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SUMMARY 

Strong evidence has been obtained which indicates that film diffusion controls 
the retention of non-polar organics of low aqueous solubility by the sorbent Tenas- 
GC. Model compounds which have been studied in this contest include the four U.S. 
Environmental Protection Agency priority pollutants o-dichlorobenzene, 1.2.4tri- 
chlorobenzene, naphthalene, and hesachloro-1,3-butadiene. The data indicate that 
compounds such as these have large aqueous retention volumes on this sorhent. Once 
sorbed, little loss occurs for pg/l concentrations and sample volumes of several liters. 
Equations are developed which predict the percent recovery as a function of cartridge 
dimensions and sample volume flow rate. 

INTRODUCTION 

During recent years, there has been occasional interest expressed in the litera- 
ture concerning the use of Tenas-GC Cporous poly(2&-diphenyl-p-phenylene oxide)] 
as an adsorbent for the sampling of trace aqueous orgaoics. In studies using solvent 
extraction as the recovery step, Leoni and co-workers’*2 have found Tenax-GC to be 
very retentive for low pg/l levels of several polycyclic aromatic hydrocarbons (PAHs), 
the polychlorinated biphenyls (PCBs), and a number of pesticides including hexa- 
chlorobenzene, DDT, y-BHC, parathion, and methylparathion. Versino et aL3 also 
studied the efficiency of adsorption onto Tenax-GC, but they utilized thermal desorp- 
tion to place the analyte compounds on the gas chromatographic (GC) column. They 
reported recovery efficiencies of 89, 89, and 99 y0 for x 20 pg/l levels of aniline, p- 

cresol, and benzene, respectively. Pyridine, rz-undecane, and phenol gave recoveries of 
41, 70, and 45x, respectively_ Chesler et ai_ have described a Tenax-GC method 
involving thermal desorption, but no recovery studies were carried out by these work- 
ers_ 

Despite these favorable early results, prior to the recent work of Pankow and 
co-workerss*6, there has been very little additional interest in employing Ten=-GC as 
ztn adsorbent in aqueous sampling_ Using thermal desorption to transfer analYtes 
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from sample cartridges to both packed and capillary GC columns. these workers have 
obtained good recoveries for seven U.S. Environmental Protection Agency (EPA) 
priority pollutants. including hesachloroethane, p-dichlorobenzene, hexachloro-1,3- 
butadiene. 1.2.~trichlorobenzene, and 2-chloronaphthalene5*6. 

The general lack of interest in aqueous sampling with Tenax-GC is due in large 
measure to the commonly held belief that its specific surface area of 19-30 m’/g7*8 is 
too low to provide adequate sorption capacity_ Many analysts have chosen to use the 
much higher specific surface area XAD resins (e-g_. 290-300 m’/g for XAD-Zg and 
750 m’jg for XAD-7”). These resins owe their high surface area to their open macro- 
reticular structure_ Thus. the fact that Tenas-GC has nevertheless been shown to be 
very retentive of non-polar aqueous organics indicates that the adsorption interac- 
tions can be very strong. When the adsorprion step is followed by thermal desorption 

(a sequence termed ATD by Pankow and co-workersS*6). these adsorption capabi- 
lities are linked with Tenas-GC’s thermal stability to yield a very convenient and 
sensitive analytical method. Considering the low specific surface area of Tenax-GC, 
however. it is particularly important that a good understanding be obtained of how 
parameters such as bed volume, linear flow-rate, volume flow-rate, bed retention 
time, and particle mesh size affect the efficiency of the sorption process. 

THEORETICAL 

The approach which has been taken by Cropper and Kaminsky” and others” 
in analyzing the retention of an analyte by a sampling bed involves the measurement 
of the retention voluiile. Ik. and the number of theoretical plates, tz, possessed by the 
bed for the analyte and conditions of interest. The shape and position of the break- 
through cut-v-e may then be predicted_ When IT is small. breakthrough may occur very 
quickly even though IH is large. Unfortunately, when II is small and Z/, large, both 
of these parameters are difficult to determine based on the shape and position of a 
chromatographic peak. (However. since the retention time is a simple function of the 
partition ratio. k. and since k is related to the distribution coefficient K,, F/S may be 
measured indirecrlv by measuring Kn). 

