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Abstract

A detection system suitable for the continuous and simultaneous measurement of gas-phase chlorine and hydrogen

chloride m the low parts per hilhon (1 ng\ 1'“: volume Ir\r\l-\v\ range 15 described Both gases are trapped throuch the
parts pe ange gases are trapped through the

walls of a microporous polypropylene tube nto an appropnate flowing recipient buffer. The buffer then flows through
two electrochemical detectors placed n series downstream from the samphng tube. Chloride 1ons from gas-phase

hudrnoan chlarde are dataectad matantinmeatrically with an Ao 7A O wnrlrinmo alantrads Chilacmina e dotentad hiamnarn,
DYGrogen CRUICNGE are Getected poleniomerricany wila an Ag/Agll working eieciroae Liuorme 1s Gelecied diampere

metrically (at 01 V) wia 1ts oxidation of added 10dide 10ns to form triiodide. In a continuous-flow measurement mode,
detection of chlorine and hydrogen chloride at levels as low as 0.75 and 2.1 ppbv, respectively, 1s possible. Use of a
i atarmmad flawy /flaoy aniactines arranoamant racnile 10 o thraa £fald rmmmenvareant o datantonn Haiite Tha anlantigres

)
4-tin SIOPpPEG-110W / IOW-INJECIoN aITangement réstits in a inree-101a improvemenit il QeiCClion iiimils 1nc scicltivity

of each detector with respect to carbon dioxide, sulfur dioxide, mtrogen dioxide and hydrogen sulfide 1s also examned
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As described in Part 1 [1] and in a previous
report [2], the use of long, narrow-bore, micropo-
rous polyethylene tubing (Celgard) as a sampling
device in conjunction with flow-through electro-
chemical detectors provides a means of developing
relatively simple systems for the continuous moni-
toring of gases at trace levels. Although these two
previous efforts were focused on the measurement
of a single species, it should also be possible to
incorporate multiple electrochemical detectors in
series downstream from the sampling device. This
approach would permit the continuous measure-
ment of several gas-phase species simultaneously.
This paper describes the development and analyti-
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cal performance of such an arrangement for the
detection of chlorine and hydrogen chloride.
Chlorine and hydrogen chloride are normally
present at low levels in the atmosphere [3-5] and a
variety of methods devised to measure these species
generally require long sampling periods and/or
complex instrumentation to achieve the necessary
detection limits [6,7]. The system described here
utilizes a potentiometric Ag/AgCl wire electrode
and twin polarized platinum electrodes to detect
hydrogen chloride and chlorine, respectively. The
flow manifold employed 1s illustrated in Fig. 1.
Hydrogen chloride in the gas phase surrounding
the microporous tubing dissolves 1 a slightly basic
recipient buffer which flows through the samplhing
tube. The chloride ions formed from this dissolu-
tion are detected by the Ag/AgCl electrode. The

rect n1 nt buffer siream is then mPrcPd with a
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Fig 1 Schematic diagram of manifold used for contiuous-flow
and stopped-flow detection of gas-phase chlorine and hydro-
gen chlonide S= Analyte gas in background of nitrogen and
air; C = glass chamber with coiled Celgard tubing; W = waste,
PP = pernistaltic pump, B = recipient buffer, Ry =1 mM KCl n
acetate buffer; R, =002 M potassium 1odide; V= six-port
rotary injection valve; PD = Ag/AgCl potentiometric detector
with reference, AD = twin polarized Pt/Pt biamperometric
detector, MV =mV meter, R =stnp-chart recorder, P=
potentiostat.

stream containing excess iodide. Free chloride
present reacts with iodide in accordance with the
following redox reaction:

Cl,+ 317> 2ClI "+ I3 (1)

The presence of trnodide depolarizes the cathode
of twin polarized micro-platinum electrodes, re-
sulting in an increase in current. This biampero-
metric method has been utilized previously to
detect dissolved levels of chlorine [9].

