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Adsorption of Alkanes and Aromatic Compounds on Various Faujasites in the
Henry Domain. 1. Compensating Cation Effect on Zeolites Y
Xavier Canet,’ Frederic Gilles,* Bao-Lian Su; Guy de Weireld," and Marc Frere*

FacultePolytechnique de Mons, Thermodynamics Department, 31 bd Dolez 7000 Mons, Belgium, and Rat@tBame de
la Paix (FUNPD), Laboratory of Inorganic Materials Chemistry, 61 Rue de Bruxelles 5000 Namur, Belgium

Volatile organic compounds (VOCSs) released in the atmosphere are responsible for important climate changes on
earth, and some may have short- and long-term adverse health effects. The recovery of these VOCs can be a
solution to reduce pollution. At low pressure, Henry constants are needed to develop recovery processes. Repre-
sentative molecules were chosen to determine adsorption data. Nine alkanes (linear, cyclic, and branched molecules
with carbon numbers between five and eight) and four aromatic and chlorinated compounds on a series of faujasite
zeolites (HY, LiY, NaY, KY, RbY, and CsY) with the same Si/Al ratio were studied in the Henry domain at
temperatures ranging from (448.15 to 673.15) K using the well-known pulse chromatography technique. The
zeolites were characterized to determine the main structural properties such as cell parameters, chemical composition,
porous volume, specific surface area, and water adsorption capacity. The Henry constant increases with rising
cation size and probe molecule carbon number.

Introduction

Nowadays, reduction of atmospheric pollution is of prime
importance. Volatile organic compounds (VOCSs) released into
the atmosphere by industrial activities and automobiles lead to .}LMWJ:M
some important environmental problems such as greenhouse
effects and ozone layer destruction and can often modify the :
Chapman cycle (photochemical reaction) by reacting with
nitrogen oxides in the air in the presence of sunlight and heat
to form ozone which causes health effects in the troposphere
by causing respiratory problems. VOCs are also responsible for
direct health effects such as nausea, emesis, epistaxis, fatigue, c

allergic skin reactions, dyspnea, declines in serum cholinesterase

Arbitrary Unit
(% -

levels, eye and respiratory tract irritation, headaches, dizziness, WMM%A
visual disorders, and memory impairment and may lead to

leukaemia through prolonged exposure. Some VOCs are known WLJ\MUMWW&
to have carcinogenic, teratogenic, and mutagenic effects. A VOC 10 20 30 40 50
is emitted as a gas from certain solids or liquids. A chemical is 20 ()

defined as a VOC if its vapor pressure IS higher than 0.01 kPa Figure 1. XRD diffraction patterns of Y zeolites exchanged with (aJLi
at 293.15 K. VOCs are emitted by a wide array of products (p) Na*; (c) K*; (d) Rb*; and () C§ cations.

numbering in the thousands including paints, varnishes, and

lacquers; paint strippers; cleaning, disinfecting, cosmetic, and Table 1. Column Dimensions (Adsorbent Mass in g and Column
degreasing products; pesticides; building materials and furnish- -€ngth in cm)

ings; office equipment such as copiers and printers; correction alkane measurements aromatic measurements
fluids and carbonless copy paper; graphics and craft materials column adsorbent column adsorbent
including glues and adhesives; permanent markers; and photo- length mass length mass
graphic solutions. All of these products can release organic Hy 3.76 0.258 2.98 0.209
compounds during their use and, to some degree, when they LiY 3.97 0.266 2.48 0.161
are stored. Concentrations of many VOCs are consistently higher NaY 4.66 0.337 2.29 0.155
indoors (up to ten times higher) than outdoors. Organic REY 22'%% %"11;% 11'%% %111151
chemicals are widely used as ingredients in household products cgsy 218 0.174 1.22 0.104

and can be found in wood preservatives; aerosol sprays;
cleansers and disinfectants; moth repellents and air fresheners; Ever increasingly stringent legislation has forced many
stored fuels and automotive products; hobby supplies; and dry-companies to become tougher on measuring and controlling

cleaned clothing. solvent emissions. For example, the Directive 2004/42/CE of
the European Parliament and of the Council of 21 April 2004
* Corresponding author. E-mail: guy.deweireld@fpms.ac.be. Fax num- gegls with the limitation of emissions of volatile organic
?Egcﬁﬁg’éﬁﬁﬁt’gzhﬁ?qﬁgde Mons. compounds due to the use of organic solvents in certain paints
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250 Table 5. Dimensionless Henry Constant Data for Various VOCs at
& T = 473.15 K for HY, LiY, NaY, KY, RbY, and CsY
T, 200 HY LY NaY KY RbY CsY
?':- 2-methylbutane 123.8 264.7 3945 897.0 1084.0 1513.9
o 1504 n-pentane 130.2 740.4 625.7 900.1 1162.8 1548.9
g cyclohexane 307.9 7017 897.5 2224.7 3349.0 6982.7
= 1004 2-methylpentane 370.5 848.1 1160.6 2644.0 4295.7 5815.3
}‘ 3-methylpentane 373.3 877.8 1196.1 2597.9 41739 5495.4
@ 2,3-dimethylbutane 391.1 847.8 1192.8 2693.3 41259 6355.8
"-:’a 504 n-hexane 392.4 2232.8 2050.1 34445 42122 5377.4
< n-heptane 990.9 6529.8 6256.2 11275.9 16341.4 24050.1
= oL : R : 2,2,4-trimethylpentane 3671.5 8846.9 12047.2