One possible reason for low II values wouId be poor mass transport between 
the mobile and stationary phases. Earlier results obtained in our laboratory with the 
model compounds p-dichlorobenzene, hesachIoro-1,3-butadiene, and 2-chloro- 
naphthalene indicate that II is small with beds of Tenas-GC (35-60 mesh) at flow-rates 
of the order of z 0.2 bed volumes per see, and that poor mass transport is responsible_ 
When recovery experiments were carried out by injecting a standard into a water 
stream which then passed through a series of two Tenax-GC sampling cartridges’, 
three observations were made: (1) a portion (IO-30 76) of the analytes immediately 
broke through the first cartridge: (2) when additional water was passed through that 
cartridge, no additional materiaI was lost; and (3) the per cent recoveries obtained 
were roughly independent of the volume flow-rate over the range 0.25-2.0 cm3/sec 
(bed volume 4.5 cm3). 

Our interpretation of these results is that the sorption process is film diffusion 
controlled. To the extent that the capacity of the bed is not exceeded. the occurrence 
of breakthrough reflects the lack of sufficient time for all of the analyte molecules to 
reach the surface of a particle before exiting the sample bed. The fact that we ob- 
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served no losses from sample cartridges once analyte molecules had sorbed on the 
particles indicates that these compounds possess large VR values on Tenax-GC. The 
fact that the per cent recoveries were roughly independent of the volume flow-rate is 
interpreted to he the result of the compensating effixts of retention time in the car- 
tridge and the thickness of the diffusion layer, d (cm). 

Since 11 will be small for short beds of Tenax-GC. and since large V, values 
may he inferred for the above mentioned compounds, the approach of Cropper and 
Kaminsky for predicting breakthrough characteristics will be difficult to apply. The 
approach which we will take for such predictions will be to examine the rate at which 
diffusion may take place through 6. As originahy proposed by Nemst13, the concept 
of a diffusion film involves a completely stagnant Iayer adjacent to the surface of 
interest. In spite of the simplifications invoIved, this concept shows diffusion phe- 
nomena at interfaces to be modelled very accuratelyrs. Typical values for ii are usu- 
ally of the order of 10-3-10-’ crnla. In studies of the kinetics of ion exchange in beds 
of spherical resin beads, Glueckauf” has determined the empirical relation 

s = 0.0029/r; (1) 

where r5 = “superficial” linear velocity. V/--I (cm/xc); 11 = volume flow-rate 
(cm3/sec), and _A = bed cross sectional area (cm’). No matter how slow v, is, b cannot 
exceed the dimensions of the pore, and at very low velocities Glueckauf” reasons that 
S is an rmcertai~z fraction of the particle radius, r (cm). possibIx 0.3. He has therefore 
suggested that d may possibly be better represented by eqn. 2: 

s = 0_2r/( 1 i- 701-Q (2) 

If the sorption process onto Tenas-GC particles is controlled by diffusion through 6 
to the particle surfaces, the per cent adsorption (recovery) can be predicted. 

Let ds (cm) be the distance which the fluid moves in the bed in the time element 
dt (set). If p is the porosity (dimensionless) of the bed, then the void volume element 
of fluid in the bed is given by pAds_ By Fick’s First Law, the flus F (mass per 
cm2 - set) through 6 to the surfaces of the particles which are at a distance s from the 
head of the column will be given by 

F(s) = ; [q,(s) - c,(s)] (3) 

where D, c,(s), and cJ_v) represent the diffusion coefficient (cm’/sec) of the analyte, 
the concentration (mass per cm3) of the analyte in the liquid at the sorbent surface. 
and the concentration of the sorbing analyte in the bulk liquid phase, respectively. 