EXPERIMENTAL

Apparatus

The manifold used for all gas-phase measure-
ments is shown in Fig. 1. A 200-cm length of
Celgard tubing (see Part 1 [1]) was emploved as a
sample loop for a Rheodyne (Cosati, CA) six-port
PTFE rotary injection valve. This loop was placed
in a glass chamber for characterizing the gas-phase
response of the system [1,2]. Solutions were
pumped through the system with a Raimin
(Woburn, MA) Rabbit pernstaltic pump. Two
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Ag/AgCl electrodes served as the potentiometric
detector for hydrogen chloride measurements. The
electrodes were prepared by inserting polished
pieces of silver wire (0.3 mm diameter, 5 mm long)
in a solution of 3 M iron(Ill)chloride in dilute
hydrochloric acid (1 +3) for 30 min. One
Ag/AgCl electrode served as the reference. A
solution of 1 mM KCl in 0.1 M acetic acid served
as the reference electrolyte stream (R;) for the
potentiometric signals. These signals were mea-
sured with a Fisher Scientific (Romulus, MI)
Model 620 pH/mV meter and recorded on a
Fisher Recordall Series 5000 strip-chart recorder.

A biamperometric flow cell with two platinum
wire electrodes was the same as that described
previously [8,9]. The electrodes were connected to
a laboratory-made potentiostat and polarized at
100 mV. Current outputs were recorded on a
Linear Instruments (Irvine, CA) strip-chart re-
corder.

Reagents and gas standards

All chemicals were of analytical-reagent grade.
For most simultaneous chlorine and hydrogen
chloride measurements, a 0.01 M borate buffer
(pH 9.0) served as the recipient solution flowing
through the Celgard tubing. This buffer was pre-
pared by dissolving 3.8 g of sodium tetraborate in
11 of deionized water and adjusting the pH to 9.0
with concentrated nitric acid All other solutions
were prepared by dissolving appropriate amounts
of reagent salts in deionized water.

Two methods were employed to generate gas-
phase standards within the glass chamber sur-
rounding the Celgard sampling tube (see Fig. 2).
In some nstances, diluent air that had been passed
through a charcoal column (3 cm diameter, 30 cm
long) was mixed with commercially available gas
muxtures [e.g., 52 ppmv Cl, in N, from Matheson
(Chicago, IL)] in appropriate proportions via volu-
metric flow control valves. Alternatively, the dil-
uent air was mixed in suitable volumetric ratios
with the output from a laboratory-made permea-
tion tube The permeation tube was constructed as
described 1n Part 1 [1] and N, was used as the
diluent gas. Hydrogen chlonde standards were
generated by passing 24% (w/w) hydrochloric acid
through the inner microporous PTFE tube (Gore-
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Fig 2. Arrangement used to generate simultaneous chlorine
and hydrogen chloride gas-phase standards A = Air stream,
N = mitrogen stream, T = commercial tank of 52 ppmv chlo-
rine 1n nitrogen; V = valves; F,-F; = flow-meters; P =
microporous permeation tube; PP = penstalic pump, R =
solution of concentrated hydrochloric acid; W = waste, S = gas
sample stream flowing 1nto glass chamber

Tex). At a given flow-rate of N, diluent, the con-
centration of hydrogen chloride gas leaving the
permeation tube was determined by usmng a con-
ventional gas scrubber arrangement, in which the
HCI-N, stream was bubbled into a volume of
0.01 M NaOH. After a fixed time, the concentra-
tion of chlonde in the NaOH solution was de-
termined by direct potentiometry with an Ag/
AgCl working electrode. Nitrogen dioxide was
generated in the permeation tube by using a solu-
tion of 0.125 M NaNOQO, in 0.1 M H,SO, as the
donor solution. The concentration of gas-phase
nitrogen dioxide generated in the N, recipient
stream was determined by a modified version of
the Griess spectrophotometric method [10]. Simi-
larly, sulfur dioxide and hydrogen sulfide were
generated within the permeation tube by using
acidified Na,SO; and Na,S solutions, respec-
tively. The concentrations of gas-phase sulfur di-
oxide and hydrogen sulfide were determined (after
scrubbing a given volume m base) by addition of
potassium 10dide and back-titration of any excess
iodide with sodium thiosulfate [11].

Opunuzation of measurement conditions

The experimental arrangement shown in Fig. 1
can be used to detect a single gas (either hydrogen
chloride or chlorine), or both species simulta-
neously. When detecting hydrogen chloride alone,
the potassium 10dide reagent stream (R,) and the
biamperometric detector can be eliminated from
the system. When measuring only chlorine, the
potentiometric Ag/AgCl detector can be removed
and KCl can be eliminated from reagent stream
R, (the acetic acid stream is still required to
optimize subsequent reaction of chlorine and
1odide; see below). Such single-component detec-
tion systems were employed in preliminary studies
to characterize fully each gas-phase detection
arrangement and to optimize the compositions of
the required flowing reagents.

