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Abstract A new quartz crystal microbalance sensor is
developed to determine formic acid at low concentrations.
Four previously selected polymers with acid—base charac-
teristics were tested as possible coatings. Polyoxyethylene
bis [aming] presented the best results. The sensor is rapid,
sensitive [0.67 Hz/(mg/m?3)], and reversible at low con-
centrations. The detection limit for formic acid (7.2 mg/m?d)
is comparable with the short term exposure limit and the
threshold limit values. It presents a fast mechanica re-
sponse to pressure changes, so that it can be quickly used
in different environments and situations. The sensor also
shows a good stability in a temperature range typical of
work atmospheres (16-36°C). It has a wide linear range
(7.2-911.2 mg/m?3) and a long useful time. It is also ap-
plicable to other low molecular mass carboxylic acids
such as acetic acid.

1 Introduction

Since Sauerbrey [1] described a linear relationship be-
tween the oscillating-frequency shift and the mass of a
substance adsorbed onto the surface of a piezoelectric
quartz crystal vibrating in a thickness shear mode (TSM),
many hazardous gases and vapors have been resolved
[2-5] based upon traditional piezoelectric TSM acoustic-
wave vapor sensors, usually coated with liquid or rubbery
solid polymers. Responses of these sensors vary in direct
proportion to the extent of vapor sorption, which is typi-
cally rapid, reversible, and a linear function of vapor con-
centration. Nowadays some studies are aimed at finding
several partially selective coatings that present a partial
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response to an amount of different analytesand it is hoped
to avoid the problems of selectivity with statistical tech-
niques [6]. However, there are applications in which high
selectivity is not a critical problem but only group selec-
tivity is required or even none at all, because the require-
ment is to determine the concentration of a known agent
in the absence of interfering substances. Under these cir-
cumstances, sensitivity, reversibility, and reproducibility
become the predominant requirements [7].

Some efforts have been made [8-12] to develop TSM
sensors to detect carboxylic acids such as acetic or formic
acids in air. The American Conference of Governmental
Industrial Hygienists (ACGIH) has assigned formic acid
a threshold limit value (TLV) of 9.4 mg/m3 as a time-
weighted average (TWA) concentration for a normal 8 h
working day and a 40 h working week and a short-term
exposure limit (STEL) of 19 mg/m?3 for periods not to ex-
ceed 15 min, not to be repeated more than four times a day
and separated by intervals of at least 60 min. For acetic
acid, the TLV is 25 mg/m® and the STEL is 37 mg/m?3
[13-15].

In the present paper, a TSM acoustic-sensor has been
developed for sensing formic acid with a low detection
limit and good sensitivity at low concentrations. Four coat-
ings with acid—base characteristics have been studied. Poly-
oxyethylene bis (amine) presented the best results. Other
carboxylic acid vapors such as acetic acid can be detected
as it presents a good group selectivity.

2 Experimental
2.1 Instrumentation

The piezoelectric quartz crystal, vibrating in the TSM, was an AT-
cut HC-6/U with gold electrodes on each side (INY SA, Spain),
with a fundamental resonance frequency of 9 MHz. The diameter
of the crystal was about 11 mm and that of the gold electrodes
about 5 mm. The electronic circuitry was designed in accordance
with others used previously [8-10]. The frequency change of the
oscillating crystal was monitored using a digital frequency counter
(BREMI INSTRUMENTS, BRI 9130).
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2.2 Reagents

All reagents were analytical grade and were used without further
purification. The polymers used as coatings were methoxypoly-
oxyethylene amine (MPOEA), bis (polyoxyethylene bis [amine])
(bPOEbA), polyoxyethylene bis (amine) (POEbA) and polyoxy-
ethylene bis (3-amino-2-hydroxypropyl) (POEb(3A2H)) and they
were al obtained from Sigma (St. Louis, Mo., USA). The solvents
used were doubly distilled water and acetone, which was from
Merck (Darmstadt, Germany). The rest of the compounds (ana-
lytes and interferents) were all from Merck (Darmstadt, Germany).