Since each particle will be in contact with a number of other particles (twelve 
contact points in the case of a bed of uniform spheres), Glueckauf” recommends that 
the avaiIabIe per particle surface area participating in diffusion transport in chroma- 
tographic beds be taken as 21~; rather than 41ci. Let z be the number of particles per 
cm of the bed [r = 3 (1 - p) /1/4irr3 cm-‘]. Let c,(s) be zero for a11 s (perfect sink, i.e., 
high V&. Further, let us focus on the behavior of the concentration of a slug of 
analyte which, to a first approximation, is passing through the bed in plug flow with 
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Fig. 1. Per cent recovery as zt function of Y,. Esperimenml data taken from Pankow and Isabelle5. Throret- 
ical R values calculated using eqn. 1 (lines X-C) and eqn. 7 (tunes D-F). r values of 0.01s and 0.021 cm 
correspond to 60 and 35 mesh. respecti~sly. 

values of g x 10m6 cm’/sec. 0.38. and 0.011 cm are chosen, eqns. 2 and 6 predict an R 
value of 0.99. This is in good agreement with their reported R values of z 0.95 for a 
variety of pesticides and PAHs. 

In order that the great potential of Tenax-GC as an adsorbent in aqueous 
sampling may be maximized, a deconvo!ution of the r/S effects is needed_ It may be 
accomplished by esamining the recoveries observed with two series of cartridges: in 
the first, 5 is held constant and rs is varied; in the second. T is varied and v, is held 
constant_ This deconvolution will allow sampling cartridge dimensions and sampling 
flow-rates to be selected so as to provide the maximum recovery with the minimum of 
analysis time. 

EiXPERIMENTAL 

Cartridge prepararion 

GIass cartridges with five different 1.D.s and bed lengths were prepared (TabIe 
I)_ Cartridge types 1 ,2, and 3 provide a series of increasing T values while maintaining 
v, constant, and cartridge types 4, _ 3, and 5 provide a series with increasing V~ values 
with x maintained constant_ A 1.5-cm piece of 2.0 mm I.D., 6.4 mm (0.35 in.) 0-D. 
glass tubing was fused to each end of all of the cartridges. Glass wool was placed at 
the bottom of each cartridge. The cartridges were then packed with resieved Tenas- 
GC (35-60 mesh) (Alltech, Los Altos, CA. U.S.A.). After passing a 20 cm3/min flow 
of N, (precleaned with charcoal and molecular sieve SA (Chemical Research Ser- 
vices, Addison, IL, U.S.A.) for 60 min to remove oxygen, the cartridges were con- 
ditioned for 60 min at BO’C. They were then cooled quickly, removed from the N, 
flow, and sealed with 0.25-in. Swagelok (Crawford Fitting, Solon, OH, U.S.A.) end 
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TABLE I 

CARTRIDGE DIMENSIOSS 

7 values calcuhted 3ssuming a porosity, p. of OX?_ Volume flow-rate, v, was 0.48 cm3#ec in elery case. 

Carrri&s I.D. fcmJ A Icm’J L (cm) Bed whte Tenas-GC r, (cmisec) T (set) 

I_l.P,P (Cm=) (gl 

1 0.69 0.3 3.0 1.1 0.19 1.2s 0.85 
1 0.69 0.37 6.0 1.2 0.X 1.25 1.74 
3 0.69 0.37 10.0 3.7 0.63 1.2s 2.93 
-S 0.91 0.69 32 22 0.33 0.70 1.74 
5 0.35 0.24 9.1 2.2 0.38 2.00 1.74 
-~ 

caps with TFE Teflon@ ferrules_ Although not employed in this study. the passage of 
a large number of bed volumes of acetone through the cartridges prior to the thermal 
conditioning step is very helpful in lower overall blank levels. 

Recol-et-y tests. cartridge desiccation, and cartridge desorption . 
The apparatus used in the recovery tests was composed of a pressurized water 

reservoir, an injection port, and a glass wool cartridge for good mising. The Tenax- 
GC cartridge to be tested was connected with a 0.25 x 0.25 in. Teflon Swagelok 
union to tlx glass wool cartridge. After the gases were removed from the cartridge by 
suction with a peristaltic pump, the flow-rate was set at 0.43 cm3/sec with a stopcock 
connected to the Tenax-GC test cartridge. 4 ~1 of a standard in acetone containing 25 
ng per component was then injected. Additional details concerning this apparatus are 
available elsewhere’. After I 1 of water has passed through the sampling cartridge, 
residual water was removed using a two-step centrifugation/vacuum desiccation pro- 
cedure’. 