For detection of both chlorime and hydrogen
chloride, the same recipient buffer must be used
for the collection of these species. A wide variety
of recipient solutions were evaluated in terms of
signal quality (i.e., sensitivity, stability, return to
baseline, etc.) for each detector. Figure 3 il-
lustrates the effect of recipient solution pH on the
sensitivity of each detector. A 0.01 M borate buffer
(pH 9 0) yielded the optimum signal for hydrogen
chloride measurements with the Ag/AgCl poten-
tiometric detector. Increasing the pH decreased
the potentiometric response to gas-phase hydrogen
chloride and, at the same time, caused the

80 200

40 4 | 100
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Fig. 3 Effect of recipient buffer pH on the observed gas-phase
response to (©) 112 ppbv chlorine and (®) 276 ppbv hydrogen
chloride
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Ag/AgCl detector to have a slower response time
toward step changes in the hydrogen chloride
levels. These two effects may be due to the forma-
tion of Ag/AgOH (K, = 1 X 10™*) at these higher
pH values. The optimum response of the ampero-
metric detector toward chlorine was observed when
the pH of the recipient stream was > 11. This is
due to the greater trapping efficiency of chlorine
gas at such high pH. Indeed, the hydrolysis reac-
tion of chlorine may be written as follows:

Cl, + H,0 » 2H*+ ClO~+ CI~ (2)

Therefore, collection of chlorine gas through the
walls of the Celgard sampling tube 1s enhanced at
high pH (see Fig. 3). However, the quantitative
redox reaction of chlorine with iodide (reaction 1),
necessary for the biamperometric detector, is
favored at low pH, as dissolved chlorine gas is
required for this reaction and the triiodide prod-
uct is more stable under such conditions. Hence,
the pH of the recipient solution must be decreased
downstream from the sampling tube before re-
acting the chlorine with iodide. This was accom-
plished with acetic acid (see Fig. 1).

From Fig. 3, 1t 1s clear that the optimum recipi-
ent solution pH for each detector differs. A com-
promise must therefore be made in terms of detec-
tion limits for at least one of the gases. As it was
found that the biamperometric detector provided
lower detection limits for chlorine than the
potentiometric electrode for hydrogen chloride,
subsequent experiments were carried out using the
0.01 M borate buffer (pH 9.0) as the recipient
solution flowing through the Celgard collection
tube. Under such conditions, ca. 50% of the maxi-
mum signal was observed for the biamperometric
detection of gas-phase chlorine.

The total flow-rate of gas past the Celgard
collection tubing was also found to influence the
sensitivity of each detector. Figure 4 1llustrates the
effect of total gas flow-rate (from 7.65 to 30.6 1
min~') on the continuous current output of the
chlorine detector. Increasing the flow-rate in-
creases the sensitivity of the system significantly.
Similar results were observed for the potentiomet-
ric detection of hydrogen chloride (see Fig. 5).
This effect appears to be due to the fact that mass
transfer of the analyte gases through the walls of
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Fig. 4. Effect of total gas sample flow-rate on the response of
the chlorne detector (A) Direct strip-chart response, (B) re-
sulting calibration graphs (1) 30.6 1 min~' (nA = 0.298 [Cl,]
+0.0015, r?=0999), (2) 153 1 mun"! (nA = 0.260 [Cl,]+
00001, r2=0.999), (3) 7.65 1 min~' (nA =0 147 +0 0499,
r%=0999).

the Celgard tubing 1s limited by a thin stagnant
layer of recipient solution retained some distance
into the walls of the porous tubing (see Fig. 6). On
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Fig. 5 Effect of total gas sample flow-rate on the response of

the hydrogen chlonde detector (1) 306, (2) 153, (3) 7651
-1

min
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Fig 6. Schematic diagram of Celgard tubing wall and ex-
panded view of stagnant liquid layer withuin porous structure.
1= Recipient buffer inside gas-permeable tubing, 2 =‘“stag-
nant” layer of the buffer in membrane structure; 3 = layer of
the air 1n the membrane structure; 4 = outer gas medium.