0.0 0.2 04 0.6 0.8 1.0

Table 6. Dimensionless Henry Constant Data for Various VOCs at
T = 498.15 K for HY, LiY, NaY, KY, RbY, and CsY

HY LiY NaY KY RbY CsY

Relative Pressure (P/Py)
Figure 2. BET adsorption isotherm at 77 K for LiY.

2-methylbutane 88.20 178.6 2449 5089 652.3 8618
Table 2. Adsorbent Characteristics (Chemical Composition, Specific Q;Fé‘fggi?(zne 1%338 ‘}ég; ‘é}ég 152‘:13% 1;%75% 3%%2642
Area, SVAI Ratio, Cell Parameter "a", and Crystal Density) 2-methylpentane 228.8 5130 709.7 1464.4 2286.6 3053.7
crystal 3-methylpentane 229.2 519.6 7220 14166 2241.6 2885.8
specific  Si/Al a  density 2,3-dimethylbutane 2225 530.1 718.3 1373.6 2276.0 3338.7
chemical composition surface m2-g*l nm kg-m*3 n-hexane 232.1 1039.4 1088.7 1719.3 2299.6 2823.7
, n-heptane 541.4 2791.8 32824 5077.7 8513.2 10168.4
HY  HseAl5eSitadO3aa 350 2.43 1241.0 2,2, 4-trimethylpentane 1793.8 4572.0 6189.1 13278.7 18852.7 19914.9
LiY  Li 46NayoAl56ShacOsss 717 243 248 13098 chlorobenzene 2550.4 8529.5 17017.4
NaY  NaseAlseShaeOsss 621 243 244 14059
KY  KaNaysAl56Si1360384 631 243 246 14995 Table 7. Dimensionless Henry Constant Data for Various VOCs at
RbY  RbyeNagoAlseSiiseOssa 551 243 241 17073 T = 523.15 K for HY, LiY, NaY, KY, RbY, and CsY
CsY  CssNagAlseSiizeOses 446 243 242 1689.0 :
HY LY NaY KY RbY CsY
_ 2-methylbutane 61.44 127.7 166.9 330.1 4431 533.1
Table 3. Pore Volume (cnd-g~1), Dehydration Factors, and n-pentane 65.65 277.3 248.1 347.3 4711 5403
Adsorption Capacity of Water at Ambient Temperature (Qwater/ cyclohexane 118.0 2947 3430 7421 1213.2 1900.2
Ozeolite) fOr HY, LiY, NaY, KY, RbY, and CsY 2-methylpentane 126.1  320.0 4323 858.3 1347.4 1625.1
, , , 3-methylpentane 127.7 3324 436.8 819.9 13534 1504.3
: pore volume  dehydration  adsorption capacity 23-dimethylbutane 1343 3288 4410 7742 13424 18075
zeolite cm*g factor (Qate/Gzeoltd n-hexane 1285  647.7 697.6 10104 13702 1605.7
HY 0.195 0.2486 0.331 n-heptane 2945 15715 16855 2759.4 4417.6 5281.7
LiY 0.385 0.2621 0.355 2,2 A-trimethylpentane  901.5 2462.6 32429 6524.5 8935.7 8362.9
NaY 0.323 0.2461 0.326 chlorobenzene 1306.7 4703.9 8591.2 15282.4 31725.3 62761.9
KY 0.331 0.2162 0.276 toluene 2978.8 11185.7 17895.9 17324.5 26737.1 52117.6
RbY 0.290 0.1959 0.246
CsY 0.236 0.1736 0.207

Table 8. Dimensionless Henry Constant Data for Various VOCs at
T = 548.15 K for HY, LiY, NaY, KY, RbY, and CsY

Table 4. Dimensionless Henry Constant Data for Various VOCs at HY LiY Nay KY RbY CsY
T = 448.15 K for HY, LiY, NaY, KY, RbY, and CsY