The cartridges were desorbed in the apparatus described earlier5, and the anal- 
ytes thereby transferred to the capillary column interface system described by 
Pankow et ~1.~. Prior to the desorption of this interface to a capillary column at 
-3O’C. 26.6 ng of the internal standard I>-bromo-m-sylene in 2 ~1 of acetone were 
added by syringe to the interface Tenas-GC cartridge (capacity 0.12 g, 35-60 mesh). 

GC-M S-DS analr_ses 

The 30 m x 0.25 mm I.D. SE-54 fused silica capillary column was obtained 
from J & W Scientific (Ranch0 Cordova. C-4, U.S.A.). The inlet end of the column 
was connected to the capillary interface, and the esit end was run through a capillary 
transfer line directly to within OS mm of the ion source of a Fitigan 4000 gas 
chromatograph-mass spectrometer-data system (GC-MS-DS). The transfer line, 
source, and MS manifold temperatures were maintained at 220, 250, and IOO’C, 
respectively. The heiium carrier gas linear velocity was 35 cm/xc. After the desorp- 
tion of the interface, the GC oven temperature was raised baliistically to 5O”C, then 
programmed at IO’jmin to 220cC. MS data acquisition was be,- at 5O”C_ Quanti- 
taiion for the compounds o-dichlorobenzene, i ,2,4_trichlorobenzene, naphthalene, 
and hexachloro-1,3-butadiene was carried out based on the ion peak areas for the m/z 
values 146, 180, 128, and 225, respectively, the internal standard (2-bromo-m-sylene) 
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Fig. 1 Per cznt recovery (R x 100) as a function of retention time, r_ for constant r*, = 12 cm;sec‘. 
Experiments carried out with cartridge rypes 1. 1, and 3. 

ion peak area at m/z 105, and the relative response factors obtained in a prior stan- 
dard run. 

RE!WLTS AND DISCUSSION 

The recoveries obtained with each cartridge type are plotted as a function of r 
with V~ constant (Fig. 2) and as a function ofr; with r constant (Fig. 3j. The fact that 
R should increase with r is expected. It is important, however, that large effects on R 
were observed in the range 0.88 < r \( 2.93; small ef&cts on R would not be con- 
sistent with our earlier interpretation of the experimental data plotted in Fig. 1 for 
which 0.92 < r < 7.38 and 0.39 < V~ < 3.14. That varying r; in the range 0.70 < I; 
6 2.00 should aIso have a Iarge effect provides additional strong evidence for this 
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sec. Expximents cxmkd out with cartridge types 4.X and 5_ 

interpretation, particularly since the increase in R with increasing vS occurred with 
cartridges containing the same amount of Tenax-GC (types 4,2, and 5). All of these 
results lead to the conclusion that film diffusion is indeed controlling in beds of 
Tenas-GC for the flow-rates studied. They also validate the use of eqn 6 for calculat- 
ing R values. 

There are, hovvever, several difficulties in the a priori application of eqn. 6 for 
short beds of Tenax-GC. They are: (1) the parameters D, p, r, and b may be only 
poorly known; (2) uncertainty in the actual particle surface area for diffusion (Le., 
2x? rs_ 4&, ref. 15); (3) particle non-sphericity; and (4) polydispersity of the particles. 
The experimental data presented in Figs. 2 and 3, however, provide a means of 
estimating the effective value of the goup 30( I - p)/3rS for Tenax-GC (35-60 mesh) 
cartridges packed to a density of roughly 0.16 g/cm3. Fig_ 4 presents plots of this 
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Fig. 1. Experimental determinations of the effectke value of the group 3D( 1 - p);lrS(sec- I). Experimental 
points calculated as - I -In (1 - B);.4L. R = Axeras R obtained for replicrtte experiments with Tenax-CC 
(35-60 mesh) packed to a density of 0.16 g:cm3. Theoretical curxes calculated by means ofeqn. 6 for two 
values of r with D = S x 10e6 cmz.sec. p = 0.3. F = 0.18 cd,‘sec. and 6 _rixen by eqn. 2. 

group. calculated as - I’ In (1 - @/_X._ as a function of rs for the four compounds 
studied- R represents the average R obtained for the duplicate esperiments carried out 
for each type of cartridge_ (Only one esperiment was carried out at 1: = 2.0). The 
precision between compounds at vs = 0.70 indicates that differences in the diffusion 
coethcients are small. The data indicate an upturn in the value of this group as V, is 
increased, that is, as 6 is decreased_ The group 30( 1 - p)/2rb has also been calculated 
by assuming that S is given by eqn. 2 with D = S x 10m6 cm’/sec and p = 0.35. An r 
value of 0.015 cm gves a better fit than>_01 7 cm, though it still underestimates the 
experimental data at high rs values. 

