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Abstract

The water uptake by carbon molecular sieves (CMS) and graphitized carbons, all of which are used to determine volatile organic compounds
in air, was investigated using a direct experimental approach. CMS, e.g. Carboxen 1002, Carboxen 1003 and Anasorb CMS adsorb substantial
amounts of water, in the range 400 to 450 mg per gram of adsorbent. Graphitized carbons, e.g. Carbrogaph 5TD and Carbopack X show
low water trapping, less than 30 mg'gand Carbopack Y as little as 5 mg'gor less. The water sorption capacity for graphitized carbons
is strongly dependent on the relative humidity (RH). The change of RH from 95 to 90% decreases the amount of adsorbed water by more
than a factor of 2. Two different water adsorption mechanisms are operative: adsorption on polar centers and micropore volume filling. For
graphitized carbons and CMS at low RH, adsorption on polar centers is involved. For CMS, once the threshold value of relative humidity
(RHy,) is surpassed, micropore volume filling becomes predominant. iRM4+ 3 and 42+ 3% for Carboxen 1002 and 1003, respectively,
and 32+ 3% for Anasorb CMS. The CMS mass in the trap was found not to affect the mass of retained water under condition of incomplete
saturation of adsorbent bed with water. Thus, the restrictions commonly imposed on the CMS mass are not necessary. The dry purging
technique is suggested to remove adsorbed water. Carbograph 5TD and Carbopack X require only a few hundred ml of dry air to remove
adsorbed water entirely. Water can also be purged out from CMS; however, much larger volumes of dry air are needed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction sorbents, and graphitized carbons as {&iB]. Our aim was
to determine to what extent the individual sorbent can be used
Recently, the use of adsorbents for preconcentration of or-for sampling in very humid environment. The main parame-
ganic contaminants of atmospheric air and water has vastlyters to be reckoned with are the total mass of water sorbed by
increasedll-3]. Especially carbon adsorbents: carbon molec- the bed and the so called threshold humidity,jRld value
ular sieves (CMS) and graphitized carbons enjoy wide pop- of relative humidity that should not be surpassed in order to
ularity [3]. One of the most serious problems in the use of avoid a steep increase in the sorption of w§fer]. In this
these sorbents is coadsorption of water while sampling humid work we want to conclude our studies extending experiments
gased4-8]. The water adsorbed can interfere with analysis to the new graphitized carbons, Carbograph 5TD and Car-
in many different ways: it can decrease the safe sampling bopack X. These sorbents are currently gaining favour with
volume[9], it can lead to analyte degradatid®] and, when analysts at the expense of CMS. The former sorbents feature
released during thermal desorption, it may thwart the ana-fairly large specific surface (200-60G 1), and were in-
lytical procedure completely. We have studied extensively troduced as commercial products to fill a gap between CMS
the phenomenon of water coadsorption on the sorbents forand traditional graphitized carbons that have small specific
some time. Our investigations were concerned with CMS surface (Carbotrap B and C). Since there is strong correla-
(Carbosieve SllI, Carboxen 569, Carboxen 1000), polymeric tion between specific surface and adsorption capacity, Car-
bograph 5TD and Carbopack X seem to be very promising as
* Corresponding author. Tel.: +48 22 822 02 11x416. an intermediate layer in three layer samplers, to sorb at least
E-mail addressgierczak@chem.uw.edu.pl (T. Gierczak). a part of volatile compoundszECs.
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The aim of this work is to study adsorption of water (LARA), Carbopack X and Carbopack Y (Supelco) were ac-
vapour from humid air by carbon molecular sieves (Carboxen tivated for 5h in a stream of helium at 350 prior to use.
1002, Carboxen 1003, Anasorb CMS) and graphitized car- Adsorbent physical parameters are assembldalte 1
bons (Carbograph 5TD, Carbopack X and Carbopack Y).