2-methylbutane 4554 920 130.0 2223 3131 353.0
HY LY NaY KY RbY CsY n-pentane 4625 180.4 171.8 2355 3222 349.7
2-methylbutane 207.5 4137 686.0 15259 1927.9 2827.7 ?_’ﬂg{‘h‘;’l‘sgﬁtane 88%55% 220178% 22‘;%‘; ‘271%58 ;1381% 13252'12
n-pentane 214.0 1298.7 1014.7 1554.8 2070.4 2858.9 3-methylpentane 83.88 2332 2784 4996 8335 973.3
cyclohexane 556.3 12558 15411 42769 62336 141751 3 qioiipeone 8828 2940 2844 5127 8381 10637
2-methylpentane 690.0 1554.1 2194.9 5398.9 8409.2 121245 <’ ' ' ‘ : : ;
n-hexane 83.12 364.0 403.7 590.7 841.8 981.5
3-methylpentane 715.3 1622.0 2278.9 5362.6 8356.4 11644.5
2 3-dimethvibut 703.3 15369 2207.9 54382 83456 130934 n-heptane 1742 818.6 974.2 1595.0 2246.5 2749.7
e imethylbutane 1166 47404 43071 €359 87096 11461y Z2Atimethylpentane 4932 1493.1 18515 34964 50522 4006.0
E:hg’gf‘:rfe 10478 129903 - - - **" chlorobenzene 686.6 2372.9 4567.5 8519.0 16756.5 33320.9
5.2 4 timethylpentane 18300, toluene 1562.1 5971.0 9045.3 9442.9 14404.3 22897.1

these solvent emissions, the industry needs efficient filters and of waste gases as the lower the pollutant concentration is, the
processes at both high and low concentration. Destructive more efficient adsorption is.
techniques such as catalytic oxidation only change the pollution The determination of adsorption isotherms in the low partial
by throwing out another chemical compound, generally carbon pressure range for zeolitd/OC systems is then of prime
dioxide which is responsible for global warming. Techniques importance for industry and science. Adsorption on microporous
such as cryogenics and absorption are used to recover VOCssolids is a well-known technique for gas purification, often used
but only at high concentration as they are not efficient at very after a cryogenic process to obtain high-purity gases. Conse-
low partial pressure. quently, the measurement of experimental data in the low-
Solutions for reduction or destruction of the VOCs have a pressure range is the first step of any industrial process.
very important energy cost and also throw out pollution. They Moreover, these data are quite important to understand adsorp-
are however currently very effective as long as the legislations tion mechanisms of the first molecules in the zeolite cages.
on the emissions of VOCs are not very constraining. As the Generally, isotherms of these kinds of systems are of type I.
legislation will be increasingly severe, it will be necessary to These systems have a strong initial slope and a plateau covering
use very effective recovery techniques at very low concentration. almost the entire partial pressure domain. It is quite difficult to
Adsorption will be used in industrial applications for purification measure the first points of the isotherm because the initial slope
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Table 9. Dimensionless Henry Constant Data for Various VOCs at
T = 573.15 K for HY, LiY, NaY, KY, RbY, and CsY

HY LiY NaYy KY RbY CsY
2-methylbutane 35.06 74.30 86.12 155.8 211.2 2357
n-pentane 3454 117.6 119.2 162.7 2227 2423
cyclohexane 58.24  148.0 167.1 328.0 5105 692.8
2-methylpentane 60.54 159.0 206.4 366.3 539.0 538.1
3-methylpentane 63.40 1593 211.8 348.1 545.0 559.7
2,3-dimethylbutane 64.53 160.2 213.4 3755 550.2 6228
n-hexane 59.35 2495 263.2 396.0 556.7 539.1
n-heptane 114.6 543.1 579.9 929.0 1350.0 1558.7
2,2,4-trimethylpentane  299.3 887.1 11257 1962.8 2787.8 2035.3
chlorobenzene 400.4 1356.5 2535.6 4974.1 9807.0 16065.8
toluene 825.6  3524.8 4747.3 5228.0 8515.7 11922.8
m-xylene 2130.3 11577.9 19672.0 17030.7 22777.9 59013.8
p-xylene 1991.5 13862.0 18647.2 19689.1 30007.9 71209.5

Table 10. Dimensionless Henry Constant Data for Various VOCs at
T = 598.15 K for HY, LiY, NaY, KY, RbY, and CsY

Some previous work 14 provides interesting adsorption data
on zeolites. These papers deal with specific adsorptives (nitro-
gen, argon, water, hydrocarbons, hydrofluorocarbons) and/or
zeolites. Some of them aim at providing adsorption data for a
specific application: xylenes separati®hl? air purificatior/
and separatiohHFC separation techniquésOthers are focused
onphysicalinterpretation of adsorbatdsorbent behavidrés12-14
It appears that a more general experimental study which would
provide extensive results would be an interesting tool for further
developments in the understanding of adsorption mechanisms
and in predictive modeling.