The spread in the data at r; = 1.28 and V~ = 2.0 is due to the fact that for some 
of the data points, R was z I_ In such cases, the quantity I/ In (1 - R)/AL is difficult 
to estimate accurately. Thus, the issue of whether or not curve A actually under- 
estimates 30(1 - p)/2rd at r5 = 2.0 is somewhat uncertain, and we conclude that the 
equation for curve A 

30(1 - p)/2rd = 0.165 (1 + 1.05 r> (7) 

will allow conservative estimates of R to be made for cartridges of Tenas-GC (35-60 
mesh) (packing density 0.16 g/cm3). On this basis, R may be calculated as a function 
of I’ for any cartridge volume, V, (V, = AL), by eqn. 8: 

R = 1 _ e0.163(1~1.05Y~A)Y~Y 
(8) 

Similarly, the L value required to yield a given R value may be calculated by eqn. 9: 

-ln(l - R) Vc -- 

L= 
0.165 V 

1.05 
(9) 
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Fio. 5. The xtlfur of I. (cm) required to obtain a &en R v;llur plotted as a function of the volume flow-rate. 
I -;at3 s). Calcukions based on cqn. 9 for I *< = 2.1 cm’. 

Soms caution must be exercised in the use of eqns. S and 9_ Both are based on 
cqn. 2 lvhich will not be valid for unlimited values of ‘;_ Also. eqn. S illustrates that 
zero is the only value of R compatible with a zero value of Y,. Therefore. calculating 
the required L value (eqn. 9) for a non-zero R value when lrc is zero would be 
meaningless. Finally, very small L values of the order of the r will not be meaningful 
since “typicai” flow characteristics w-ill not have a chance to develop. This is not a 
problem_ however, since very small L values imply unreaiistic A values. 

X particularly useful application of eqn. 9 is that it provides a means of calcu- 
lating curves of constant R as a function of L and V for a constant vc value. Given 
desired values of L’, and R. the importance of analysis time (i.e.. P’) may be weighed 
against increasing L values and the concomitant increasing pressure differentials re- 
quired during sampling. Fig. 5 provides examples of such curves for a cartridge with 
the same I’, as the type 3 cartridges used in this study. Tinis figure ties together several 
important phenomena observed with Tenas-GC cartridges. For constant cartridge 
dimensions (constant L), the recovery becomes constant at larse L’because 6 becomes 
inversely proportional to r (see eqn. 2). At a constant flow-rate and vi. increasing L 
increases R because 6 is decreasing but T is remaining constant (as in cartridge types 4. 
7 and 5)_ -. 

The m&mum value for I-~ in Fi g. 5 occurs in the upper right hand comer where 
r = 10.2 cmcsec According to eqn. 2, for r = 0.015 cm, 6 would then be only z 3 x 
lb-- cm. This is substantially less than the typically observed 5 value of 10-3-10-’ 
cn~‘~_ Whether or not such a small 6 value is meaningful for beds of Tenas-GC (35-60 
mesh) is not known. (Certainly there will be some lower bound on the effective value 
of d due to stagnation in pores and crevices.) Therefore, the peatest reliability may be 
ass&red to the curves and portions of cures not located in the upper right quadrant 
of Fig. 5. 

With a k’, of 2.2 cm3. the lack of reliability of the curves in the upper right 
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v fcm3k.c) 

Fig. 6. The value of L (cm) required to obtain an R value of O.S5 plotted as a function of the volume flow- 
me. V (cm3/sec), for a range of V, (cm3) values. Calculations based on eqn. 9. 

quadrant of Fig_ 5 is not a problem since the use of long, narrow cartridges at high 
flow-rates is not attractive_ Such cartridges would be cumbersome, and the pressure 
differentials required to operate them at high V values would he inconvenient. 
IMoreover, reasonable R values may be obtained at lower L and Y values. Since 17~ will 
tend to increase as V, decreases, however, greater care must be exercised in interpret- 
ing plots like Fig. 5 prepared for smaller V,. 