Carboxen 1000 which is very well characterized is used as a
standard to control experiments. 3. Results and discussion

Two parameters, water sorption capacity (WSC) and
2. Experimental threshold relative humidity (RfH) are needed to assess the
adsorbent performance in preconcentrating and sampling or-
Experimental details have been described elsewhereganic compounds from very humid air (or another gas). In
[5-8]. Only will salient features of experiments be reported what follows the experiments conducted to measure those
here (sed-ig. 1). A stream of humid air is passed through a two parameters are described.
thermostated stainless steel tube packed with the sorbent. A
proper amount of the sorbent (100, 300 or 500 mg) is located
in the middle of the tube and kept in position using wads of
glass wool. A hygrometer probe (used to measure humidity
and temperature) is placed at the outlet of the tube. In front of The total amount of water adsorbed on the sorbents was
the tube inlet the pipe to admit dry air is attached. This way
the relative humidity of the air passed through the tube can be
adjusted within the range©95%. Two distinct modes were
operative: (i) saturation of the adsorbent with air at constant
humidity; (ii) desorption of adsorbed water in a stream of dry . .
air. The amount of adsorbed water was determined both from(upper section). The mass of water was determ_lned from
the saturation and desorption curves. The detailed descrip-.the area under the desorpﬂo_n curve. Water sorptlon capac-
ity for all of the adsorbents is listed ihable 1 It is seen

tion of determination of the mass of adsorbed water is given . . I
elsewherd6,7]. that while carbon molecular sieves exhibit a very large value
for WSC, 400-450 mggt, Carbograph 5TD and Carbopack
X are much poorer sorbents, 25 mg g1, and Carbopack
2.1. Chemicals Y does not sorb water at all. The saturation curves for car-
bon molecular sieves and graphitized carbons are completely
The adsorbents Carboxen 1000, Carboxen 1002, Carboxerdifferent. It is not surprising because we believe that two
1003 (Supelco), Anasorb CMS (Alltech), Carbograph 5TD mechanisms of water adsorption are in effect. Firstly, water

3.1. Water sorption capacity

determined, according to a procedure described in detail else-
where[6,7]. A reference saturation curve (saturation of the
system without any sorbents), the saturation curves for the
molecular sieves (Carboxen 1003 and Anasorb CMS), and
the saturation curve for Carbograph 5TD are showrign 2

Thermostate
Thermohygrometer
Moist air and
- S
RH = 95% computer

\

adsorbent

Fig. 1. Outline of experimental setup to study adsorption of water on carbon adsorbents.

Table 1
Physical properties of adsorbents studied and maximum amount of adsorbed water
Adsorbent Specific surfate Micropore volumé Sizé* (mesh)  my(H20) (RH~ 90%) mp(H20) (RH~A 95%) RHpr (%)
(m*g™) (cm’g™) (mgg?) (mgg?)

Carboxen 1000 1200 0.44 40/60 442 445 (450) 45430
Carboxen 1002 1100 0.36 40/60 425 415 143
Carboxen 1003 1000 0.38 40/60 436 435 42
Anasorb-CMS - - 40/60 396 392 323
Carbopack X 240 - 40/60 11 29 -
Carbograph 5TD 560 - 40/60 10 24 -
Carbopack Y 24 - 60/80 <5 <5 -

4 Manufacturer’s specification.

b [8].
¢ Measured 260 fg 1 [15].
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Fig. 2. Upper sectiorsaturation curve$H,O concentration in air at the out-

let of the adsorbent trap vs. humid air volume); adsorbent mass — 100 mg;
gas flow rate — 100 mlmin'; temperature 20C. (1) — fundamental satu-
ration curve; (2) — Carbograph 5TD; (3) — Anasorb CMS; (4) — Carboxen
1002. Bottom sectiondesorption curvegH,O concentration in air at the
outlet of the adsorbent trap vs. dry air volume); adsorbent mass — 100 mg;
gas flow rate — 100 ml mirt, temperature 28C. (1) — Anasorb CMS; (2) —
Carbograph 5TD.