This paper is devoted to the presentation of experimental
adsorption data in the low partial pressure domain (Henry
constant) for nine alkanes (linear, cyclic, and branched com-
pounds) and four aromatic and chlorinated compounds used as
probe molecules in the temperature ranges from (448.15 to
673.15) K and (448.15 to 623.15) K for alkanes, (523.15 to

HY LY Nay KY RbY CsY i
2-methylbutane 28.54 59.72 6835 117.7 160.7 164.1 673.15) K for aromatics, an_d (498.15 to 673.15) K for
n-pentane 2846 9010 9316 1229 1669 1675 Cchlorobenzene carried out using the well-known pulse chro-
cyclohexane 4798 1141 1215 2302 337.4 4384 matographic methot.”12131517 The adsorbents are monova-
g-memy:pen:ane ig-%‘ ig; ﬁ‘g-g gﬁ-g gig-g gé‘g; lent cationic faujasite zeolites (HY, LiY, NaY, KY, RbY, and

-methylpentane . . . . . . . . .

2.3-dimethylbutane 4626 1197 1469 2488 3532 3912 CsY) with t_he same Si/Al ratio to u_nderstand the effect of_ th(_e
n-hexane 4635 179.4 171.6 280.8 350.6 350.2 Compensating cation on the adsorption mechanisms of the initial
n-heptane 79.33 360.1 3962 5509 826.4 9243 molecules in the zeolite cages.

2,2,4-trimethylpentane  174.6  570.8  733.4 1229.2 1476.6 1137.2

chlorobenzene 260.6 827.0 15158 29815 5440.3 8575.9 : :

toluene 4657 21075 27108 31365 49068 6369.6 LCxPerimental Section

m-xylene 1160.4 6992.1 11597.1 9860.5 13016.1 26199.0 - ; : ;
pxylene 1060.8 74037 97669 108641 152637 29543.6 Experimental Deice and ProcedureThe column filled with

Table 11. Dimensionless Henry Constant Data for Various VOCs at
T = 623.15 K for HY, LiY, NaY, KY, RbY, and CsY

the adsorbent was located in the oven of an HP 5890 chro-
matograph equipped with a thermal conductivity detector (TCD).
A purifier, filled with 3A zeolite, was placed in the system to

remove water contained in the carrier gas (nitrogen with a purity

HY Ly Nay  K¥  RbY  Cs¥ higher than 99.999 %). Before any measurement, the temper-
2'metthy'buta“e 22223 gg-f;i ?gfg gs-gg 112152 1122§f ature was raised to 673.15 K with a rafeldK per minute; this
n-pentane B . . . . . -
cyclohexane 3550 8729 9640 1607 2364 oo14 (emperature was kept constant overnight under a flow of
2-methylpentane 3356 8334 1001 1737 2377 227.0 hitrogen to regenerate the adsorbent. A mass flow controller
g'g‘s_thy'fﬂ;a':e gg-;‘l‘ gg-gg ﬂig ggg gggg ggg-i was used to regulate the flow of the carrier gas. After this

,3-dimethylbutane . . . . X . . .
hexane 3305 1278 1216 1808 2400 227.3 'egeneration step, the temperature was set to the experimental
n-heptane 57.80 2338 268.6 3874 5260 5595 temperature. The hydrocarbon probe was injected with a syringe
thlx“'ttf)imethy'Pema“e 115; g‘gg-g ggé’-z 1;%1'8 3223-;‘ 425;-2 in the heated injector and passed through the column where it
chlorobenzene . . . . . . .
toluene 2673 12863 17270 18392 2979 36193 Was adsorbed and deso_rbed, and then it goes to the TCD. The
m-xylene 612.9 38228 59867 52444 79288 127861 VOC concentration profile(t) at the column outlet was then
p-xylene 584.8 42408 52138 60704 8076.3 142726 recorded on a personal computer as a function of time

Table 12. Dimensionless Henry Constant Data for Various VOCs at
T = 648.15 K for HY, LiY, NaY, KY, RbY, and CsY

HY Liy

NaY

KY

RbY

CsY

chlorobenzene 108.5 355.4

606.9 1276.0 2203.1 2935.3

The mass of adsorbent in the column was determined by
weighing the empty column and the column after degassing.

The details of the experimental procedure can be found in
our previous work8

Treatment of the Chromatographic Measuremeniat the

toluene 169.2 8452 1126.0 1242.0 20034 21614 end of the experimental run, the following measurements were
mexylene 3722 25226 3260.9 3206.7 50739 72673 .
p-xylene 3521 2578.6 2881.8 37222 4977.6 8337.1 P :

Table 13. Dimensionless Henry Constant Data for Various VOCs at
T = 673.15 K for HY, LiY, NaY, KY, RbY, and CsY

HY Liy

NaY

KY

RbY

CsY

chlorobenzene 73.34 248.1

412.4

889.9 1440.8 1849.7

- Volumetric flow of inert carrier gas in the column.

