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Abstract

Two new methods for the determination of total carbonate salts, as £aC6boil by continuous-flow piezoelectric (PZ) detection are
proposed. Both use a piezoelectric flow cell and a manifold including a dynamic gas extraction device to purge gaseeleased by
the sample solution upon acidification. One of the methods involves monitoring the pressure generated byptteel@®@d upon addition
of hydrochloric acid; in the other, the G@s quantified by using a quartz crystal coated with tetramethylammonium fluoride tetrahydrate
(TMAF). The precision of both methods is compared with that of the officially endorsed method. The proposed methods allow calcium
carbonate amounts over the ranges 10-100 mg and 2—15 mg, respectively, to be determined. Both were applied to the determinagion of CaCO
in soil samples. The standard deviation and throughput achieved were 2.7% and 30 samples per hour, respectively, with the pressure-basec
method; and 6.0% and six samples per hour, respectively, with the mass-based method.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ates. One is based on the Bernard calcimifeand has re-
tained its first action classification since 1952. This method,
Soil properties play a major role in planning land use ac- however, is poorly sensitive and rather complicated as all
tivities such as agriculture, erosion control, environmental measurements have to be made under the same conditions
protection and nature conservation. The determination of to- in order to avoid the effect of differences in temperature or
tal carbonate salts such as Caf{d@soil is of great interest  pressure. The other method is of the volumetric thijeand
on account of its high usefulness for diagnosing soil status involves the addition of perchloric acid to the soil, followed
in terms of structure, texture, biological activity or nutrient by titration with sodium hydroxide; the procedure is rather
contents, among other characteristics. The determination oftime-consuming.
total carbonates (CaGOMgCQO;3, etc.), expressed as per- There are few reported instrumental methods for routine
centage CaCe) is based on the volumetric analysis of the soil analyses. Piezoelectric (PZ) crystals are known to be
carbon dioxide released upon addition of an acid such as HClquite sensitive to pressure and mass changes on their sur-
or HCIOq to soil carbonates. The release of carbon dioxide, faces; these properties enable their use in quantitative trace
and hence the presence of carbonate in sails, is signalled byanalysis[2]. In fact, the use of PZ quartz crystals for the
foaming during application of the acid. detection of gaseous compounds has become increasingly
Spain’s Ministry of Agriculture, Fisheries and Fo@t] popular[3,4] since their earliest application in this area was
currently endorses two methods for determining soil carbon- reported[5]. These devices are often called “quartz crystal
microbalances” (QCMs). Usually, the quartz crystal is sand-
wiched between two electrodes that are then coated with a
* Corresponding author. Tek:34 957 218616; fax4-34 957 218616,  Substrate capable of absorbing the compounds to be mea-
E-mail address: qalmeobj@uco.es (M. Vaiccel). sured. Any increase in mass or pressure on the surface of
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the crystal will result in a decrease in vibrational frequency volatile amines. These compounds can also be determined

conforming to the equation of Sauerbr®} with uncoated PZ crystals sandwiched between gold elec-
2 trodes[13]. Our group has used this approach for various
2AmF )
F = A2 (1) other analytical purposg44—-16].
(o) The quartz crystal microbalance provides a sensitive,
where AF is the change in resonant frequeneym that inexpensive means for the detection and quantitation of

in mass,F the fundamental resonant frequency of the de- small amounts of CaCg{ In fact, coated crystals have
vice, p the density of quartz (2.65gcm), u the shear previously been used to detect €Q17]. However, un-
modulus of the crystal (2.95 10 dynecm?) and A coated PZ crystals sandwiched between gold electrodes
(0.20cnf) the surface area of the electrode. The sensi- can also be used with soil samples in order to avoid
tivity of a QCM depends mainly on the thickness of the problems arising in the application of coatings (e.g.
crystal. In previous worK7], a frequency change of 1Hz non-uninformity, irreproducibility) and changes through
was found to correspond to a mass increase of H05 evaporation or uncontrolled spreading during coating.
0.01 ng on the QCM electrode, consistent with the following Amines are widely used industrially to absorb £0

expression Thus, N,N,N,N-tetrakis(2-hydroxyethyl)ethylenediamine

AF = —[(1.05+ 0.01) x 10-9AF 2 (THEED) has been used to coat PZ quartz crystals with a
I )X ] @ view to determining carbon dioxidg8,19]. The THEED

which can be derived froriqg. (1). coating reacts reversibly with GOwhich increases its sorp-

