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Abstract Accurately measuring air concentrations of
agricultural fumigants is important for the regulation
of air quality. Understanding the conditions under which
sorbent tubes can effectively retain such fumigants dur-
ing sampling is critical in mitigating chemical break-
through from the tubes and facilitating accurate concen-
tration measurements. Using laboratory experiments,
we studied the effects of air flow rate (100–
1000 mL min−1) and sampling time (2–16 h) on the
breakthrough of co-applied chloropicrin (CP) and 1,3-
dichloropropene (1,3-D) from 600-mg XAD-4 sorbent
tubes. Due to the reversible adsorption of the chemicals,
it was not possible to determine a tube adsorption ca-
pacity that was true across all flow and sample time
conditions. Flow rate exerted the stronger influence on
breakthrough, particularly for CP, with flow rates in
excess of 200 mL min−1 resulting in significant system
losses even at the shortest sampling time (2 h). A flow
rate of 200 mL min−1 should therefore not be exceeded,
irrespective of flow rate. With the use of a single tube
(no backup), sampling times up to 4 h showed no system
losses (100 % retention). Using a primary and backup
tube, sampling periods up to 16 h also resulted in reten-
tion of all the added chemical masses. The information

will be useful in establishing effective air quality mon-
itoring programs following fumigation events.
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1 Introduction

Agricultural soil fumigation is a critical component of
the production of high-cash crops in some regions (e.g.,
strawberry production in California). The fumigants
chloropicrin (CP) and 1,3-dichloropropene (1,3-D) are
widely used and are very effective in controlling plant
pests such as nematodes, fungi, and weeds (Dow
Agrosciences 1996; USEPA 2008). However, the con-
version of these chemicals to a gaseous form has led to
concerns over their transfer from soil to the atmosphere
where they are likely to adversely affect air quality due
to their inherent toxicity and their role in the formation
of near-surface ozone (smog) (California Department of
Pesticide Regulation 2009). Therefore, research and
regulatory efforts to quantify the extent of such emis-
sions from the soil are needed. Typically, measurement
of fumigant concentrations in air requires the pumping
of air through sorbent tubes which retain the chemical of
interest. In order to make such measurements accurately
(i.e., to avoid under-determination), it is essential that
the sorbent tubes do not suffer from chemical break-
through during the sampling procedure.

In two previous papers, the potential for break-
through of CP (Ashworth et al. 2008) and 1,3-
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dichloropropene (Gao et al. 2010) from XAD-4 sorbent
tubes has been quantified under a range of sampling
conditions. In their work, Ashworth et al. (2008) used
120-mgXAD-4 tubes to study CP breakthrough, where-
as Gao et al. (2010) used 600-mg XAD-4 tubes to study
1,3-D breakthrough. These studies showed that the key
factors in preventing breakthrough are low flow rates
and short sample times. Often, CP and 1,3-D are applied
as a mixture to maximize pest kill efficacy. For example,
the commercial products C-35 (approximately 35 % CP,
65% 1,3-D) and C-17 (17%CP, 83% 1,3-D) are widely
used in agricultural fumigation. In the air sampling of
co-applied CP and 1,3-D, large (600 mg) XAD-4 (a
polymeric resin) sorbent tubes are commonly used for
time periods ranging from 2 to 16 h (the longer time
periods are often used for overnight sampling). Indeed,
several studies have used XAD-4 sorbent tubes for the
air sampling of co-applied CP and 1,3-D in both field
and laboratory studies (Ashworth et al. 2009; Gao et al.
2009; Qin et al. 2009; Ashworth et al. 2014). However,
we are not aware of any work that has studied the
breakthrough of both these chemicals (when co-
applied) from 600 mg XAD-4 tubes. Given the preva-
lence of the use of such tubes in air sampling following
the co-application of these fumigants, it is important to
determine the flow rate and sampling time conditions
necessary to avoid breakthrough in this scenario, espe-
cially since chemicals may behave differently when co-
applied vs. their application singly due to their likely
competition for adsorption sites on the XAD-4 resin.
Determining the conditions required to mitigate the
breakthrough of co-applied 1,3-D and CP will assist
researchers and regulators in applying appropriate sam-
pling conditions to ensure accurate emission
measurements.