- VOC concentration profile in the carrier gas vs time at the
column outletc(t).

The first moment of this profile is related to the Henry
constant by eq 16121319

toluene 109.7 5721 7542 8017 13089 14155 v v
m-xylene 220.9 1561.8 1898.3 2028.9 3647.1 3854.3 _ Veolum . Va
p-xylene 2031 1771.0 17156 2337.0 31711 4520.6 H=7q, Te+ (1 - €)pRTK] + . @)

is in the very low partial pressure zone. The best zeolites for with € = ¢ + €p(1 — €) and whereu is the retention time (s);
VOC adsorption in the Henry zone (the low partial pressure Veoumn iS the column volume (R); Vg is the dead volume
zone) have a quite important Henry constant; that is, the zeolite between the injector and the detectof)in®r is the total volume
can adsorb a large number of molecules even at low concentraflow (m3-s71); T is the bed temperature (KR is the ideal gas
tion without being saturated. constant (K~1-mol™1); e is the total porosity; is the interstitial
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Table 14. Pre-exponential Factor of the van't Hoff Equation

HY Liy NaY KY RbY CsY
2-methylbutane 0.086533 0.201458 0.072204 0.055390 0.097852 0.037712
n-pentane 0.075837 0.031104 0.068694 0.063629 0.090904 0.035833
cyclohexane 0.029457 0.097338 0.070038 0.037208 0.057372 0.013186
2-methylpentane 0.013728 0.051568 0.046755 0.026578 0.024073 0.007990
3-methylpentane 0.014012 0.051043 0.045394 0.024704 0.027149 0.012543
2,3-dimethylbutane 0.015170 0.054151 0.051577 0.029097 0.029230 0.011020
n-hexane 0.011668 0.011101 0.013604 0.019701 0.027363 0.010646
n-heptane 0.005757 0.006939 0.011294 0.008863 0.009039 0.004398
2,2 4-trimethylpentane 0.001868 0.019888 0.018581 0.009659 0.005114 0.000719
chlorobenzene 0.003010 0.009341 0.010005 0.039261 0.029151 0.006746
toluene 0.000984 0.017671 0.011639 0.017419 0.035025 0.004681
m-xylene 0.000496 0.015516 0.002387 0.008755 0.087589 0.000730
p-xylene 0.000467 0.011591 0.001837 0.011162 0.007514 0.000747
Table 15. Adsorption Energy —AU (kJ-mol~%) the retention time. The linear correlation between the retention
HY LiY NaY KY RbY CsY time and the inverse flow rate has to be verified: this is done
2-methylbutane 2873 2822 3391 3798 3668 4169 by performmg_several runs with various gas _row rates. When
n-pentane 2040 39.60 35.80 37.56 37.25 41.97 the retention time does not depend on the injected volume and
cyclohexane 36.42 3501 37.15 4325 43.16 51.75 when the linearity between the retention time and the inverse
g-metny:pemane jg-ﬁ gg-ﬁ 28-28 ggi g-gg giig flow rate was checked, the hypothesis of the column working
-methylpentane . . . . . . ; ) - ; ; . ;
23-dimethylbutane ~ 39.84 38.06 39.56 44.87 46.73 52.19 It? Henry Sodgf"a":j'(s) \Z’a"d' Typically, the injected volume is
n-hexane 4090 47.90 47.01 47.26 47.09 51.76 between (0.01and 0.23L. _
n-heptane 4735 53.74 5195 5510 56.81 60.88 The van’'t Hoff plot of the dimensionless form of the Henry
2,2 4-trimethylpentane  56.99 51.11 5259 58.42 62.68 70.86 constant leads to the adsorption energy, given as
chlorobenzene 56.40 56.84 59.39 55.96 60.47 69.95
toluene 64.97 58.08 61.76 60.11 58.95 70.35 —AU
m-xylene 72.81 6453 76.19 69.08 59.28 86.63 K=K, exp(—) 4)
p-xylene 7277 66.54 76.94 6853 7227 87.25 RT
Table 16. Adsorption Enthalpy —AH (kJ-mol-%) at 573 K The maximum relative error it is 8 % according to the
HY LY NaY KY RbY oCsv error analysu‘%. Ko is the pre exponential (E|1men5|o_nless con
py—T— 3349 3298 3567 4274 alas deds stant, andAU is the adsorption energy-(@ol~t). The isosteric
-metnylbutane . . . . . . i o —1y
n-pentane 17 4437 4056 4230 4201 4874 lP;eat of adsorption at zero coveragé{ (Jmol™1), is calculated
cyclohexane 4118 39.78 4191 4802 47.93 5652 MY
2-methylpentane 4489 4299 44.64 50.08 5231 57.86
3-methylpentane 44.87 43.17 44.86 50.28 51.79 55.92 AH=AU - RT (5)
2,3-dimethylbutane 4460 42.83 4432 49.64 51.49 56.96
n-hexane 4566 52.67 51.77 52.02 51.85 56.53
n-heptane 52.11 5850 56.72 59.86 61.57 65.64 o .
2.2, 4-rimethylpentane 61,76 55.87 57.35 63.18 6744 7563  Column CharacteristicsFor the measurements, the zeolite
chlorobenzene 6117 6161 6415 60.72 6523 7471 samples are pelletized in a press by applying a pressure of
toluene 69.73 62.85 66.53 64.87 63.71 75.11 around 4.5 MPa. We use the (400 to 8@@) fraction to fill a
m-xylene 77.58 69.29 80.96 73.84 64.04 91.39 1/4 in. (6.35 mm) external diameter stainless steel column
p-xylene 7754 71.30 81.70 73.29 77.03 92.01