Upon coating with a material capable of selectively tion frequency. However, the resulting calibration graphs
absorbing gaseous species, the crystal can be used as are of limited use, probably as a result of spreading of the
monitoring device, the sensitivity of which will depend liquid coating on the crystal surfa¢20].
on the coating/analyte area, temperature and molar re- In this work, we used uncoated and tetramethylammo-
action ratios, and its response time on the reaction ki- nium fluoride tetrahydrate (TMAF) coated crystals to quan-
netics (which in turn will be influenced by the gas flow tify CaCGQ;s in soil. This particular coating material was cho-
rate, rate of presentation of the analyte gas sample to thesen on the grounds of its high GG&orption capacity and
coating, temperature and analyte concentrat[8h) Coat- the fact that gas absorption and desorption in it are fully
ing materials that are stable, free from aging (through reversible and temperature-depend@it22].
oxidation or hydrolysis) under atmospheric conditions,
and reactive towards specific gases, and possess good
reversibility properties, continue to be the best choices 2. Experimental
for dynamic real-time trace gas analysis. Kif@y10] re-
ported the first use of a coated piezoelectric crystal in 2.1. Reagents
gas chromatography; by developing a detector sensitive
to 0.1 ppm water. The coating materials tested as water The coating agent TMAF, was purchased from Aldrich
sorbents include molecular sieves, hygroscopic polymers,and dissolved in ethanol. Silica gel, also from Aldrich,
silica gel, polar liquids, gold, nickel and aluminum. Guil- was used to dry C®released upon the addition of hy-
bault and Lopez Roméi1] found the frequency response drochloric acid (35%, Panreac) to calcium carbonate
of PZ crystals to increase with increasing temperature (Merck). The nitrogen used was reagent-garde N45 from Air
(especially over the range 100-2QD0); between 25 and  Liquid.
40°C, however, the effect of temperature was very weak.

This work was completed before their investigation of 2.2. Crystal coating
the use of the following coating materials for detecting

sulfur dioxide: sodium tetrachloromercurate, apiexon, sili-  The piezoelectric crystals used were coated on both faces
cone, SE-30, silicone QF-1, Carbowax 20 M and Versamid with 1% (w/v) solutions of TMAF in absolute ethanol, us-
900. ing the spraying method of Quinn et §22]. The choice

Liquid coatings can be applied to crystals in a variety of of TMAF as coating material was based on previous re-
ways including dropping, smearing, dipping, spraying, and sults[23,24] that testified to its high absorption sensitivity
spinning. Dipping allows no control over deposition. Smear- for CO,. Before and after application of TMAF, the quartz
ing is time-consuming and, since the control parameter is thecrystal was accommodated in a flow cell and the resonant
frequency, it is possible to have different amounts of coating frequency of the sensor measured with a Hewlett-Packard
unevenly spread over the electrodes. Finally, spin coating isHP-34912A/225 frequency counter. The average frequency
rarely used. for the coated sensors (viz. those assumed to have been

A number of analytical uses of piezoelectric quartz crys- coated by TMAF) was 9,913,200 Hz, whereas that for the
tals have recently been reported. Thus, Zhao ¢13].used uncoated sensors was 9,985,657 Hz; this allowed the aver-
one sandwiched between gold electrodes and coated withage amount of TMAF deposited onto the crystals to be de-
a sensitive membrane of chitosan to detect and quantify termined.
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2.3. Apparatus Gilson Minipuls-3 peristaltic pump and a Rheodyne 5301
three-way injection valve were also used.