1000[5]. However, the saturation curve for Anasorb CMS is
different. The water vapour concentration in a gas leaving the
trap is smaller — the plateau is located lower and is shorter.
Anasorb CMS features a smaller value for the threshold hu-
midity, which will be commented later on. This difference
notwithstanding, all three adsorbents function as typical CMS
and sorb substantial amounts of water (400—-450 i).g

The water adsorbed by CMS, massive as it is, undergoes
reversible adsorption and can be expunged easily. Water des-
orption curves from Carboxen 1002 and Carbograph 5TD
are shown inFig. 2 (bottom section). Both sorbents were
completely saturated with water. Water adsorbed on the po-
lar centers adheres weakly to the surfgt2], and can be
removed by dry gas purging. 300 ml of dry air is enough to
remove water from Carbograph 5TD (d€g. 2, bottom sec-
tion). However, the removal of water from Carboxen 1002
(and from other carbon molecular sieves as well) requires
much larger volume of dry air, on the order of liters. A dif-
ference in water adsorption between CMS and graphitized
carbons is best illustrated if saturation with humid air at two
distinct RHs, 90 and 95%, is examined. As can be seen in
Table 1 water sorption capacity of CMS does not depend
on the air RH (within the range studied, RH either 90% or
95%). However, in the case of Carbograph 5TD and Car-
bopack X even such a slight change in RH, from 95 to 90%,
results in a twofold decrease in the mass of adsorbed water.
Water desorption curves for Carbograph 5TD are shown in
Fig. 3. The volume of dry air needed to release the water is
much smaller when the adsorbent was saturated with air at
90% relative humidity. The ease of water removal from the
surface of graphitized carbons can readily be explained on
the basis of adsorption mechanism. Water adsorbed on the
polar centers is grouped in clusters, and the molecules are

undergoes adsorption on the polar centers always present ommterlinked with each other. The number of molecules linked
the carbon surface. This water is weakly bound and can be re-this way with one center depends very strongly on [R2.

leased easily. Such amechanism s typical for graphitized car-

bons. Under saturation with humid air (d€ig. 1, upper sec-
tion) water vapour appears in the detector practically instan-

taneously after the start of experiment; next, water concentra-

tion increases slowly to reach a maximum value correspond-
ing to RH~ 95% at a given temperature. All polar centers are

Thus, even a minute decrease in RH of saturating air results

saturated. The amount of adsorbed wateris much smaller than
the amount necessary to cover the adsorbent surface with a
monomolecular layer of water. In the case of carbon molecu-
lar sieves, apart from adsorption on the polar centers, another
mechanism is operative, a micropore fillfiid.]. Some part of
water vapour undergoes condensation within the micropore
volume, another part passes by freely. This process continues
until the micropores are filled entirely, as is evidenced by a
pseudo plateau visible on the CMS saturation cukig.(2
upper section). Consequently, CMS sorb much more water
per adsorbent gram than do graphitized carbdiablée J). Fig. 3. Desorption curves: @ concentration in air at the outlet of the
Such functioning of carbon molecular sieves and graphitized adsorbeqt trlap vs. dry air volume) a_dsprbent mass — 100 mg; gas flom_/ rate —

. . 100 mI mirr+; temperature 20C. Solid line — Carbograph 5TD; adsorption
carbons agrees well with our former observatl{ﬂnS]._ TO of water vapour from air at Rk 95%; dashed line — Carbograph 5TD;
conclude, Carboxen 1002 and Carboxen 1003 exhibit prac-agsorption of water vapour from air at R¥90%; dotted line — Carbopack
tically identical features, much similar to those of Carboxen ; adsorption of water vapour from air at R¥95%.

¢[H,0], mg I'

0.4

volume, |
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in a significant decrease in the number of molecules adhering 40
to the surface, and, consequently, in a decrease in the volume
of dry air necessary for effective purging. 30 |

To conclude, the graphitized carbons studied, Carbograph
5TD and Carbopack X, adsorb small amounts of water from
humid air (or another gas even at RH95%), and dry purge is
facile. Since in most cases sampling involves air at RH < 90%,
adsorption of water on Carbograph 5TD and Carbopack
X does not occur for all practical purposes. If graphitized
carbons are used in traps combined with carbon molecular
sieves, the latter ones are responsible for all of the water ad- 10 1'5
sorbed Fig. 2andTable J.