2 Materials and Methods

The experimental methodology has been described pre-
viously (Ashworth et al. 2008). All experiments were
carried out in triplicate at 25 °C using the apparatus
shown in Fig. 1. The sorbent tubes used were 600-mg
XAD-4 tubes, with two sections (a front section (A) of
400 mg and a rear section (B) of 200 mg) and dimen-
sions of 150 mm×8 mm (part number 226-175, SKC
Inc, PA, USA). Two such tubes were connected in series
(Fig. 1). The tube closest to the fumigant source bottle
(Fig. 1) is referred to as the primary tube and the tube

furthest from the source bottle as the backup tube. The
fumigant masses were 6.1 mg of 1,3-D (containing
3.05 mg of cis-1,3-D and 3.05 mg of trans-1,3-D) and
3.3 mg of CP. Both chemicals were obtained from Dow
AgroSciences (IN, USA) and were co-applied to the
system. To study the effect of flow rate on breakthrough
of the fumigants, air flows of 100, 200, 400, 600, 800,
and 1000 mL min−1 were used for a sample time of 2 h.
To study the effect of sample time, periods of 2, 4, 6, and
16 h were used at the 200 mL min−1 flow rate.

Removed sorbent tubes were individually capped
and stored at −19 °C prior to extraction and analysis.
Each section of the tubes was extracted separately using
n-hexane (Fisher Scientific, Fair Lawn, NJ) and ana-
lyzed by gas chromatography (GC). Analysis was per-
formed using a Hewlett Packard HP6890 equipped with
a microelectron capture detector. The column was a
J&W Scientific DB-VRX 30.0 m×0.25 mm×1.4 μm
capillary column (Agilent Technologies) running at a
flow rate of 1.6 mL min−1 and using He as the carrier
gas. The GC oven temperature was increased from 45 to
75 °C at a rate of 2.5 °Cmin−1 and was then increased to
120 °C at a rate of 35 °Cmin−1 to facilitate column clean
up between samples. Finally, the oven was cooled to
45 °C in preparation for the next sample. The inlet
temperature was 240 °C, and the detector temperature
was 290 °C. Under these conditions, cis-1,3-D was
eluted at 10.218 min, trans-1,3-D at 11.498 min, and
CP at 12.873 min. In separate experiments, the efficien-
cy of the XAD-4 extraction procedure was determined
as 81.9±3.2 % for cis-1,3-D, 77.0±3.8 % for trans-1,3-
D, and 85.2±3.2 % for CP; this is accounted for in the
presented results.

3 Results and Discussion

3.1 Effect of Flow Rate

The performance of a sorbent tube is typically presented
as an adsorption capacity, and it seems intuitive that this
should be a fixed value. In other words, once the ad-
sorption capacity is reached, additional chemical enter-
ing the tube would pass through without becoming
adsorbed and adsorbed chemical would not become
desorbed. However, as shown in Fig. 2, although the
total mass added was completely retained on the prima-
ry tube (represented by the two lower, lighter shaded
areas of each bar) at relatively low flow rates, at higher
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flow rates, the amount retained on the primary tube
decreased markedly. This suggests that the adsorption
capacity of a sorbent tube was not a fixed value across
our range of conditions. Therefore, we make no attempt
to report an adsorption capacity per se. Rather, we
present the distributions of CP and 1,3-D on each sec-
tion of the two tubes in relation to flow rate and sam-
pling time to determine the conditions under which
breakthrough occurs.

The effect of flow rate on the distribution of chloro-
picrin, cis-1,3-D, and trans-1,3-D between the four sec-
tions of the two XAD-4 tubes with a 2-h sampling time
is shown in Fig. 2a–c, respectively. In each case, at the
lowest flow rate (100 mL min−1), all the fumigant was
retained on the first (A) section of the primary sorbent
tube. At 200 mL min−1, each chemical broke through to
the B section of the primary tube, although the amounts
recovered from this section were relatively small
(<2 %). It was observed that none of the chemicals
broke through to the backup tube at this flow rate. At
400 mL min−1, in addition to both A and B sections of
the primary tube, the backup tube was also found to
contain CP and cis-1,3-D on both its A and B sections,
and trans-1,3-D on its A section. At 600 mL min−1 and
above, each chemical was found on both sections of
both tubes.

