y zeolite
]

ZSM-5 388 (425) 0.23 0.03 50
Y 641 (750) 0.36 0.02 5.2

aData were provided by the manufacturer.

60 .

and drying, the zeolite sample was immersed agaia b M
Cu(NGs), solution under the same procedure. Finally, the double
loaded zeolite sample was calcined at 380for 6 h.

2.2. PH; Adsorption. The PH adsorption experiments were
carried out in a chamber that controls pressure to be slightly
below atmospheric pressure for avoidingsRbkic gas escaping 0f .\
from the adsorption column. The adsorption temperature was \\
at ambient temperature of 26 1 °C. The adsorption column A
was stainless steel with 2.25 cm inner diameter and 11.7 cm in 0 ST ‘ ‘ ' ‘
length. A total of 10 g of adsorbents was packed into it during 0 5w 1,51,. 20 25 303 40I
each test. Because RHurns readily in air and leads to a safety - lme,('."'").
problem, 1% (v/v) PHgas was supplied from a cylinder in He Figure 1. Comparison of removal efficiencies of Cu, Zn, and Mn metal
: . . . precursors loaded on Y zeolite adsorbents.
inert gas with a flow rate of 0.2 L/min being regulated by a

40 [

Removal efficiency(%)

mass flow controller (BROOKS 5850E). Fourier transform 9
infrared spectrometry (FTIR, MIDAC) was used to continuously " —F— CwZSM-5 zeolite \
monitor the concentration of BHAn additional adsorber was 8r A Cu/Y zeolite

placed before exhausting the waste gas to the atmosphere. The
effective adsorption capacity was determined by the accumulated
amount of adsorbed RHluring the period of over 99% RH
removal efficiency. That is, the breakthrough point of the
adsorbent was set at Rldffluent gas concentration of 0.01%
(V).

Because PHlis a highly toxic compound, any residual PH |
remaining in the system as gas-phase molecules or being
adsorbed on the adsorbent could result in a human health
problem. Therefore, after the completion of the adsorption test,
the whole adsorption system was purged by.aghis flow to “
remove PH gaseous residue. Also, external air of reverse I
direction was passed through the adsorption column to fully

Cu(%)

enSUreOXidiZationOftheadsorbed:ththemetal/zeolite ‘EJHJ\H‘HHJI\H‘JHHHH‘JHHHH'I\HIIH\
adsorbents. 0 1 2 3 4 5

Conc. of Cu(NO,), (mole/ L)
3. Results and Discussion Figure 2. Cu loaded content (% by weight) on ZSM-5 and Y zeolite

] ] adsorbents as a function of Cu(h)@precursor concentrations.
3.1. Blank Test and Selection of Metal Species for PH