Fig. 6 demonstrates another application of eqn. 9. In this case, a constant, 
reasonably high, but not too demanding R value of 035 has been chosen. Now the 
advantages of decreasing analysis time by increasin g V may be weighed against the 
need to use cartridge beds of increasing L for a variety of V, values. As with Fig. 5. the 
upper right quadrant of this plot represents very large I’~ values and perhaps un- 
realistically small 5 values_ For esample, for V, = 0.2 cm3 and I’ = 1.5 cm3:sec. 
according to eqn. 2 with I- = 0.015 cm. Cs is extremely small at only X4- IO-’ cm. 
However: the desirability and practicality of using long. narrow, low volume cartrid- 
ges at high flow-rates is so small that unreliability in the upper right quadrant is not a 
problem. Figures similar to Fi,o. 6 but with decreasing R values will have an increas- 
ing level of reliability in the upper right quadrant. 

CONCLUSIONS 

Strong evidence has heen obtained which indicates that the retention of 
aqueous, non-polar organics on Tenas-GC is f&n diffusion controlled. Thus, the 
early “breakthrough” which has been experienced (though often not reported) by 
some workers investigating aqueous samplin g with Tenas-GC was possibly the 
result of poor fransport and not the result of poor retention- A basic assumption in 
our development of the equations relating R to various experimental parameters has 
been that the Tenax-GC particles will act as a perfect sink for the analyte compounds. 
Clearly, this will be valid only: (1) when the analytes are not very water soluble; (2) 
when they are present at relatively “low” concentrations; and (3) when background 
organic contaminants are also ‘-low”. The last two requirements are needed in order 
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that the sorption capacity of the Tenax-GC is not exceeded. These two criteria will be 
met by unpolluted lake, river, and sea water, as well as by rain and snow. 

In terms of the analyte concentrations, the exact meaning of “low” will be 
compound-dependent. Since gocd recoveries were obtained at the total loading level 
of 1 ilg for the compounds p-dichlorobenzene, hexachloro-1 .Ebutadiene, and 2chlo- 
ronaphthalene5. levels such as 1 pgjl may be considered ‘-low”. Considering the 
tremendous sensitivity of the method_ however, high analyte levels may be easily 
handled using smaller samples_ What is meant by “low” concentrations of back- 
ground organics such as solvents (often present at ppm levels in waste effhtents and 
contaminated lvdters) and naturally occurrin, = humic materials is presently under 
study. in our laboratoq. 

For the compounds studied in this work, the perfect sink assumption and the 
invoking of film diffusion controlled transport have provided a theoretical basis for 
understanding and predicting the e5ciency with which beds of Tenas-GC retain 
certain organic compounds. While this work was limited to 3>60 mesh Tenas-GC 
an examination of the various recovery equations presented here demonstrates that 
the use of particles in the 60-80 mesh range will provide higher recoveries at all ‘; 
values. Holvever. the higher permeability to flow possessed by a bed of 35-60 mesh 
Tenas-GC remains attractive and, as demonstrated in Fig. 5. conditions may be 
found which give high recoveries for this mesh range. 

SYMBOLS 

_-I hi cross-sectional area (cm’) 
cJs) concentration (mass per cm3) of analyte in bulk liquid in void volume at posi- 

tion s in the bed 
c c concentration (mass per cm3) of analyte in e5uent from bed 
ci concentration (mass per cm3) of analyte in influent to bed 
cJs) concentration (mass per cm3) of analyte in liquid at surface of the particles at 

position s in the bed 
hypothetical thickness of stagnant boundary layer 
diffusion coefficient (cm’jsec) 
flus (mass per cm’ - set) 
length (cm) of bed 
number of theoretical plates 
bed porosity 
radius (cm) of bed particle 
fractional recovery 
fractional recovery for duplicate runs 
retention time (set) of liquid in bed 
volume flow-rate (cm3jsec) through bed 
volume (cm3) of cartridge bed 
retention volume (cm3) 
superficial velocity (V/A. cm/set) 
coordinate coaxial with bed 

number of particles per cm of the bed [3( 1 - p) Aj4xr3, cm- 
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