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a b s t r a c t

This work presents a flow analysis method for direct quantitation of calcium carbonate in cement without
pretreatment of the sample. The method is based on online vaporization of CO2 gas following acidification
of the sample inside a small chamber that has a flow of acceptor solution passing around it. Solubilization
of the CO2 gas into the acceptor stream changes the conductivity of the acceptor solution causing an

4

eywords:
arbonate analysis
ontactless conductivity
embraneless vaporization

arbon dioxide

increase of signal at the capacitively coupled contactless conductivity detection (C D) placed at the outlet
of the vaporization chamber. This chamber is an adaption from previous work reported on ‘membraneless
vaporization’ (MBL-VP).

The method can be used in the quality control of production of mixed cement. These cement materials
usually have calcium carbonate contents at high concentration range (e.g., 33–99% (w/w) CaCO3). Analysis
of samples by this method is direct and convenient as it requires no sample pretreatment. The method

ory ac
ement is low-cost with satisfact

. Introduction

Calcium carbonate plays an important role in the property of
ement and cement products. The content of calcium carbonate
equired in the calcareous raw materials such as limestone and
halk must be at least 80% (w/w) [1]. After calcination to pro-
uce cement clinker, the content of calcium carbonate must not
e greater than 3% (w/w) [1]. However, in the production of mixed
ement, Portland cement (finely ground mixture of the clinker and
% (w/w) of gypsum) is mixed with calcium carbonate to obtain

ertain specified properties and with controlled contents of calcium
arbonate (usually from 30 to 50% (w/w)).

As content of calcium carbonate plays a crucial role in cement
roduction and in the property of mixed cement, there is a need to

∗ Corresponding author at: Flow Innovation-Research for Science and Technology
FIRST) Laboratories, Faculty of Science, Mahidol University, Rama 6 Road, Bangkok
0400, Thailand. Tel.: +66 2 201 5127; fax: +66 2 201 5127.

E-mail address: scdnc@mahidol.ac.th (D. Nacapricha).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.01.057
curacy and acceptable precision.
© 2010 Elsevier B.V. All rights reserved.

monitor calcium carbonate contents at several steps during pro-
duction. In the literature, there are many methods reported for
analysis of carbonate and carbon dioxide but mostly for water or
liquid mixtures [2–6]. There are some methods available for deter-
mination of calcium carbonate in soil [7–11]. For cement, there was
a FT-IR spectroscopy, based on making pellets of KBr containing
cement samples, presented in 2001 [12]. However, this method is
tedious as the sample must be carefully ground to a certain micron
size to avoid light scattering [13]. As far as the authors’ knowl-
edge, methods available in the literature for direct detection of
calcium carbonate in cements are limited. There are more infor-
mation in some websites of commercial instruments, known as
‘carbon–sulfur analyzer’, for direct and rapid analysis of carbon and
sulfur [14–16]. The content of calcium carbonate can be obtained
from the result of the carbon analysis. In principle, cement sample

is heated with gaseous production of CO, CO2 and SO2, which can
be detected by IR spectroscopy.

For aqueous samples, a popular method for analysis of carbonate
has been a membrane-based technique often called ‘gas-diffusion’
(GD) [2] or ‘gas-permeation’ [3]. Anionic species such as carbonate
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nd its related form are acidified on-line to give gaseous CO2, which
hen diffuses across a hydrophobic semi-permeable membrane
nto an acceptor solution. Detection of CO2 in the acceptor stream
an be carried out using various techniques, such as photometric
etection of acid-base indicators [2–4], potentiometric detection
sing a tungsten oxide electrode [17], thermometric detection [18],
iezoelectric-impedance detection [19], acoustic wave-impedance
etection [20], traditional conductometric detection [3], and con-
actless conductivity detection [5,6].