Removal. The PH removal efficiency and adsorption capacity 3.2. Characterization of Cu/Zeolite Adsorbents.Copper
were tested for the ZSM-5 and Y zeolites prior to metal loading. nitrate solutions of various concentrations ranging from 0.1 to
The results showed that, although ZSM-5 zeolite achieved a 5.0 M were used to obtain Cu/zeolite adsorbents of various metal
relatively higher PHremoval efficiency (with the best efficiency  loading amounts. The relationships between the precursor
at 97%) than that of the Y zeolite (best at 73%), they still could concentration of Cu(N§g), and the actual loading amounts of
not reach the goal of over 99% Rlfemoval. Hence one can  Cu metal for both ZSM-5 and Y zeolite adsorbents are shown
say that blank tests of both zeolite materials are not effective in Figure 2. It is observed that, as the Cu(®Oprecursor
in the PH adsorption and thus a metal precursor must be concentration is increased, the increasing rate of actual Cu
incorporated with zeolites for effective Biiemoval. content loaded on the Y zeolite is much higher than that on the
Three metal precursors, Cu(N@3H,0, Zn(NOs)2-6H,0, ZSM-5 zeolite. The maximum Cu loadings on Y and ZSM-5
and Mn(CHCOO)-4H,0, with a concentration of 1.0 M (moles  zeolites are 8.25% (w/w) and 3.11% (w/w), respectively, with
per liter) were evaluated for their Bkdsorption efficiencies  a Cu(NQ).-3H,0 precursor concentration of 5.0 M. This may
on the zeolite adsorbents, and the results are shown in Figure 1be due to both relatively higher Al content of Y zeolite available
for Y zeolite. One can see that the Pi¢moval efficiency for for Cu ion exchange and higher BET surface area (pore volume),
Cu loaded zeolite adsorbent is much higher than those of Znwhich provide more impregnation sites for Cu.
and Mn loaded zeolites. The Biemoval efficiency abated by The variations in the BET surface area and pore volume of
the Cu/Y zeolite adsorbent can be over 99%, but the maximum both Cu/ZSM-5 and Cu/Y zeolite adsorbents with respect to
PHs removal efficiencies are only 84% and 80%, respectively, their actual Cu loaded mass (percent) are shown in Figure 3.
for Zn/zeolite and Mn/zeolite adsorbents. In addition, the high One can see that the variations of the BET specific surface area
PHs removal efficiency can last for a much longer period for (Sger) for both Cu/zeolite and Cu/Y zeolite adsorbents are in
Cu/zeolite adsorbent. Therefore, Cu is chosen as the metaltrends similar to the variations of their pore volum&s).
species for later study. The BET specific surface area and pore volume of Cu/Y zeolite
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750 1045 loading was enhanced from 3.11% to 4.20% (w/w) after double
A Sy of CW/ZS M-S zeolite loading, the adsorption capacity of Cu/ZSM-5 zeolite adsorbent
700 — —A— Spgy of CWY zeolite | _ was even worse. Similarly, the adsorption capacity of Cu/Y
B —O— Vo Of CWZSM-5 zeolite| | zeolite adsorbent increases with increasing Cu loading and
E 4 —@— Vi of CWY zeolite 5 reaches its maximal value of 31247.0 mg/ggsat a Cu loaded
b 600 7 gl concentration of 3.42% (w/w); then it decreases as the Cu loaded
O e loss = concentration is further increased.
S ss0 g The very similar trend in the relationship between the
S B = adsorption capacity and the actual Cu loading for both Cu/
§ 500 o3 S ZSM-5 and Cu/Y zeolite adsorbents reveals that there is an
“5 2 optimal value of Cu loading of around 3-:3.5% (w/w) no
3 450 . g matter what type of zeolite adsorbent was used. The maximum
E 400 E adsorption capacity of 31 mg of Big of adsorbent for both
M Zk%_%\g 025 S types of Cu/zeolite adsorbents corresponds to an adsorption
350 ;/999%——&@\9 i capacity of aboul g of PHy/g of Cu (~1.9 mol of PH/mol of
Cu). The maximum adsorption capacity per loaded metal mass
s00 b o b Lo b b b i g obtained in this study is much higher than literature data using
61 2 3 4 5 6 7 8 9 CuO for adsorbing hydride gas&s'? In the authors’ prior

Cu(%) study*” on adsorbing Silj the maximum adsorption capacity
Figure 3. Variations in BET specific surface area and pore volume of f only 0.15 mol of SiH/mol of CuO was observed with 40%
adsorbents as a function of Cu loaded content (% by weight) for Cu/ZSM-5 (wiw) CuO supported on AD; adsorbents. This may be due

and Cu/Y zeolite adsorbents. The maximal Cu loaded on ZSM-5 zeolite
was 3.11% via single loading procedure; the sample with Cu mass (O that the surface area of the CuO/a¢ adsorbents was only

concentration of 4.2% was from double loading procedure. 121 n¥g. To further clarify this, the relationship of the
adsorption capacity with respect to the chemical/physical
S0 L properties of Cu/zeolite samples is discussed in the following
45 — —H=— Cu/ZSM-5 zeolite section.
- —A— Cu/Y zeolite 3.4. PH; Adsorption Behaviors. For a better understanding
0 of the PH adsorption behaviors, the relationships of BET

specific surface area and the adsorption capacity with respect

35—
B to the Cu loading of the Cu/ZSM-5 zeolite adsorbent are shown
30— in Figure 5a by their percentages relative to maximal values,
25 B i.e., 395 /g and 30.6 mg/gs respectively, for specific surface
L area and adsorption capacity. The BET surface area represents
20 — the physical adsorption properties of the adsorbent, while the

actual Cu loading amount is the major chemical adsorption

factor. It is seen clearly from Figure 5a that the adsorption

capacity increases as the Cu loading is increased initially while

the specific surface area changes only slightly with increasing

Cu loading. At this stage the RHhdsorption is governed by

, the chemical factor of Cu content for Cu/ZSM-5 zeolite.