Air was drawn from the laboratory and it was purified with ac-
tivated charcoal and dried with silica gel while being introduced in
the mixing chamber.

2.3 Mode of coating

Several solutions were prepared with the appropriate solvent for
each coating. Doubly distilled water was used as solvent for
bPOEbA and MPOEA, and acetone was used to dissolve POEbA
and POEb(3A2H). The coating process consisted of dropping the
required amount of solution onto each surface in order to obtain
the desired coating frequency shift. Vaporization of the solvent
was completed in an oven at 75°C for 3 h. All the crystals were
stored in a desiccator with silica gel. The amount of coating is
given as frequency shift and it is measured in hertz.

2.4 Sampling and procedure for obtaining the signal

The system used for sampling is represented in Fig. 1; it was con-
veniently thermostated within 25 + 0.5°C. The procedure for gen-
erating the vapor mixture was essentiadly static and it was as fol-
lows:

In afirst step, the previous base frequency data are collected. In
step 2, avacuum is generated for 1 min (Ap = —100.7 kPa). In step
3, the required amount of analyte is injected with a microsyringe
and time is allowed for a complete vaporization (1 min). In step 4
the system is filled with clean dried air and, finally, in step 5, fre-
quency data for response are collected for 5 min.

The signal is the difference between the frequency data ob-
tained in step 5 and the initial frequency data obtained in the first

step.

3 Results and discussion
3.1 Vapor generation

The procedure for vapor generation presented in this work
is a maodification of other procedures found in the litera-

> Auxiliar gauge

ture [8-10]. In this case, only the sensor crystal isinto the
mixing chamber to reduce typical sorption problems in
static methods for vapor generation. The previous fre-
guency data were collected for 30 s to ensure that the sig-
nal was stable. Vacuum generation (Ap = —100.7 kPa) was
observed on the pressure gauge to be completed after
1 min. The pressure gauge was not sensitive enough to de-
tect an increase of the inner pressure when the vaporiza-
tion of the analyte was complete. An aternative method
for controlling the time needed to have a complete vapor-
ization was filling up with clean dried air at different va-
porization times. The analyte-air mixture was removed
with a gas syringe from the mixing chamber and injected
into a gas chromatograph. Several problems in reproduc-
ibility were found in this process, so that it was consid-
ered necessary to fall back on an uncoated crystal as pie-
zoelectric crystals are very sensitive to pressure changes.
The frequency was stabilized 40 s after the injection of the
less volatile analytes tested. This time was reduced to less
than 10 sin the case of very volatile analytes. In thisway,
the time for step 3 was considered to be 1 min. Filling up
with clean dried air was observed on the pressure gauge to
be completed after 50 s. 1 min was established for step 4.
The time for collection of frequency data was established
in order to carry out an analysis and a cleaning of the sys-
tem for it to be ready for anew analysisin 15 min; just the
same time as the period not to be exceeded at the STEL
concentration; hence, that time was set at 5 min. The sig-
nal was the difference between the frequency obtained af -
ter these 5 min and the initial frequency.

3.2 Preliminary tests of frequency-shift responses

Several piezoelectric crystals were coated with previously
selected polymers, MPOEA, POEDb(3A2H), bPOEDA, and
POEDbA, and were placed in the presence of a number of
different organic vapors, such as aliphatic carboxylic acids,
alcohols, ketones, etc. Formic acid vapor was one of these
vapors, and so was acetic acid, as representatives of low
molecular mass carboxylic acids. We tried to ensure that
the amounts of coating were similar, so that the coated
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Tablel1l Preliminary results

for frequency-shift responses Vapor (Crr?glcrﬁ3) Coating (amount in Hz)

of several piezoelectric crystals MPOEA POEb(3A2H) bPOEbA POEDbA

coated with previously select- (=7890) (-6577) (_8915) (~4782)

ed polymers and exposed to a

C‘;B;?S gggﬁfg?er?ﬁ'e“;/ Acetone 14751 17 (2) 25 (2) 6 (2) 7@

erage of three measurements Ethyl methyl ketone 15040 -63 (2) 22 (5 25 (1) 23 (1)