bed porosity;e, is the pellet macroporosityg. is the crystal
density (kgm~3); andK' is the Henry constant (m&g~—1-Pa1).
Equation 1 may be writtéfi

_ Vcolumr{l _ rnpellets + mpelletsR.I_|< + ﬁ (2)
QT |. Vcolumn'pc Vcolumn QT

wherempgetsis the pellet mass in the colummwas determined
by the appropriate statistical treatmentaf). Vcoumn and Vg
were determined from metric measuremeptsvas calculated
for an ideal crystal structure.

The Henry constar’ may be expressed in a dimensionless
form, K

K=KpRT ©)

(length between (1 and 5) cm). The gas flow rates are between
(1 and 2) Nth~%. With such a column diameter and length, no
pressure drop is measured in the apparatus. Table 1 gives the
accurate column dimensions for each experimental run.

AdsorbentsAll zeolites studied are faujasite type Y zeolites
with different compensating cations {HLi*, Na", K*, Rb",

Cs') and crystallize in a cubic mode. The Si/Al ratio of these
Y zeolites, provided by°Si MAS NMR, is 2.43.

The starting material is a NaY zeolite provided by Union
Carbide. The Li-, K*-, Rb*-, and Cs-exchanged faujasites
are obtained by ion exchange of the NaY material with a
chloride solution of the corresponding alkali cation as described
by Townsend?® The powder of the NaY zeolite is dispersed in
a 6 M chloride solution. The suspension is then heated at 353.15
K over 4 h. The hot mixture is filtered and washed with distilled
water to remove Clions. The full exchange process is repeated
four times to obtain a good rate of exchange. The recovered

The physical meaning of the Henry constants determined by material is finally dried in an oven at 393.15 K. A similar
this method implies an execution of the measurements in the protocol is carried out to obtain NM using a 10 wt % NH-
Henry domain. The Henry domain is characterized by the fact NOs solution. After each exchange, a calcination is performed

that the retention time is not influenced by the injected volume.

at 673 K for 6 h at deating rate of 100 K per hour from room

This is checked by performing several experimental runs with temperature in a flow of dry oxygen. The calcination is to
decreasing injected volumes of adsorbate for which we calculatedecompose the NH ions to give H, a small ion, to facilitate
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Figure 3. Plot of In K vs 1/T for (a) HY, (b) LiY, (c) NaY, (d) KY, (e) RbY, and (f) CsY: x, 2-methylbutangl, N-pentane;a, 3-methylpentanea,
N-hexaneO, N-heptane®, 2,2,4-trimethylpentanet, cyclohexaneM, toluene;®, metaxylene; and—, chlorobenzene.

the next exchange. The procedure is repeated seven times to The crystallinity of our materials was checked using an X-ray
obtain a 100 % rate of exchange. diffractometer (Philips PW 170) with a copper anticathode



Journal of Chemical and Engineering Data, Vol. 52, No. 6, 20Q7123

(a) 10
[]
9
. a
. °
8
°
A
A
7 ° n o
M e a L4 o
A a A x
6 ] (-]
. 4 8 x
a
° 8 x
5 ] 4
é x
8 x
X
4 x
x
3 T T T T T T T T
0,0014 0,0015 0,0016 0,0017 0,0018 0,0019 0,002 0,0021 0,0022 0,0023
1/T
(b) 10
[ ]
9 .
a [ ]
a
8 -
a . A
H o
7 = ;
é a ° a x
[ ]
6 hd A 2
¥ . o X
A
[ ] [ ] . -] x
L) o
o x
x
4 x
x
3 T T T T T T T T
0,0014 0,0015 0,0016 0,0017 0,0018 0,0019 0,002 0,0021 0,0022 0,0023
1T
(c) 11
10 n
s o
. °
9 A
]
= )
8 : ® &
? o [} x
%o
£ ] o ] X
[ ] ° [} x
6 L J -]
x
A
5 x
x
x
4 X
3 T T T T T T T T
0,0014 0,0015 0,0016 0,0017 0,0018 0,0019 0,002 0,0021 0,0022 0,0023