0 2 4 6 8 10 However, as the Cu loading was further increased beyond 3.11%
Cu(%) I (w/w), the specific surface area of the zeolite decreased slightly

Figure 4. PHg adsorption capacity of Cu/ZSM-5 and Cu/Y zeolite and the adsorption capacity followed the decreasing trend of

adsorbents as a function of Cu loaded content (% by weight). the specific surface area and decreased also.

adsorbents decreased significantly from 641 to 46@mwhen The percentages relative to the maximum of BET surface
the actual Cu loaded concentration was increased from 0 toarea and effective adsorption capacity (i.e., 64igrand 31.4
8.25% (w/w). For Cu/ZSM-5 zeolite adsorbents, their specific MY/Gad as functions of Cu loading are shown in Figure 5b for
surface area and pore volume only change slightly either for the Cu/Y zeolite adsorbent. The adsorption capacity increases
single loaded Cu mass contents of up to 3.11% or after doubleWith increasing Cu loading mass, while the specific surface area
Cu loading to a mass content of 4.2%. The changes in the BET Slightly decreases to about 90% of its maximal value at Cu
specific surface area and pore volume of both types of zeolite l0ading of 3.42% (w/w). This observation is very similar to that
adsorbents seem to match their Cu loaded amounts showrPf CU/ZSM-5 zeolite, as shown previously. However, as the
previously in Figure 2. Compared to the Y zeolite, ZSM-5 Cu loading continuously increases to beyord% (w/w), the
zeolite support has a much lower amount of Cu loading under specific surface area of the Cu/Y zeolite decreases and the PH
the same precursor concentration. Therefore, the BET specificadsorption capacity also decreases significantly. This indicates
surface area does not change much for Cu/ZSM-5 zeolite that the decrease of Blddsorption capacity at higher Cu loading
adsorbents. is mainly due to the loss of its specific surface area.

3.3. Adsorption Capacity. The effective adsorption capacities Therefore, from Figures 4, 5a, and 5b it is concluded that
for achieving over 99% PHtemoval with Cu/ZSM-5 and Cu/Y  below 3.0-3.5% (w/w) of actual Cu loading, the chemical
zeolite adsorbents are shown in Figure 4 as a function of actualproperty (Cu content) dominates the available adsorption site,
Cu loaded mass concentration. As observed, the adsorptionand beyond that the physical property (specific surface area or
capacity of Cu/ZSM-5 zeolite adsorbent increases to 30.6 pore volume) is the major factor responsible for thezPH
3.0 mg of PH/g of adsorbent (mglg) as the Cu loaded adsorption capacity. From Figures 2 and 4 it is known that
concentration is increased to 3.11% (w/w). Although the Cu ZSM-5 zeolite requires a much higher Cu(j© precursor

15

10

Adsorption capacity (mgrH,/g,4)
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a) 1004
g
E 8~ 3
2 3
g g
8 60 5
::g | =
=
2 a0
&
8 i L L I [
5 —&— Adsorption capacity 970 960 950 940 930 920I
g 20— —&@— Surface area Binding energy (eV)
A = Figure 6. XPS spectra of Cu/ZSM-5 zeolite adsorbent for Cu 2p: (a) before
PHz; adsorption; (b) after PHadsorption and air purging. The dots are the
o ‘ L b XPS measured data, the dashed curves are the split fittings of the XPS
0 1 2 3 4 e | measured data, and the solid curves are the sum of each spectrum fitting
Cu (%) value. The Cu/ZSM-5 zeolite was prepared by 1.0 M Cu§N@recursor
concentration.
b) 1004 Table 2. XPS Data of the Cu 2p Spectra and Their Possible Cu
< Statuses Before and After PH Adsorption
E before
g 80 adsorption (freshly after adsorption
'5 made zeolite)  and air purging
£ Cu status CuO Cu(OH) CuO Cu(OH)
S 60 binding energy of Cu 2, (eV) 9334 9354 9334 9358
4 binding energy of Cu 2, (eV) 953.2 955.1 953.2 955.6
g fwhm (eV) 2.12 2.37 212 237
> doublet separation (eV) 19.8 19.7 19.8 19.8
’; 40 - calculated Cu percentage (%) 57.3 42.7 45.6 54.4
o ratio of satellite peak/Cu 2p (%) 6.6 333
s ratio of satellite peak/Cu 2p (%) 8.3 38.6
8 20 —— Adsorption capacity
E —@— Surface area as an internal reference for calibration. The X-ray source was
operated by an Al & anode with a photo energy bf = 1486.6
ot \ \ I B eV. Figure 6 shows the XPS spectra of core level binding energy
0 2 4 . 6 8 10| in Cu 2p before adsorption and after adsorption/oxidation. The
Cu(%) XPS fitting data of the Cu peaks, the possible Cu statuses and