Clearly, therefore, increasing flow rate led to in-
creased fumigant transport through the sorbent tubes.
It is interesting to observe the fumigant retention of
individual tube sections across the range of flow rates.
For example, for each chemical on the A section of the
primary tube, retention decreased from 100 % of the
total applied at 100 mL min−1 to 22, 7 and 23 % at
1000 mL min−1 for CP, cis-1,3-D and trans-1,3-D,

respectively. For the B section of the primary tube, the
proportion of each fumigant retained increased from
zero at 100 mL min−1 to a maximum at 600 or
800 mL min−1 before decreasing at 1000 mL min−1.
Fumigant retention on the A and B sections of the
backup tube increased with flow rate from 400 to
1000 mLmin−1. It is considered that if continued higher
flow rates were used, retention on the A and B sections
of the backup tube would display similar behavior to the
primary tube, i.e., increasing to a peak prior to decreas-
ing as the chemicals were lost from the system. In
general, this observed behavior is consistent with that
found in previous work (Ashworth et al. 2008) and can
be likened to a chromatographic process where a chem-
ical passes through a sorbent material as a delayed pulse
without being irreversibly and permanently retained.
This behavior further explains why an adsorption ca-
pacity is a relatively meaningless quantity.

Clearly, once a chemical is detected on the B section
of the backup tube, there is a potential for it to break
through this section, be lost from the system (i.e., non-
recovered), and lead to errors in a calculated air concen-
tration. Indeed, for CP and cis-1,3-D, there was clear
evidence of significant system loss (30 and 20 % of the
total, respectively) from the system at 1000 mL min−1.
In addition, for CP, small but potentially significant
losses (<10 % of the total) were evident from 400 to
800 mL min−1. This suggests that CP breakthrough was
more significantly affected by increasing flow rate than
were the 1,3-D isomers. Under such conditions, using
both a primary and backup tube would be insufficient to
prevent under-determination of air concentrations of
these fumigants. The system losses of CP at the
relatively low flow rate of 400 mL min−1 suggest

Fig. 1 Apparatus for
determination of effect of flow
rate and sampling time on the
breakthrough of fumigant gas
from 600-mg XAD-4 sorbent
tubes
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that particular caution must be taken in selecting
flow rates. Indeed, based on these findings, it is
considered that when monitoring air quality for
both CP and 1,3-D concentrations using 600-mg
XAD-4 tubes with a 2-h sampling period, a max-
imum flow rate of 200 mL min−1 should be used.
Under such conditions, a single sorbent tube
would appear sufficient to retain all the CP and
1,3-D (i.e., there was no breakthrough onto the
backup tube under these conditions).

3.2 Effect of Sampling Time

Given that 200 mL min−1 was considered the maximum
acceptable flow rate for these experimental conditions,
we used this flow rate to also determine the effects on
retention behavior of increasing the sample time from
2 h (Fig. 3). Studying shorter sampling times was not
considered necessary since 2 h is typically the minimum
period used in fumigant emissions studies due to the0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

100 200 400 600 800 1000

Ch
lo

ro
pi

cr
in

 m
as

s r
ec

ov
er

ed
 (m

g)

Flow rate (mL min-1)

Tube 2 Sec B

Tube 2 Sec A

Tube 1 Sec B

Tube 1 Sec A

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

100 200 400 600 800 1000

cis
-1

,3
-D

 m
as

s r
ec

ov
er

ed
 (m

g)

Flow rate (mL min-1)

Tube 2 Sec B

Tube 2 Sec A

Tube 1 Sec B

Tube 1 Sec A

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

100 200 400 600 800 1000

tr
an

s-
1,

3-
D 

m
as

s r
ec

ov
er

ed
 (m

g)

Flow rate (mL min-1)

Tube 2 Sec B

Tube 2 Sec A

Tube 1 Sec B

Tube 1 Sec A

a

b

c

Fig. 2 Effect of air flow rate on the distribution of a chloropicrin
(CP), b cis-1,3-D, and c trans-1,3-D among A and B sections of
primary (tube 1) and backup (tube 2) XAD-4 tubes. Applied
masses were 3.05 mg each of both cis- and trans-1,3-D and
3.3 mg of CP. Sampling period was 2 h
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Fig. 3 Effect of sampling time on the distribution of a chloropic-
rin (CP), b cis-1,3-D, and c trans-1,3-D among A and B sections
of primary (tube 1) and backup (tube 2) XAD-4 tubes. Applied
masses were 3.05mg each of both cis- and trans-1,3-D and 3.3 mg
of CP. Flow rate was 200 mL min−1
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relatively high cost of tubes and the time required for
tube deployment/sampling, extraction, and analysis.