The crystals used were AT-cut 10 MHz specimens with
gold plated electrodes 0.17 mm thick and 14 mm in diam- 2.4. Manifold design and procedure
eter. Prior to use, the crystals were washed with 2ml of
“piranha” solution for about 1 min. This was followed by Fig. 1adepicts the laboratory-made flow cell used in this
rinsing with distilled water, ultrasonic cleaning in distilled work. It consisted of a polyethylene cylinder 7.0 cm long
water for 5min, rinsing with distilled water and absolute and 3.5cm in diameter one end of which was fitted with a lid
ethanol several times, and drying in a nitrogen stream. Thethat allowed the position of the crystal to be inspected and
clean, dry crystals were then placed in a measuring cham-changed, if necessary. Two connectors located 3.5cm from
ber and allowed to resonate for 5min. Each quartz crystal the lid allowed the gas flow to be split and the two result-
was accommodated in a laboratory-made flow cell and ing streams to be led to the center of each crystal face. The
its resonant frequency measured with a Hewlett-Packard mass-based method (Fig. 1¢) made no use of one opening,
HP-34812A/225 frequency counter connected to a Pen-which was thus sealed with a stopper. In such a method, the
tium PC computer via an HP-IB interface (also from frequency shift was found to decrease with decreasing dis-
Hewlett-Packard). Data were acquired and stored usingtance between the crystal face and the connector that allowed
HP-34812A BenchLink software (HP BenchLink/Meter). A the gas flow to be split. This frequency decrease shift has
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Fig. 1. Detection system. (a) Flow cell for the quantitation of CgQ@®soil samples. (b) Pressure-sensitive detector. (c) Mass-sensitive detgctBs. P
peristaltic pumps; V switching valve; C silica gel column; W waste; L Lid; S stopper.



32 M. Zougagh et al./ Talanta 65 (2005) 29-35

Table 1 Q991650
Frequency shifts observed in the uncoated and coated crystals in the de-  @9%1800 —
termination of 50 and 10 mg, respectively, of Caf variable distances . 9991550 — & == — = —
between the connectors splitting the gas flow and the centre of the crystal% 9991 500 +=—"— E il ‘l 2 ], { ll /
face g 091450 e — |] > i {]
Distance (cm) Frequency shift (Hz) % 9991400 dl ‘i " T " i
Iz 1 A hY | N
Uncoated crystal Coated crystal B "J k |
9991300 4 i
1.75 130 250 9991250
1.25 158 255 1 2 4 & 8 10 12 14 16
0.75 170 175 () i (anin]
0.50 193 100
0.25 220 75 9913550
9913450 =
9913500 { ( \ AN
no easy explanation. It may have resulted from the difficulty = gs13400 | - bt -

=
of absorbing C@ at short distances. In the pressure-based % 9913350 3 ’
method, the frequency shift was maximal when the crystal % 9913300 ‘L ]
was 0.25cm from the lower connector (d€ig. 1b). Based ™ @s13250 Tt |
on the data offable 1, the maximum frequency signals were 13200
obtained with a distance of 0.25cm for uncoated crystals #3130 L - P p8 T &

and 1.25 cm for coated crystal§g. 1b and show the man- (b Time (mir)

ifolds us?d' In order to measure frequency Sh;fts’ mt'_’OQGn Fig. 2. Frequency change in (a) an uncoated crystal after a series of four
was fed into the detector at room temperature .(ZDl.Jntll injections for the determination of 50 mg of Cag@t 20°C and (b) a
a stable frequency was obtained. Then, the switching valve TMAF-coated crystal after a series of three injections for the determination

(SV) was actuated to have the peristaltic pump) (Eopel of 10mg of CaCQ at 20°C.

4.0ml of 50% HCI into a 5ml vessel containing a sample

thermostated at 20C at a flow rate of 4 mI min? for exactly The desorption time following C®uptake never exceeded
1 min in order to remove calcium carbonate as,Gfas. 10 min.