The standard deviations appear ~ Propionaldehyde 15048 22 (4) —42 (2) -14 (2) -21 (1)

in parentheses Ethyl acetate 16813 -35 (3) 37 (1) —-20 (1) —44 (3)
n-Butyl acetate 16480 —45 (1) —50 (3) —19 (4) —43 (5)
Ethanol 14740 -18 (1) -98 (3) -38 (4) -96 (4)
Methanol 14779 —49 (5) 73 (4) -37 (5) —67 (3)
Acetic acid 1959 171 (6) -219 (11) -188 (9) —243 (11)
Formic acid 2278 —472 (10) —670 (37) —94 (12)  -1109 (12)
Water 1867 -36 (2) —70 (11) 23 (6) —40 (5)

crystal with the best response to formic acid was chosen 200

in order to improve its possible real applicability. The re- 180

sults are given in Table 1. All the selected coatings pre-
sented good responses to formic and acetic acid, except
bPOEbA, which apparently presented some problems of
irreversibility when testing acetic and formic acid, as the
base frequency values could not be re-established after
cleaning. Responses of the other three coatings were clear-
ly higher for carboxylic acids than for the other functional
groups initially tested, which was considered relevant for
group selectivity.

POEDbA was the polymer that undoubtedly presented
the best sensitivity to a carboxylic acid such asformic acid
or acetic acid as its signal was about the double that pre-
sented by the other two polymers, MPEA and POEb(3A2H).
That was why it was chosen as the best candidate for im-
proving its possible real applicability.

3.3 Mechanical influence of the coating

As the polymer (POEbA) modifies the mechanical prop-
erties of the vibrating crystal, the influence of the amount
of coating polymer was studied. The initial frequency was
recorded, vacuum was generated (Ap = —100.7 kPa) and
the apparatus was filled with clean dried air until the ini-
tial pressure was re-established The frequency values
were recorded at different times and compared with the
initial frequency. An amount of coating polymer was con-
sidered appropriate if the initial base frequency coincided
with the final frequency just in the prearranged time to do
an analysis. Such marked changesin pressure are not very
common, so that this conditions very unfavorable, which
ensures that the coated crystal will be quickly adapted to
more usual pressure changes.

Several amounts of coating were tested. These corre-
sponded to —6653, —4988, —4325, —2858, and —2064 Hz.
Theresults of these differences of frequency are presented
inFig.2.

When the crystal coating corresponded to —6653 and
—4988 Hz, the analysis required more than 5 min, so that
these amounts of coating were rejected as having a too
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Fig.2 Differences of frequency with respect to the initial fre-
quency as a function of time after filling up with air for severa
coating amounts

slow mechanical response to pressure changes. When the
crystal coating corresponded to —4325 Hz, it reached the
initial frequency within 5 min, which was considered quick
enough. When smaller amounts of coating were tested,
more rapid responses to pressure changes were obtained,
so that they could be quickly used in different environ-
ments and situations.

It should be noted that the responses of the last three
amounts of coating indicated a good repeatability to clean
and dry air in this 5 min.

3.4 Sensitivities and detection limits

Calibration graphs were obtained for the three coating
amounts for formic acid.

A significant influence of the mass of the coating on
the sensitivities was found for a carboxylic acid such as
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Table 2 Calibrations obtained

for a carboxylic acid (formic or Acid Coating Range studied Curve eguation R?

acetic, as indicated) with a amount (Hz)  (mg/m?)

;?1’3?['1 tgoj‘f‘el;’o"l‘ggg‘?ggim Formic —2064 22.8-592.3 AF = 0.22°C + 1.70 0.9986

eourad in He and C is mea 2858 17.8-592.3 AF = 0.23°C + 056 0.9972

sured in mg/m?) 4325 7.2-911.2 AF = 0.67°C —0.59 0.9988
Acetic 4325 18.6-911.2 AF = 0.36°C — 2.47 0.9963

formic acid, so that the optimum amount of POEbA to be
applied to the sensor corresponded to —4325 Hz. Results
are shown in Table 2.