Increasing the sample time to 4 h enhanced break-
through to the B section of the primary tube, particularly
for cis-1,3-D. However, in each case, no breakthrough to
the backup tube was observed. At 8 h, the data indicate
continued breakthrough to the B section of the primary
tube (where the majority of each chemical’s total mass
was retained), with marked reductions in the retention of
each chemical on the A section compared to 4 h. In
addition, at 8 h, a relatively small degree (<8.5 % of the
total) of breakthrough onto the backup tube was seen for
each chemical, and for CP and cis-1,3-D, this was
observed on both the A and B sections of the tube. At
16 h, further breakthrough onto the backup tube was
observed for all chemicals. In each case, the amount
retained by the A section of the primary tube was very
low (0.3–6.0 %). The cis-1,3-D showed the greatest
degree of breakthrough, with 55 % of the chemical
found on the B section of the backup tube, suggesting
that this chemical was more significantly affected by
increased sampling time than were CP and trans-1,3-D.
However, even in this case, no loss from the system was
apparent (i.e., 100 % recovery).

As with the flow rate data, the sampling time results
are consistent with the chemicals moving through the
tubes as a pulse. If the trend of extensive decline in
chemical retention on the A section of the primary tube
as sampling time was increased (with almost no reten-
tion observed at 16 h) is extrapolated across the two
tubes, it suggests that with longer time periods (or
excessive flow rates), the entire chemical mass would
likely pass through the entire system and be lost.
Overall, the data suggest that with a flow rate up to
200 mL min−1, a single tube could be used up to a
sampling time period of 4 h (i.e., there was no observed
breakthrough onto the backup tube under these condi-
tions). Longer time periods up to 16 h (e.g., for over-
night sampling) could also be used provided a back up
tube is deployed (i.e., there was no observed loss from
the system under these conditions).

In order to couple the effects of flow rate and time,
these data were converted to total air volume passing
through the tubes and plotted against chemical retention
on the primary tube (Figs. 4 and 5 for the flow rate
exper iment and sampling t ime exper iment ,
respectively). Comparing these two figures, it is clear
that for the same total air volume, the two experiments
yielded differing levels of retention on the primary tube.

For example, at a volume of 48 L, the flow rate exper-
iment showed retention of around 80 % of the CP and
cis-1,3-D on the primary tube; while in the sampling
time experiment, the same total volume showed around
100 % retention. Indeed, up to around 100 L total
volume, the sampling time experiment showed
close to 100 % retention of each chemical on the
primary tube (compared to 47–82 % recovery
across the three chemicals in the flow rate exper-
iment). The data clearly indicate that across the
range of conditions tested, flow rate more strongly
facilitated breakthrough of all three chemicals than
did sampling time. Since the process of adsorption
likely requires some period of time for contact
between the chemical and the adsorbent, it can
be hypothesized that high flow rates do not allow
sufficient time for this process to take place.
Figures 4 and 5 also suggest that the propensity
of the chemicals for breakthrough in relation to
total volume of air followed the order cis-1,3-
D>CP> trans-1,3-D.
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4 Conclusions

Understanding the retention and breakthrough charac-
teristics of co-applied CP and 1,3-D isomers from 600-
mg XAD-4 sorbent tubes is important for obtaining
accurate air concentrations of these chemicals following
fumigation events. Knowing the flow rate and sampling
time conditions appropriate for mitigating breakthrough
is critical for a successful air monitoring strategy. In
general, the chemicals appeared to move through the
sorbent tubes as a pulse (akin to the passage of a chem-
ical through a chromatography column); that is to say,
they were not irreversibly retained on the sorbent mate-
rial. Therefore, excess flow rate and/or excess sampling
time are likely to lead to significant system losses. Flow
rate exerted the stronger influence on breakthrough,
particularly for CP, with flow rates in excess of
200 mL min−1 resulting in significant system losses
even at the shortest sampling time (2 h). A flow rate of
200 mL min−1 should therefore not be exceeded, irre-
spective of flow rate. With use of a single tube (no
backup), sampling times up to 4 h showed no system
losses (100 % retention). Using a primary and backup
tube, sampling periods up to 16 h also resulted in reten-
tion of all the added chemical masses. Such conditions
would be suitable for sampling over extended time
periods (e.g., overnight). These findings are important
for field and laboratory experiments quantifying the
emissions of co-applied 1,3-D and CP from soil, where
accurate flux measurements require the mitigation of
chemical breakthrough from the air sampling tubes.
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