The process was facilitated by magnetically stirring the sus-

pension inside the vessel. The £tus released was dried

over silica gel and passed through a piezoelectric flow cell 3. Results and discussion

(PZ-FC), where the signal was detected, transferred to the

frequency counter (F) and recorded (PC). ThexC€eased 3.1. Pressure-based method

by both samples and calibration standards was injected into

the flow cell once the baseline resonant frequengy fad The response of the 10 MHz-cut quartz crystal was con-
levelled off. Measurements were in the fotvF = |F, — sistent with previous repor{25]. Thus, the frequency de-
Fo|, whereFp denotes the maximum frequency during each creased on bringing one face of the crystal into contact with
run. the passing C&flow. Fig. 2ashows the frequency—time pro-

The pressure-based method relies on pressure measurefile obtained for a series of four injections of 50 mg CaCO
ments of the CQ released by the CaGrontained in the  each. As stated above, measurements were in the form of
soil samples. The baseline frequency was established by usdifferences between the baseline frequency and the maxi-
ing N at a flow rate of 25 mI min'. The mass-based method mum frequency during each run. In this way, the frequency
quantifies CQ absorbed in the coated crystal; the flow rate change was caused by varying the pressure over the quartz
at which the gas was passed through the flow cell was ad-electrode surface and depended exclusively on the amount
justed to 18 mImin! using the peristaltic pump gPlocated of CaCQy present. In fact, the frequency change (detector
in front of the flow cell holding the piezoelectric crystal. The response) was linearly related to the volume of,Gfass-
waste was pumped at the same flow rate in order to ensureing through the piezoelectric flow cell. Standards containing
a constant flow rate and pressure in the flow cell. Once the 10-1000 mg of CaC®were used to construct the calibration
frequency leveled off, the system was flushed with nitrogen. graph required to determine ifable 2shows the figures of

Table 2
Figures of merit of the proposed methods, regression ane¥disear model:Y = a + bX
Method at S b+S, Regression Determination Throughput Limit of Precision
coefficient range (mg) (samples detection (% R.S.D.)
per hour) (mg)
Uncoated crystal 62.916F 4.3586 2.7634+ 0.0772 0.9953 10-100 30 6.75 2.67

Coated crystal 1.599% 7.3138 19.6959 0.7767 0.9938 2-15 6 111 6




M. Zougagh et al./Talanta 65 (2005) 29-35 33

e U Table 3
; ; ; ; ; ; Stability of the TMAF-coated crystal
e ':?'___—\\Q """" P e preee : Day Frequency (H2) Af (Hz) £ RS.D. (%)
w0l AN L [ i 1 9,913,250 275+ 6.1
. PN | g 5 2 9,913,210 292+ 3.2
T s N R o [ | 4 9,913,354 284+ 4.7
) : : R : : : 7 9,913,327 278+ 2.9
. ! : E\ j 3 ! 10 9,921,251 264+ 3.4
““““ e e e S 13 9,929,872 254+ 4.5
) : : : N : 14 9,937,368 258 + 5.2
L0 s Rt e R EEEEEEE 16 9,945,897 175+ 6.1
: : : : g : 18 9,957,581 154 + 4.9
L 19 9,961,574 135+ 7.7
' ' : : : ! 21 9,967,140 120+ 85
0 a 1i[[ ziﬂ BiD Jn 51[[ ﬁin a Frequency of the TMAF-coated crystal.

b Frequency shift observed in the TMAF-coated crystal upon injection
Temperature (°C) of 10mg of CaCG.

Fig. 3. Effect of temperature on the frequency shift caused by an amount
of CaCQ of 10 mg.
TMAF membrane coating. Clearly, the coating was affected
by temperature, but not by GGorption. We thus adopted
merit of the proposed method. The calibration graph, which a temperature of 20C for the determination of CaCG{n
was run from triplicate measurements at each point, was lin- soil samples.
ear over the range 10-100 mg. The precision of the method,
as the relative standard deviation for 50 mg of CaC@as 3.2.3. Service lifetime and repeatability of the coated
+2.67 (n= 10). The limit of detection, which was taken to crystal
be the mass of CaCG{giving a signal equivalent to three For the coated crystal to be useful in practice, it should
times the standard deviation for the blank signal plus the nethave a long lifetime and a high repeatabilitable 3shows
blank intensity, was 4.73 mg. The throughput was estimated the frequency of the TMAF-coated crystal and the frequency

to be 30 samples per hour. changes observed in the determination of 10 mg of GaCO
in a nitrogen stream at a constant flow rate. As can be seen,