either side of this stagnent solution layer, high
gas-phase diffusion coefficients and effective con-
vective mixing caused by the flow of the recipient
stream solution eliminate the possibility of form-
ing significant concentration gradients. However,
at high gas flow-rates, evaporation of recipient
solution 1s enhanced, and this can cause a decrease
in the steady-state thickness of the stagnant layer.
This may result in greater mass transport of the
gas into the flowing recipient solution.
Preliminary experiments were done to examine
this hypothesis. The actual flow-rate of recipient
solution and the mass of the entire Celgard collec-

TABLE 1

ticay tiie: asseshiy were measuved winke fowing

P +ia .y o TP Ly gy ot . - o,
r past the tube gt different tots! Tow-rates. Ta-
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meaguted hefore and after e Cefgard tibe o

creases at higher flow-rates ewing te evaporation

aguid fow-rate do oot account. totally for
the much farger changes i gas sensitivity ob-~
served, in this instance for the hydrogen chloride
detection system. Therefore, aside from evapora-
tion causing an effective increase 1n dissolved gas
concentrations in the recipient stream, gvapora-
tion must also play a role in controling the
steady-state thickness of the hquid layer trapped
within the walls of the porous tubing. This is
further confirmed by the observed decrease in
mass of the Celgard tubing at increasing flow-rates
of air.

When the gas-phase flow-rate is held constant,
reproducible responses to both hydrogen chloride
and chlorine can be achieved using the arrange-
ment shown in Fig. 1. Figure 7 illustrates the
typical responses of both detectors when levels of
hydrogen chloride and chlorine were varied in the
gas-phase stream. Note that the chlorine detector
exhibits no response to hydrogen chloride; how-
ever, the potentiometric hydrogen chlonde detec-
tor does respond to chlorine. This 1s due to the
formation of chloride 10ns from the trapped chlo-
rine gas as depicted in reaction 2. In practice, for
true simultanecus detection of both gases, errors
due to chlorine interference can be corrected by
prior evaluation of the sensitivity of the hydrogen
chloride detector toward chlorine and a knowl-

Effect of air flow-rate on volumetric flow of recipient buffer, mass of Celgard collection tube and HCI detector sensitivity

Volumetrnc air flow-rate Linear air flow-rate

Dafference between

Decrease in mass Sensitivity of Ag/AgCl

(mn~YH (ems™ mlet and outlet flows of Celgard tube electrode
of recipient buffer (mg) response to HCl
(ml mun~1) @ [mV({ppbv HC) ']
30.6 289 022(10.5%) 107+03 1254
153 1445 019 (89%) 76403 1078
765 0.723 012 (59%) 1.2+03 0 808
00 0.0 0.0 0.0 -

* Recipient buffer flow-rate =2 0 ml min ™!
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Fig 7 Typical signal output for potentiometric (upper} and
bramperometric (lower) detectors in response to different levels
of chlorine and hydrogen chloride gas, respectively Arrows
denote change 1n sample stream gas (1) 21.2, (2) 42.4, (3) 63 6
(4) 84.8, (5) 105 ppbv hydrogen chloride; (6) 6 7, (7) 13.3, (8)
20 1, (9) 26 7 ppbv chlorine

edge of the existing chlorine levels from the more
selective biamperometric signal.

It is important to note that the detection of
hydrogen chloride is based on potentiometry,
which inherently displays a logarithmic response.
However, over a very narrow and low concentra-

TABLE 2

W MATUSZEWSKI AND M E MEYERHOFF

tion range of the detected ion (in this instance
chloride), such sensors will display nearly linear
responses [12]. In this instance, over a wider range
of gas-phase hydrogen chloride levels (0-100
ppbv), plots of potentiometric response vs. gas
concentration exhibited the expected non-linear
behavior (see Fig. 5), whereas the response of the
biamperometric chlorine detector remained linear
(see Fig. 4).

Selectivity

The selectivity of both detection systems with
respect to potential interference from nitrogen di-
oxide, carbon dioxide, sulfur dioxide and hydro-
gen sulfide was examined. Such studies were done
by noting the change in detector signals when
given levels of these gases were introduced into an
air stream containing 10.6 ppbv hydrogen chloride
and 45.6 ppbv chlorine. Table 2 shows the results.
Neither nitrogen dioxide or carbon dioxide at
levels in excess of the analyte gases yielded any
change in response for both detectors. The pres-
ence of sulfur dioxide and hydrogen sulfide pro-
duced significant positive response on the hydro-
gen chloride detector (due to the response of the
Ag/AgCl electrode to sufite and sulfide ions) and
negative interferences on the chlorine detector (due
to reaction of sulfite and sulfide ions with tri-
iodide). To help reduce such effects, the air sample
stream was first passed through a column packed
with chromium trioxide particles, which has been
utilized previously to remove such species from
gaseous samples [13]. However, only when the

Effect of various gases on the responses of chlorine and hydrogen chlonde detection system ?