The saturation and desorption curves for Carboxen

20

m[HZO]’ mg

10

35 40

1000, Carboxen 1002 and Carbopack X are shown in the 40
Supplementary data, Fig. h the WWW, to save space.
o 30
3.2. Threshold relative humidity Ri E
O 20|
The introduction of threshold relative humidity was a nov- T
elty in investigations of water adsorption on CN&7]. The 3 10|
idea originates from the mechanism of micropore volume
filling, adopted by Stoecklj11] to explain the adsorption
of water on microporous activated carbons. Here, the es- 0 :
sentials of this mechanism will be briefly reminded. For a 0 20 100
more detailed explanation see our previous publicafign RH, %

Water vapour adsorption on CMS could be understood as
a condensation of some water vapour to the liquid phaserig. 4. water vapour adsorption in Carboxenu 1002. (300 mg adsorbent
in the micropores at RH higher than RH The threshold trap). Upper section: mass of adsorbed water from 51 of humid air vs.
relative humidity for a given adsorbent practically does not trap tempelratur(-? at different wate_r concen_tration; circles 157%19;t4ua_res
depend on temperature and is related to the water vapour_ 18Md! " solid and dashed lines estimated from Eg) assuming
. . R S . . .. L. RH =44%. Bottom section: mass of adsorbed water vs. humidity of

co_ncentraﬂon belng n equmbrlum with Iqu|d water inside saturating gas; solid and dashed lines estimated from(Bgassuming
micropores. RHinr = 44%.

Eqg. (1) was derived using this mechanism. The mass of
water adsorbed on the CMS bed(H,0), can be estimated _
approximately depending on the sample volukg, thewa-  the adsorbent trap temperature, water vapour concentration
ter vapour concentration in the Samp'ed al,rp' the relative in air can be recalculated y|e|d|ng the I’elatlve' hum|d|Fy.. This
threshold hum|d|ty for a given adsorbent, RHand the sat- way the mass of adsorbed water vs. the relative hUmldlty can

urated water vapour concentration at adsorption temperature P obtained, as shown in bottom sectiofig. 4. Solid lines

Cat the dependencies according to E2) at RHn =44%. It is
clearly seen that up to a certain threshold value adsorption
m(Hy0) = VairCsat<% 3 Rchr) ) is very ineffective; in all likelihood it is adsorption on the
csat  100% polar centers. Once Rkl has been exceeded, water adsorp-

tion exhibits a fast growth apparently due to micropore filling
[11]. Fig. 4is concerned with Carboxen 1002. To save space,
much similar results for other two CMS are presented in the
(RH — RHin) Supplementary data, Figs. S2 and S3, and Tables S1 and S2
W} ¥ on the WWW. RH, for all three adsorbents are listed in
Table 1 and are seen to span the range from from:&26
To estimate the threshold relative humidities for every adsor- for Anasorb CMS up to 44 3% for Carboxen 1002. Such
bent studied, the mass of water adsorbed from 51 of humid values agree very well with those for other CMS studied pre-
air was assessed at a trap temperature. Two water vapour cornviously in this laboratory7,8] (see Rk, for Carboxen 1000
centrations were examined: 15 and 18 my Experimental in Table 1.
dependence of the mass of adsorbed water on the trap temper- Examination of Eq(2) discloses some peculiarities. At
ature for Carboxen 1002 is shownHiig. 4 (upper section). RH < RHyy, m(H20) is negative which can be rationalized
Solid lines were obtained by fitting experimental resultsto Eq. as the sink of water, as, for instance, during the dry purge.
(1) on the assumption that R§#=44%. Taking into account  Further inspection of Eq2) reveals that dry purge is more

Eq. (1) can be written in a different form using the definition
for relative air humidity RH =np/Csa)100%.

m(H20) = Vajrcsat [
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Fig. 5. Adsorbed water mass vs. CMS mass in the trap. Adsorbents saturated™ig- 6. Dry air volume needed to release water from CMS vs. adsorbent
with 51 of air at RH~ 95%. Circles — Carboxen 1002; squares — Carboxen Mmass. CMS saturated with 11 of air at RHB5%. Circles — Carboxen 1002;
1003; diamonds — Anasorb CMS. squares — Carboxen 1003; diamonds — Anasorb CMS.

effective the smaller the RH of the purging gas, the most
effective at RH=0.