Figure 5. (a) Variations in percentages relative to maximal values of PH  their relative percentages, and the ratios of satellites accompany-
adsorption capacity and specific surface area for Cu/ZSM-5 zeolite adsorbenting the major Cu peak are summarized in Table 2. It must be
as a function of Cu loaded content (% by weight). (b) Variations in . . .
percentages relative to maximal values ofzPadisorption capacity and noted that an ),(PS analysis of the adsorbenF right after adsorption
specific surface area for Cu/Y zeolite adsorbent as a function of Cu loaded W& Nnot possible due to safety concerns; the XPS data were
content (% by weight). performed on Cu/zeolite after adsorption and air purging to

ensure full oxidization of the adsorbed Péh the metal/zeolite

concentration{5 mol/L) to reach this optimal Cu loading than adsorbents.
Y zeolite does 1 mol/L). As observed from Figure 6 and Table 2, the major Cg:2p

It is also interesting to evaluate whether the Cu loaded on peak centered at 933.4 eV with the presence of a small satellite
zeolites is via ion exchange or impregnation processes. Althoughpeak at 944.3 eV was assigned to Ctf&? In addition, a further
a guantitative analysis on the exact amount of ion-exchangedCu 2py3 peak at around 935.4 eV indicates the possible presence
Cu was not performed, a qualitative analysis can be checked.of Cu(OH).1® The Cu(OH) and CuO species appeared in the
Since the major metal species presented in both zeolites availableCu/zeolite sample synthesized by a hydrated proEg$sihe
for ion exchange is Nig based on the manufacturer's data, the freshly prepared Cu/ZSM-5 zeolite adsorbent has more CuO
mass fractions of N® are 0.05% and 0.2% (w/w), respectively, (57.3%) and less Cu(OK}42.7%). Besides, the intensity ratio
for ZSM-5 and Y zeolites. This is relatively low compared to of the accompanying Cu 2p satellite was onky8% in Cu/
the optimal Cu loaded mass of around 3305% (w/w) for ZSM-5 zeolite adsorbent before adsorption. After adsorption
achieving the maximum PHadsorption capacity. Besides, in  and air purging, it was observed that the relative percentage of
this study, a very high Cu(N£ precursor concentration of up  Cu(OH), (54.4%) becomes more than that of CuO (45.6%).
to 5 M was used, a value much larger than those typically Also, the ratios of Cu 2p satellite intensities were increased to
employed for obtaining ion-exchanged & herefore, the Cu 33—38%, values much higher than those before adsorption.
loaded on the zeolites should be mainly from impregnation of A test has also been done on the reuse of Cu/ZSM-5 adsorbent
Cu precursor. for PH; removal after air purging of the exhausted adsorbent

3.5. X-ray Photoelectron Spectroscopic (XPS) Analysis.  for 30 min. The result revealed that PHemoval efficiencies
The chemical states of the elements on the Cu/ZSM-5 adsorbenof up to 97% were achievable for the regenerated adsorbent; it
before and after adsorption were examined by XPS. The corethen gradually decayed after around 8 min. The maximal PH
level binding energy of C 1s for carbon at 284.6 eV was used removal efficiency of 97% could not reach the goal of 99%;


http://pubs.acs.org/action/showImage?doi=10.1021/ie071074n&iName=master.img-004.png&w=226&h=409
http://pubs.acs.org/action/showImage?doi=10.1021/ie071074n&iName=master.img-005.png&w=145&h=150