An important influence of the mass of the coating on
the detection limit for formic acid was a so found, with the
best result being for the same coating amount as for the
sensitivity, i.e. for -4325 Hz. The detection limit (7.2 mg/
md) is of the order of magnitude of the STEL and TLV.
The detection limit was taken as the vapor concentration
in the mixture, giving afrequency shift equal to that of the
blank (clean dried air) plus three times its standard devia-
tion.

A calibration graph was also obtained for acetic acid
with a—4325 Hz POEbA coating; as expected, alower sen-
sitivity to acetic acid and a higher detection limit (18.6 mg/
md) were found, which is attributable to its lower acid
strength, so that less sorption takes place. Anyhow, this
amount of coating shows a very good behavior for car-
boxylic acids, such as formic acid and acetic acid.

3.5 Repeatability and stability

The sensor coated with POEbA to —4325 Hz was alterna-
tively exposed six times to the presence of formic acid va-
por at two different concentrations (55.0 and 30.0 mg/m?).
The frequency-shift response data of the sensor are listed
in Table 3. The relative standard deviations (RSDs) were
4.5% and 6.6% for 55.0 and 30.0 mg/m?3, respectively, in-
dicating that the sensor shows a good repeatability for the
detection of a carboxylic acid such as formic acid at low
concentrations.

In order to establish the stability of the sensor device,
11 uninterrupted analyses were carried out for atotal time

Table 3 Repeatability of the sensor coated with POEbA corre-
sponding to —4325 Hz. The sensor was alternately exposed to
formic acid at concentrations given in the left and right columns

No. Freguency-shift response (AF, Hz)
55.0 mg/m3 formic acid  30.0 mg/m3 formic acid

1 36 17

2 34 17

3 35 19

4 34 18

5 37 18

6 38 20

A.V. 35.7 18.2

SD. 1.6 1.2

of 165 min when the sensor was continuously exposed to
formic acid at a concentration of 55 mg/m3. The average
signal was 35.9 Hz, with a standard deviation of 1.4 and
an RSD of 3.8%, indicating that the sensor possesses a
good stability.

3.6 Reversihility of the sorption process

Initial base frequencies were compared with that obtained
after the cleaning process, when different concentrations
of carboxylic acid were injected, to study the reversibil-
ity of the sorption process. The difference of these data
(AF o, = Faean — Frase) QiVes an idea of the retention of
acid on the surface of the coated crystal as a function of
concentration. Figures 3a and 3b, respectively, show the
results obtained for formic acid and acetic acid.

A dlight retention process occurs when analyzing
formic acid (AF,o, =—0.08°C + 5.58, R? = 0.9941), which
suggests that, although the sorption process is mainly
physical, thereisadlight contribution of chemisorption that
would limit the number of short-dated analyses that could
be made if the concentration of formic acid were higher
than 66.6 mg/m3. This is the concentration for which
AF,, = 0 Hz in the calibration graph proposed above;
when this quantity was tested, no retention signal was ob-
tained.

AF rev. (Hz)
10
0 4 < , . : Conc.
400 10 00 300 400 500 (mg/m’)
-20
-30 \\.
-40 a
AF, (Hz)
10
Conc.
0 ju gt ' (mg/m®)
.10 200 400 600’ 800 1000
-20 hd b

Fig.3 Differences of base frequency from that obtained after the
cleaning process at different concentrations for low molecular
mass carboxylic acids such as (a) formic acid and (b) acetic acid



140
120
100 * o
80
60
40
20
0 , . T T
10 20 30 40 50 60
Temperature (°C)

*
4
»
»

AF (Hz)

Fig.4 Influence of temperature when injecting 182.2 mg/m3 of
formic acid vapor

As acetic acid is a weaker carboxylic acid than formic
acid, the chemisorption process is not detectable even at
455.6 mg/ms.