From an analytical point of view the existence of {RHs
important: adsorption of water in CMS can be prevented by
enhancing the trap temperature, a so called warm trap metho
[7]. Even a slight increase in trap temperatuké£ 3—15°C)
above the temperature of sampled air results in RH decreasing
below RHyy, and, consequently, in a drastic diminishment of
water adsorption. We have formerly presented dependencies
of At on RH estimated for carbon molecular sieves atfrH
35 and 45% (seEig. 5in ref.[7]). These values can be used
to estimateAt for CMS studied in this work.

While RHy, for Carboxen 1002 and 1003 is much similar
to that for Carboxen 1000 (sé@able 1and ref.[8]) RHinr
for Anasorb CMS is much smaller. Since this adsorbent will
start sorbing water at lesser RH we cannot advocate its use.

Carbon molecular sieves adsorb substantial amounts of
water but only after Ri, has been surpassed. In con-
sequence, two problems important for analytical practice
emerge: how the mass of adsorbent in the trap affects (i) Inconclusion, increase in the adsorbent mass do not affect
the mass of adsorbed water, and (ii) the volume of dry gas the adsorbed water mass appreciably. To release the adsorbed
necessary for purging. water we advocate dry purd6,14]. The level of water re-

. moval during dry purge can easily be monitored using a hy-
i) Dependence of the mass of adsorbed water on the mass OBrometer located at the outlet from the sampler.
the adsorbent bed has, until recently, been controversial.” 14 sum up we want to emphasize that our results are
It has been suggested to use minimum amounts of CMS ¢oncerned with only one facet of the analytical prob-
in traps to. avoid water interferen¢e3]. This leadstoa  |g- coadsorption of water during sampling of organic
decrease in the volume of sampled gas and,consequentlycompoundS from humid air or other humid gases. Other
to a deterioration of determination limits (the smallerthe (.-t res of the adsorbent may require paramount attention:
bed mass the smaller the breakthrough volume). The ex-pyreakthrough volumes, recoveries, degradation of analytes
perimental dependence of adsorbed water mass on they, the bed and adsorbent background.
CMS mass in the trap is shownfifig. 5(Supplementary
data, Table S83100 mg adsorbent portions were saturated
with 51 of RH 95% air. The dependence is seen to be very
weak, in agreement with our former work. Even a five- Acknowledgement
fold increase in Carboxen 1002 or Carboxen 1003 mass
practically does not affect the mass of adsorbed water. ~ Financial support of the Polish Committee for Scien-
Only does Anasorb CMS display some dependence buttifiC Research under grant 12501/64-BST-972-28/2004 is

still a small one. A fivefold increase in Anasorb mass is acknowledged.

accompanied by only about 30% increase in the mass of

adsorbed watdB].
ii) The dependence of the dry air volume necessary for
successful purging on the adsorbent mass is shown in
Fig. 6 (Supplementary data, Table SBjfferent adsor-
bent masses (100, 300 and 500 mg) were saturated with 11
of humid air at 95% RH (parallel experiments using 3 or
51 of humid air are described in Table S4). The water ad-
sorbed was released in a stream of dry air. The volume of
dry air is seenKig. 6) to be practically independent of the
adsorbent mass. This may cease to be true if the volume
of humid air becomes larger. As many as 91 of dry air are
needed to remove water completely from 500 mg of Ana-
sorb CMS saturated with 51 of humid air (R¥95%).
Under the same conditions Carboxen 1002 (or 1003) re-
quire 4 up to 61 of dry air for thorough purging.
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