Ind. Eng. Chem. Res., Vol. 47, No. 5, 2008505

hence the result is not shown. However, this still proved that  (7) Monneyron, P.; Manero, M.-H.; Foussard, J.-N. Measurement and
regeneration of the adsorbent should be possible, but a bettefModeling of Single- and Multi-compound Adsorption Equilibria of VOC

- on High-Silica Zeolites| D '2003 37, 2410.
regeneration process has to be found for complete recovery of (8) Chintawar, P. S.; Greene, H. L. Adsorption and Catalytic Destruction

the Cu/ZSM-5 adsorbent. of Trichloroethylene in hydrophobic zeolitafiiiminisl1997, 14, 37.
(9) Chang, F. T.; Lin, Y. C.; Bai, H.; Pei, B. S. Adsorption and
4. Conclusions Desorption Characteristics of Semiconductor Volatile Organic Compounds

on the Thermal Swing Honeycomb Zeolite Concentraggitiimbtaii
A PH; adsorption efficiency of>99% using Cu/zeolite  ikniSsteiaap003 53, 1384.

; ; ; (10) Lucas, D.; Valverde, J. L.; Dorado, F.; Romero, A.; Asencio, |.
adsorbents was achieved with a Philet concentration of Influence of the lon Exchanged Metal (Cu, Co, Ni and Mn) on the Selective

10000 ppmv. The_ specific surface area had a minimal eﬁe_Ct Catalytic Reduction of NOx over Mordenite and ZSVjisiniateiml:

on the PH adsorption when Cu/ZSM-5 zeolite was used, but it cphem 2005 225 47.

could govern the Pgadsorption when Cu/Y zeolite was used. (11) Baek, S. W.; Kim, J. R.; Ihm, S. K. Design of Dual Functional
The optimal Cu loaded amount for achieving the highest PH Adsorbent/Catalyst System for the Control of VOC’s by using Metal-loaded

. - . Hydrophobic Y-zeolitesCatal. Today2004 93—95, 575.
adsorption capacity of around 30 mg of #4iof adsorbent is (12) Yahiro, H.; lwamoto, M. Copper lon-exchanged Zeolite Catalysts

about the same at aroune-8% for both Cu/ZSM-5 and Cu/Y i peNOx Reactiongummiaiam® 2001, 222, 163.
zeolites. To achieve this maximum PRlddsorption capacity, (13) Berthomieu, D.; Delahay, G. Recent Advances in Cu(l/IZgital
ZSM-5 zeolite requires a much higher Cu(B© precursor Rey. 2006 48, 269.

concentration£5 mol/L) while it is much lower 1 mol/L (14) Meier, W. M.; Olson, D. HAltas of Zeolite Structure Type8rd
for the Y zeoliﬁa ) t ) revised ed.; Butterworth-Heinemann: Woburn, MA, 1992.

. . . (15) Kundakovic, L.; Stephanopoulos, M. F. Deep Oxidation of Methane
The results also showed that CuO is the major species ongver Zirconia Supported Ag Catalys i’ 1999 183 35.

the ZSM-5 zeolite adsorbent before Patisorption, while Cu- (16) Quinn, R.; Dahl, T. A;; Diamond, B. W.; Toseland, B. A. Removal

(OH), becomes the major species aftersRidsorption and air ~ of Arsine from 5%88292'55 (g‘;?SZUS'ng a Copper on Carbon Adsorhet.

purging. Further studies should be directed toward detailed (17) Hsu, J-N.: Tsai, C.-J.: Chiang, C.. Li, S-N. Silane Removal at

d'SCUS_S'On on the Cu status that can enhance_ th@mrpt'on_ Ambient Temperature by Using Alumina-Supported Metal Oxide Adsor-

capacity as well as the preparation of active Cu with high bents.J. Air Waste Manage. Asso2007, 57, 203.

specific surface area. The regeneration of the Cu zeolite (18) Narayana, M.; Contarini, S.; Kevan, L. X-ray photoelectron and

adsorbent for reducing hazardous waste disposal is also arf!ectron spin resonance spectroscopic studies of Cu-NaY zegli@atal-

. - - - . .. 1985 94, 370.

|nteres_t|ng research subject that has practical application (19) Contarini, S.; Kevan, L. X-ray photoelectron spectroscopic study

potential. of copper-exchanged X-and Y-type sodium zeolites: resolution of two cupric
ion components and dependence on dehydration and x-irradiAiBhys .
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