However, for solid samples, pervaporation is more suitable than
as-diffusion. Pervaporation (PV) is similar in its concept to GD but
iffers in the design of the sample chamber. PV chamber has an
ir gap between the donor solution and the membrane [21]. This
arrow air gap prevents direct contact between sample and the
embrane and thus prolongs the life-time of the membrane. Selec-

ive permeation of CO2 vapor across the non-wetting membrane to
he acceptor can still occur with this arrangement. As with GD tech-
ique, non-specific detection like conductivity is applicable with
he PV technique [7].

In the recent years, we have been focusing on the design of some
embraneless (MBL) devices, which allows diffusion or vaporiza-

ion of the gas from a donor to an acceptor stream, where it can
e detected by photometry [22–24]. The concept of membraneless
aporization (MBL-VP) is similar to the GD and PV techniques, and
s based on conversion of the analyte into a gas. In this technique,
he configuration of the vaporization section (donor) and the accep-
or flow is side by side in a closed chamber. In this way, the air space
nside the chamber becomes a virtual membrane. For MBL-VP tech-
ique, it is not necessary to use a hydrophobic membrane like in
D and PV technique. The membraneless design has been shown to
rovide a better mass transport of the gas than the conventional GD
echnique, as reported for ethanol analysis [22]. In the latest design,
MBL-VP unit was developed for accommodating direct analysis of
olid calcium carbonate with pH colorimetric detection using the
resol red [24].

This present work describes a low-cost system that utilizes the
embraneless vaporization (MBL-VP) technique together with a

ontactless conductivity detection for determination of calcium
arbonate in cement products by flow analysis. Analyses require
o sample pretreatment. The concept of selective vaporization
nd the transfer of CO2 gas into the acceptor stream is employed.
etection of the acceptor is based on changes in its conductiv-

ty, which is related to the amount of absorbed CO2. We employ
‘capacitively coupled contactless conductivity detection’ or C4D

s detector. This is the first time that C4D has been used with the
embraneless technique. In the past, C4D has been used mostly in

eparation techniques like capillary electrophoresis (CE) and high
erformance liquid chromatography (HPLC) [25]. Although a group
f researchers has presented the use of a similar detector to C4D
ith gas diffusion technique for analysis of carbonate in model
ater sample, the flow cell was not easy to construct [5,6]. Here
e employ the simple axial design of C4D, commonly used for
E, for detecting the change in the conductivity of the acceptor
tream from the MBL-VP unit. The C4D system is applicable for a
ide detection range and is suitable for the monitoring of calcium

arbonate content in cement samples.

. Experimental
.1. Standards and reagents

All chemicals used were of analytical reagent grade. Deionized-
istilled water was employed for preparations of standard and
eagent solutions.
Fig. 1. The MBL-VP-C4D manifold for direct analysis of calcium carbonate in
cements. MBL-VP unit: membraneless vaporization unit, SV: sample vial, Ain: accep-
tor in, Aout: acceptor out, P: peristaltic pump. Note: the acceptor was 1 mM Tris and
1 �M KCl.

In optimization, it is more convenient to use solutions of sodium
hydrogen carbonate as representative of calcium carbonate. For the
optimization studies, the stock solution was prepared by dissolv-
ing 3.4 g (accurate weight) of sodium hydrogen carbonate (Merck,
Germany) in water and made up to 50.00 ml. Further dilutions were
made from the standard stock solution using water. For calibra-
tion and analysis of cement samples, calcium carbonate powder
Carlo-Erba, Italy) was used as the standard.

The acceptor stream (Fig. 1) was prepared by mixing 10.0 ml
of 100 mM Tris(hydroxymethylamino) methane (Merck, Germany)
with 20.0 ml of 50 �M KCl with subsequent dilution to 1000 ml with
water.

2.2. Manifold set up

Fig. 1 is a schematic diagram of the flow manifold for deter-
mination of calcium carbonate content, with the MBL-VP unit for
formation and separation of the CO2 gas and the C4D for detec-
tion. Similar to that described in the previous work for the calcium
supplement tablets [24], cement samples were accurately weighed
(30 mg) into vials. The vial, followed by a clean magnetic bar, was

placed inside the MBL-VP unit for subsequent vaporization and
detection of CO2. The flow system was operated using ‘continuous
flow mode’ accordingly to the procedure shown in Table 1. PTFE
tubes (0.75 mm i.d.) were used for all the flow lines, except in the
detection cell of C4D. An Ismatec peristaltic pump (model IS7610,
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Table 1
Operating procedure of the MBL-VP-C4D flow system (Fig. 1) for analysis of calcium
carbonate.