/T



2124 Journal of Chemical and Engineering Data, Vol. 52, No. 6, 2007

(d) 11
10 [ ]
L4 a
9 : o
s a
8 5 L s X
s y ] x
M N a
g7 $ o x
- a
6 a o x
x
5 x
x
4
3 T T T T T T T T

0,0014 0,0015 0,0016 0,0017 0,0018 0,0019 0,002 0,0021 0,0022 0,0023

/T
(e) 11 N
10 . 8
L]
[ ] 4 a
9 A .
[
a a
8 ! 7 o *
) o ,
1% 2 ® o
= 7
- L o x
o
6 x
x
5 x
x
4
3 T T T T T T T T
0,0014 0,0015 0,0016 0,0017 0,0018 0,0019 0,002 0,0021 0,0022 0,0023
T
(f) 12
11 8
L] a
10
[] a ° a
9 8 a Y A a
[ s L4 a o
8 - £ °
v . s R a o X
= ; a 4 o x
Y [y
o x
o
6 4 2
o x
5 x
x
x
4
3 T T T T T T T T

0,0014 0,0015 0,0016 0,0017 0,0018 0,0019 0,002 0,0021 0,0022 0,0023
/T

Figure 4. Plot of InK vs 1/T for (a) cyclohexane, (b) 3-methylpentane, KEheptane, (d) 2,2,4-trimethylpentane, (e) toluene, and (f) chlorobenzene: x, HY;
0O, LiY; a, NaY; @, KY; A, RbY; W, CsY.

producing X-rays with a wavelength equal to 1.54178 A. Figure 1b) as well as those of the exchanged materials (Figures 1a and
1 presents the diffractograms of the starting material (Figure c to e). The XRD patterns of the exchanged faujasites are quite
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Figure 5. Adsorption capacity of water at ambient temperature for HY, LiY, NaY, KY, RbY, and CsYthis work; <, ref 13; A, ref 10;0, ref 9.

similar to that of the initial NaY sample. It is well-known that All these characteristics are gathered in Tables 2 and 3.
the introduction of a larger cation such as'Gs the zeolitic AdsorbatesThe studied probes are alkanes (2-methylbutane,
framework can cause a modification on the zeolite framework n-pentane, 2-methylpentane, 3-methylpentane, 2,3-dimethylbu-
and therefore on the XRD pattern. A decrease in intensity of tane,n-hexane n-heptane, 2,2,4-trimethylpentane, and cyclo-
the diffraction lines situated at low angle values is observed hexane) and aromatic compounds (toluanetaxylene,para
(Figure 1). The crystallite shapes of starting NaY particles are xylene, and chlorobenzene). All compounds are HPLC grade
multifacetted spherulites, which are not altered by ion exchange. with purity higher than 99 % (toluene purity is higher than 99.8
Nitrogen adsorptiorrdesorption isotherms were measured at %, and the purity of 2,2,4-trimethylpentane and cyclohexane is
77 K on a Micromeritics ASAP 2010 instrument. All zeolites higher than 99.5 %).
used have the same isotherm profile, and Figure 2 presents this The carrier gas used is nitrogen, as no different behavior is
isotherm for LiY. The samples were first degassed under a observed by using helium or nitrogen.
vacuum at 593.15 K for several hours. The Horvattawa- Adsorption ParametersThe experimental determinations of
zoet22 method was used for the determination of the pore the Henry constants were achieved at temperatures ranging from
volume. The surface areas were determined using the BET (448.15 to 623.15) K for alkanes, from (523.15 to 673.15) K
equation in the low-pressure region (relative pressure betweenfor toluene, from (498.15 to 673.15) K for chlorobenzene, and
0.05 and 0.25). The nitrogen adsorptieatesorption isotherms,  from (573.15 to 673.15) K for xylenes. Data points were taken
obtained on these materials, are typical of microporous materialsat temperature intervals of 25 K.
with specific surface areas between (446 and 71%pm. A The temperature dependence of the Henry constants for
decrease in the specific surface area is observed when the sizalkanes and aromatics on faujasites is presented in Tables 4 to
of the counterion is high. It is worth noting that the HK method 13 at temperatures from (448.15 to 673.15) K.
used can slightly underestimate the pore size opening of the Figure 3 presents a plot of the logarithm of the Henry constant
zeolites. Other more recent methods such as S&itdey and vs inverse temperature for all adsorbates on a given zeolite.
NLDFT could be applied for the precise calculati@towever, Figure 4 presents a plot of the logarithm of the Henry constant
the utilization of the HK method will not change the trend of vs inverse temperature for a given adsorbate on all zeolites.
our present systematic study. Specific surface areas, chemical In comparing data for all faujasite zeolites and all compounds
compositions determined by atomic absorption, and character-(alkanes and aromatics), the linear trend oKlrvs 1/T over
istics of all the studied samples are collected in Table 2. The the temperature range studied can be noticed. All plots are