Sample Change (%)
Component Concentration Gas flow-rate Without CrO, column With CrO; column
b 1 -1
(ppbY) (lmun ™% cl, HC Cl, HCI
NO, 78 4 30.6 0 0 - -
Co, 32x10° 30.6 0 0 - -
SO, 124 8 30.6 ~100 +260 —100 +81
624 30.6 - - —100 +33
62.4 15.3 - - 0 +1
H,S 405 15.3 —100 > 300 —80 +90

* In the presence of a constant 10 6 ppbv hydrogen chloride and 45 6 ppbv chlorine
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total sample flow-rate was reduced to 15.3 1 min "

did the interference from sulfur dioxide disappear
(see Table 2). The chromium trioxide column was
relatively ineffective at removing the hydrogen
sulfide interference even at this lower total air
flow-rate.

In preliminary experiments, some enhancement
in selectivity of the hydrogen chloride detection
system over hydrogen sulfide was achieved by
using a metalloporphyrin-based polymer mem-
brane-type chloride ion-selective electrode as the
detector [14]. Such an electrode exhibits a much
lower response to sulfide ions than a Ag/AgCl
electrode. However, the responses to hydro-
gencarbonate and sulfite ions with the polymer
membrane eclectrode are greater than those ob-
served with the Ag/AgCl electrode, and thus gas-
phase selectivity over carbon dioxide and sulfur
dioxide is compromised by using this new 1on-
selective electrode 1n place of the Ag/AgCl work-
ing electrode.

Stopped-flow / flow-injection measurements

As described previously for hydrogen peroxide
measurements [1], if the recipient buffer stream is
stopped for a short period within the Celgard
collection tube and then allowed to flow through
the detectors in a flow-injection manner, a signifi-
cant enhancement in the sensitivity to both chlo-
rine and hydrogen chloride can be achieved. The
enhancement 1n signal is linearly related to the
stopped-flow time, until the time at which the
recipient solution approaches equilibrium with the
gas phase (in terms of partial pressure of analyte
gas). This 1s illustrated in Fig. 8 for the chlorine
detector. Note that the output of such an experi-
ment yields a transient flow-mjection analysis-type
peak signal followed by the the same steady-state
detection signal observed when the recipient buffer
1s allowed to flow continuously (Fig. 8A). At a
fixed trappmg time (e.g., 2 min), the peak re-
sponse is linearly related to the concentration of
chlorine gas surrounding the Celgard collection
tube (see Fig. 9). Based on the slope of the calibra-
tion graph from the stopped-flow data {e.g., peak
height vs. chlorine concentration as shown in Fig,
9: nA =148 [Cl,] + 1.07, r* = 0.999, s.d., =0.045
nA, s.d ,=0.090 ppbv), a nearly three fold en-

12
8 10 nA

5 min
—

50

40 1

30 1

20

0 T T T
[ 4 8 12

t, min
Fig 8 Effect of stopped-flow time on the amperometric signal
observed for 8 5 ppbv chlonne. (A) Strip-chart recording of
signals; (B) plot of peak signal as a function of stopped-flow
time

hancement in sensitivity is observed i compari-
son with the continuous-flow mode}. Similar en-
hancements 1n sensitivity were observed when the
stopped-flow concept was utilized in conjunction
with the hydrogen chloride measurement system
(not shown).

In summary, relatively simple electrochemical
detection systems suitable for the continuous
monitoring of gas-phase chlorine and hydrogen
chloride have been described. The use of a micro-
porous narrow-bore collection tube permits the
continuous measurement of these species at levels
as low as 0.75 and 2.1 ppbv, respectively Further
enhancement 1n sensitivity can readily be achieved
by using a stopped-flow approach. Although cer-
tain gases (particularly hydrogen sulfide) can in-
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terfere when in excess, the overall simplicity and
sensitivity of the proposed detection schemes
should allow the use of this sensing system in
specific industrial process monitoring applications
erators and headspace of solution reac-
tions) where the level of potential interferent gases
would be low or could be reduced by appropriate

scrubbing.
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