Step Duration time (s) Operational step Pump Lid

A 0–4 Place the vial containing
solid standard/sample into
the MBL-VP unit

On Open

B 5–10 Close lid and prepare for
acid injection

On Close
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system, are given in Table 2b.

3.4.1. Sample size
Cement samples usually contain relatively high content of cal-

cium carbonate (from 25 to 100%, w/w). Due to the high sensitivity

Table 2
Recommended condition of the MBL-VP-C4D flow system for determination of cal-
cium carbonate.

Parameters Studied Selected

C4D sensor
1. Applied frequency (kHz) 10–100 25
2. Applied voltage (Vp-p) 10–20 20

3. The tubular cell
3.1 inner diameter (PEEK) (mm) 0.25–1.00 1.00
3.2 length of silver paint (mm) 10–20 10

MBL-VP and the flow condition
1. Sample size per analysis 5, 10, 20, 30 mg 30 mg

2. Acceptor stream
2.1 components Water, x Tris + y

KCl
1 mM
Tris + 1 �M KCl
C 11–90 Inject acid into sample vial On Close
D 91–240 Open MBL-VP lid to release

residual CO2(g)

On Open

witzerland) was used for the liquid flow. A magnetic stirrer (Hytrel
TR 8068, Germany) was employed continuously and set at a fixed

peed for reproducible mixing of carbonate with hydrocholoric acid
or both standards and samples.

.3. Detection by C4D

The flow cell of C4D is schematically shown in the dotted area of
ig. 1. The cell was made from PEEK tubing (1 mm i.d. and 1.6 mm
.d.). The total length of the tubing was 150 mm. However the
ength of both electrodes were 10 mm each and were made by
ainting the PEEK tube with silver paint varnish [26], and with a
ap of (0.2 ± 0.05 mm), separating the electrode. An AC signal was
ntroduced to one of the metallic painted electrode from a function
enerator (GW Instek, SFG-2104, Taiwan). The AC-current from the
econd electrode was amplified, rectified and digitized, as reported
y J.A.F. da Silva and C.L. do Lago [26], but using an in-house detec-
ion unit, coupled to a personal computer.

. Results and discussion

.1. Configuration of the C4D cell

In 2005, the group of F. Opekar reported an approach of mak-
ng a contactless conductivity detection cell [5,6], called ‘thinly
nsulated wire cell’ (TIWC). They coupled this cell to gas-diffusion
or determination of total inorganic carbon in liquid samples by
ow injection analysis. This TIWC is based on the same concept
f C4D and was made by inserting thin insulated wires through
our punctured-positions of a PTFE tubing with 0.25 mm i.d. and
.56 mm o.d. The insulation of the wire isolates and prevents direct
ontact between the metal wire and the solution. This TIWC design
ave a significantly higher sensitivity than the axial configuration.
owever, the TIWC design has high risk of leakage and it is not

imple to make.
In this work, we selected to use the design of axial tubular elec-

rodes for the C4D flow cell. In order to enhance sensitivity, larger
ubing with 1 mm i.d., instead of the capillary (∼50–75 �m i.d.), was
hosen. For the MBL-VP technique, there is no chromatographic res-
lution to be concerned with. Thus, the i.d. of the C4D cell may be
ncreased even wider than 1 mm if desirable. PEEK or PTFE mate-
ial may be used. A PEEK tubing was selected for making the cell
ecause painting of the silver varnish on PEEK material was more
onvenient than the PTFE.