cell parameter is determined by XRD. straight lines 2 > 0.9995).
The adsorbents are also characterized by their dehydration We give the pre-exponential factor and the adsorption energy
factorf defined by of the van't Hoff law in Tables 14 and 15. The adsorption
enthalpy at 573.15 K is also given in Table 16.
fo1_ dehydrated mass ) As the studied zeolites are not completely exchanged, the
total mass interpretation of the experimental results is difficult, but the

following statements can be made.
To measure the hydrated mass, the sample is left in contact For all probes, the Henry constants increase with increasing
with air at room temperature over a period of around 12 h. The cation size, and the general trend for the Henry constants is
dehydration is then performed by increasing the temperatureHY < LiY < NaY < KY < RbY < CsY. There is a large
up to 673.15 K (1 K per minute) in a chromatograph oven under difference between HY and LiY Henry constants, and the NaY
a helium flow. constants are close to those of LiY. As already explaitéti
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ions in site Il buried between the oxygens of the six membered (2) Bellat, J. P.; Simonot-Grange, M. H.; Jullian, S. Adsorption of gaseous

; i ; ; ; -xylene and m-xylene on NaY, KY and BaY zeolites: Part 1
rings are |nacces_3|ble to the adsorbates whe!reas larger ions in E\dsyorption equi"br}’a of pure xylenegeolites1995 15, 124-130.
site Il are accessible to adsorbate molecules in the supercage”. (3) gellat, J. P.: Pilverdier, E.; Simonot-Grange, M. H.; Jullian, S.

For HY, as the cation radius is smaller thari Lihe adsorption Microporous volume and external surface of Y zeolites accessible to
is limited compared to LiY. As the Nacation is bigger than p-xylene and m-xyleneMicroporous Mater.1997, 9, 213-220.

- - . - B : (4) Denayer, J. F.; Baron, G. V. Adsorption of normal and branched
Li™, the cation is more accessible and adsorption is more paraffins in Faujasite zeolites NaY, HY, Pt/NaY and U&¥isorption

important (the bigger the cation is, the higher the adsorption). 1997 3, 251—265.
For alkanes, when the number of carbon atoms of the (5) Denayer, J. F.; Baron, G. V.; Martens, J. A; Jacobs, P. A.

; ; ; Chromatographic study of adsorption of n-alkanes on zeolites at high
adsorbate increases, the Henry constants on a given zeolite temperatureJ. Phys. Chem. B998 102 (17), 30773081,

increase too as aIrea}dy mentioAdor a NaY 2.7. Toluene is (6) Denayer, J. F.; Souverijns, W.; Jacobs, P. A.; Martens, J. A.; Baron,
more adsorbed than iso-octane and less adsorbed than xylenes.  G. V. High-temperature low-pressure adsorption of branched @5

i i i ) alkanes on zeolite Beta, ZSM-5, ZSM-22, zeolite Y and Mordenite.
When the_catlt?n Slzg k:I)I’ICI’(E'aS(-}S,h a Cross %ver OI‘: Henry Sd J. Phys. Chem BL998 102 (23), 4588-4597.
constants Is observe etween the two probes, toluene an 7) Diaz, E.; Ordonnez, S.; Vega, A.; Coca, J. Adsorption characterization

chlorobenzene. For HY and LiY, toluene is more adsorbed at of different volatile organic compounds over alumina, zeolites and
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. . ; ' A 2004 1049 139-146.
higherK constants. Any interesting selectivity can be seen for (8) Inel, O.: Topaloglu, D.: Askin, A.; Tumsek, F. Evaluation of the

meta andpara-xylene separation on the zeolites used; that is, thermodynamic parameters for the adsorption of some hydrocarbons
Henry's constants are almost the same for the two xylenes on on 4A and 13X zeolites by inverse gas chromatogragtem. Eng.
a given zeolite. J. 2002 88, 255-262. .
. (9) Maurin, G.; Llewellyn, P. L.; Poyet, Th.; Kuchta, B. Adsorption of
On zeolites HY, KY, RbY, and CsY, the Henry constants argon and nitrogen in X-Faujasites: qualitative relationships for
and the heat of adsorption are almost the sama{fand iso- understanding the interactions with monovalent and divalent cations.
alkanes (monobranched alkanes or dibranched alkanes). Whereaao) Microporous Mesoporous Mate2003 79, 53-59.

. . . . Moise, J. C.; Bellat, J. P.; Methivier, A. Adsorption of water vapour
for NaY and LiY zeolites, there is a small differencekfthe on X and Y zeolites exchanged with bariumicroporous Mesoporous

most significanK ratio or selectivity factor for NaY being 1.9 Mater. 2001, 43, 91-101.
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