The sorption effects could be based on the following
fundamental mechanisms in order of interaction energy:
(I) polar interactions (dipole-dipole); (I1) H bonding be-
tween the carboxylic acid group of the analyte and the
ether group of the coating polymer; (I11) Lewis acid—base
interaction between the amine group of the coating poly-
mer and the carboxylic acid group of the analyte that
would be responsible for the irreversibility. This interac-
tion would mainly explain why formic acid presents a
chemisorption that is detectable at lower concentrations
than acetic acid. It is difficult to propose only one type of
interaction since the coating functional groups have more
than one way to interact with the analyte molecule; for ex-
ample, acidic and basic groups are also polar, so that a di-
pole—dipole interaction is also possible.

3.7 Effect of temperature

The effect of temperature in the range 16-50°C on the
quartz crystal coated to give —4325 Hz was studied when
the crystal was exposed to a carboxylic acid such as form-
ic acid vapor (182.2 mg/mq). Results are shown in Fig. 4.
Thereis arange (16-36°C) in which the sensor shows
avery good stability in the frequency-shift response. For
higher temperatures, the frequency-shift response dimin-
ished (—2 Hz/ °C), showing that the sorption of formic
acid by POEDbA decreases with increasing temperature.
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Fig.5 Sensitivity versus time upon exposure to formic acid vapor
for the TSM sensor coated with POEbA corresponding to 4325 Hz
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3.8 Useful lifetime

The evolution with time of the sensitivity of the fre-
quency-shift response of the TSM sensor when exposed to
the vapor of a carboxylic acid such as formic acid has
been studied in detail for 2 months. Figure 5 shows that
there was a fluctuation over the first 4 days but the sensi-
tivity did not vary dramatically over the rest of the time
period studied. After these first 4 days, the RSD of the
sensitivity was 3.0% so that the sensor shows a useful
lifetime of at least 2 months.

3.9 Atmospheres for application of the sensor

A selective response of a unique coated piezoelectric
crystal to an analyte is not a very realistic position, but a
single analyte may be detected in the presence of other
species with different functional groups.

In this way, a sensor to detect formic acid is proposed,
but any carboxylic acid will be a serious interferent; for
example, with a sensitivity that is about half that for
formic acid, acetic acid can also be detected with the same
Sensor.

Assuming this fact, studies of the kind of atmosphere
in which the sensor could be applied were carried out.
Table 4 illustrates the results obtained supposing that a
compound could be considered as an interferent if its con-
centration is higher than that indicated in the table.

The concentrations appearing in the table were taken
as the vapor concentration in the mixture, giving a fre-
guency shift equal to that of the blank (clean dried air)
plus three times its standard deviation.

Table 4 Studies of the kind of atmosphere in which the sensor
could be applied: a compound could be considered as an interfer-
ent if its concentration is higher than that indicated in the table

Compound Concentration (mg/md)
Acetone 5468
Ethyl methyl ketone 3008
Propionaldehyde 219
Acetaldehyde 298
Ethyl acetate 6834
n-Butyl acetate 2077
Methanol 1089
Ethanol 929
2-Propanol 809
Water 69
1,4-Dioxane 1049
Toluene 4014
Chloroform 4036
Dichloromethane 9755
Dichloroethane 1875
Fluorobenzene 5729
Chlorobenzene 1162
Bromobenzene 518
n-Heptane Sat.
Cyclohexane Sat.
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4 Conclusions

A new sensor for formic acid is proposed. The sensor is
rapid, sensitive, and reversible at low concentrations. It
shows a fast mechanical response to pressure changes.
The detection limit is only dlightly lower than the TLV.
This could be a limitation, considering that in practical
applications detection limits achieved in the laboratory
frequently cannot be obtained. Making the mixture im-
pinge dynamically on the coated crystal may possibly en-
hance the detection limit. It shows a good stability in a
temperature range typical for working atmospheres.

It is also applicable to other low molecular mass car-
boxylic acids such as acetic acid, as it presents a good
group selectivity.

In the future, the sensor developed here could be inte-
grated as part of a sensor array.
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