.2. Optimization of the C4D

Prior coupling the C4D with the MBL-VP unit, the detection

ondition was optimized. A single line flow injection system
not shown) was assembled for this work. The buffer (mixture
f 1 mM Tris and 1 �M KCl) was pumped through the tubu-
ar C4D cell. Repetitive injections (2.5 ml) of 0.02 mM sodium
ydrogen carbonate solution were made at the input voltage
Fig. 2. Example of signal profiles obtained from the developed MBL-VP-C4D systems
for analysis of solid sample: profile of 0.24 mmol CO3

2− with acceptor flow rate at
2.4 ml min−1. Note: the capital letters refer to the operating procedure in Table 1.

(Vp-p) of 20 V. The signal increased as the AC frequency was
increased from 10 to 25 kHz. Beyond 25 kHz (50–100 kHz), the sig-
nal decreased. Therefore, we selected 25 kHz at 20 Vp-p as the input
signal.

The length of silver bands painted on PEEK tube of 10 or 20 mm
did not give significant difference in the sensitivity, and 10 mm was
chosen as the electrode length. In order to maintain the same sen-
sitivity, the gap between the two silver bands was always fixed at
0.20 ± 0.02 mm for every C4D cell constructed.

3.3. Signal profile

As shown in Fig. 2, the signal is not a symmetrical peak. With
the employed operating procedure (Table 1), which is a continuous
flow mode, the signal typically reaches a plateau during the acid
injection step C. The signal then drops to baseline as the lid was
opened after 91 s in step D. In this work, we used the height of the
signal taken at 80 s for the calibration.

3.4. Final operating condition

Optimization can be divided into two parts, that involving C4D
detection and the other including the flow system. Optimization for
the highest signal was described in Section 3.2. Table 2a lists the
C4D parameters, which are employed for the analysis of cements.
The various parameters and the final selected values, for the flow
2.2 flow rate (ml min−1) 0.5–3.0 2.5

3. Volume of 3 M HCl per analysis (ml) 0.5–1.0 1.0

x: 0.1, 0.5, 1 and 3 mM.
y: 0, 0.1, 1 and 5 �M.
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Table 3
Analytical features of the MBL-VP-C4D flow system for determination of calcium carbonate.

Feature Value

1. Linear working range 0.04–0.24 mmol CaCO3 (4–24 mg CaCO3(s))
2. Equation; r2 Vdc = (29.57 ± 2.90) (mmol CaCO3) + (3.168 ± 0.438); r2 = 0.991
3. Throughput (samples h−1) 14
4. Precision (%RSD) 5.3 (20 mg CaCO3, n = 10)
5. Detection limit (3S/N) 2.5 �mol CaCO3 (0.25 mg CaCO3(s))
6. Direct analysis of sample as received? Yes

Yes

- No
- Ov
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7. Applicable with external calibration?

8. Sample preparation

f our C4D, an appropriate amount of solid sample must be selected
n order not to exceed the linear working range of the system. For
ement and related materials, we found that 10–30 mg is suffi-
ient. Finally, 30 mg was chosen as the optimum sample weight
Table 2b). Each sample must be weighed using five-digit micro-
alance for ensuring the mass precision.

.4.2. Acceptor line

.4.2.1. Type of acceptor solution. We observed that plain water
deionized-distilled water, pH 6) may be used as the acceptor
tream for the system in Fig. 1. Nevertheless, we still prefer to use
weakly buffered solution for absorbing the CO2 vapor. In some
ork, reporting the trapping of CO2 via membrane-gas diffusion