3.2. Mass-based method the TMAF coating was stable for 2 weeks; between-day dif-
ferences in frequency shift were not significant and varia-

3.2.1. Response of the coated crystal to CO» tions in crystal frequency were very small. After 2 weeks,

Fig. 2bshows typical responses (AF) of the TMAF-coated the crystal frequency started to increase with time and the
crystal to CQ in a series of three determinations of 10mg frequency shifts observed in the determination of 10 mg of
of CaCQ at room temperature (2@€). Upon exposure of  CaCQ were too small owing to evaporation of the coating
the crystal to CQ gas, which caused a frequency shift, membrane.
the frequency changed (in a rapid manner first and more
slowly then) until it leveled off —which occurred within  3.2.4. Figures of merit of the proposed method
10 min. The desorption time after GQuptake never ex- The proposed method provided analytical graphs run from
ceeded 10 min, which can be acceptable for a sensor. Thetriplicate measurements at each point that were linear over
time-dependent signal provided by the crystalF, in- the range 2-15mg CaGOA typical equationA = (1.5991
creased with increase in the amount of CaC@ver the + 7.31381+ (19.6959+ 0.7767)[CaCQ@], with a regression
range 2—25mg. Consistent with previous findings of Quinn coefficient of 0.9938, was obtained. The signal appeared 2 s
et al. [26], the unusual shape of the signals (particularly after the sample was injected and themanifold was ready
their abrupt frequency rise) can be ascribed to liquefaction for a new injection within 10 min. The throughput was thus

of the CQ absorption product. about six samples per hour. The precision of the method, as
the relative standard deviation for 10 series of 10 replicate
3.2.2. Effect of temperature measurements each, was 6% for 10 mg of CaQ@e limit

The response of the coated crystal to 10mg of Ca@0D  of detection, defined as the mass of CaCfving a signal
variable temperatures from 10 to 50 was monitored. As  equivalent to three times the standard deviation of the blank
can be seen frorRig. 3, the crystal response to g@bsorp- plus the net blank intensity, was 1.1 mg.
tion decreased with increasing temperature; also, large tem- Table 2 shows the figures of merit of the proposed
perature differences proved detrimental to the determinationmethod. As can be seen, the pressure-based method pro-
of CaCG. The resonant frequency increased markedly rel- vided a broader determination range, better precision and a
ative to air above 40C. This can be ascribed to the loss of higher throughput, but also a lower sensitivity.
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Analysis of soil samples containing Cag@ = 3)

Sample Oficial (%) Uncoated crystal Coated crystal
Found (%) Difference (df Found (%) Difference (df
Soil 1 9.8+ 1.0 9.5+ 0.5(0.5¢} -0.3 10.1+ 0.2(0.19) 0.3
Soil 2 7.3+ 0.3 7.4+ 0.5(0.5¢Y 0.1 7.7+ 0.4(0.19) 0.4
Soil 3 43+ 0.2 3.9+ 0.4(0.5¢} -0.4 3.8+ 0.1(0.1g) -05
Soil 4 1.75+ 0.05 1.5+ 0.2(1gp —0.25 1.7 + 0.1(0.1g) —0.05
Soil 5 0.60+ 0.02 n.c (1gp - 0.7+ 0.1(0.19) 0.1

a Difference (d)= proposed method- official method.
b Weight of soil samples.
¢ Not detected.

4. Analysis of real samples CO, to be desorbed from the coating membrane. Also, the
sensor has a limited lifetime. In any case, the method can

The practical usefulness of the proposed methods was asbe practical for determining small amounts of CaC8y
sessed by using the coated crystal to analyse soil samplegontrast, the pressure-based detection method is affordable
containing small amounts of calcium carbonate and the un-and easily implemented even with laboratory-made equip-
coated crystal with samples containing large amounts of an-ment; also, it avoids the above-described problems inherent
alyte. The samples also contained small amounts of organicin the use of coated sensors.
matter and Mn@. The two methods were also compared
with the reference analytical meth§] for this type of sam-
ple. As can be seen froifable 4, the results obtained with ~ Acknowledgements
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