19,20], solution of Tris (10 mM) and KCl (0.5 or 1 mM) was reported
s a suitable acceptor stream. However, these concentrations of
ris and KCl were not suitable for our C4D system, due to the high
onductivity. Therefore, the concentrations of Tris and KCl were
educed using 1 mM sodium hydrogen carbonate as the test sam-
le. Fig. 3 shows that 1 mM Tris and 1 �M KCl gave the highest
ample signal but with suitable baseline values. Thus a mixture of
mM Tris and 1 �M KCl were selected as the acceptor solution for
oth systems in Fig. 1.
.4.2.2. Flow rate. In a flow system with incorporation of a gas-
rapping device, flow rate of the acceptor stream is a key parameter
hat determines sensitivity of the system. Results showed that
s the flow rate was increased from 0.5 to 3 ml/min, the signal
ecreased by 50%. As a compromise between sample throughput

ig. 3. Effect of concentrations of (a) Tris and (b) KCl in the acceptor solution on the
ignal. The experiments were carried out using repetitive injections of 1 mM sodium
ydrogen carbonate.
(using CaCO3 solution or CaCO3 powder)

ne (proximate analysis)
en dry (accurate analysis)

and the detection limit, the flow rate of acceptor stream was set at
2.5 ml/min for the system in Fig. 1 (Table 2b).

3.4.3. Donor
In order to generate CO2 gas stoichiometrically from cement

sample, the acid was injected into the sample vial through the acid
port situated on the lid of MBL-VP unit (Fig. 1). The results show
that 1 ml of 3 M hydrochloric acid was excess enough for complete
solubilization of the samples of cement and raw material.

3.5. Analytical feature

The final analytical features of the MBL-VP-C4D system are sum-
marized in Table 3. Linear calibration (r2 > 0.99) was obtained from
4 to 24 mg CaCO3(s). The throughput of 14 sample h−1 is notable
since off-line sample preparation is not needed. Vaporization of the
analyte to form CO2 vapor before detection allowed use of external
calibration method, which is very convenient. With the external
calibration, the recovery is from 85 to 103%. Our method is very
precise with %RSD of 5.3.

3.6. Application, validation and comparison to commercial
instruments

The flow system in Fig. 1 was applied to eight cement materi-
als (Table 4). Sample numbers 1–4 are the raw materials. Sample
numbers 5–8 are the commercial mixed cement products. The
low values of SD in Table 4 show that the developed method is
precise and suitable for using in the quality control of cement indus-
try. We also employed a commercial ‘carbon–sulfur analyzer’ for
comparison. By means of statistical paired t-test [27], the calcium
carbonate contents, determined by the MBL-VP C4D techniques,
are not significantly different from contents given by the method of
carbon–sulfur analyzer at 95% confidence (tstat = 0.764, tcrit = 2.447).

This shows that our developed methods are accurate and reliable.
Our system is lower cost than the commercial carbon–sulfur ana-
lyzer instruments, which are based on temperature programmed
combustion of the sample to generate CO2 gas followed by infrared
detection [14–16].

Table 4
Validation of our method by comparing the results with the carbon–sulfur analyzer.

Sample % (w/w) CaCO3 (mean ± SD, n = 3)

The proposed
method

Carbon–sulfur
analyzer

1. Limestone 1 89.02 ± 0.08 96.38 ± 0.48
2. Limestone 2 99.23 ± 1.95 99.62 ± 0.04
3. Chalk 1 93.05 ± 3.56 91.85 ± 0.63
4. Chalk 2 93.11 ± 2.43 93.47 ± 0.05
5. Mixed cement 1 33.49 ± 1.55 30.15 ± 0.03
6. Mixed cement 2 41.64 ± 2.47 46.88 ± 0.05
7. Mixed cement 3 44.42 ± 0.52 46.89 ± 0.67
8. Mixed cement 4 49.71 ± 1.82 47.00 ± 0.47
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. Conclusions

This work describes a new flow system consisting of a so-called
membraneless vaporization’ unit and a flow-through tubular cell
ased on the concept of capacitively coupled contactless conductiv-

ty detection or C4D. This flow system is capable of measurements
f calcium carbonate contents in cement samples. The method is
irect and requires no pretreatment step. Sample is introduced
irectly into the system followed by acidification of the sample
o generate vaporization of the CO2 gas inside the membraneless
aporization unit. Subsequent solubilization of the CO2 gas causes
he conductivity of the acceptor stream to increase, resulting in the
ise in the voltage signal at the C4D detector. Utilizing vaporiza-
ion with subsequent trapping of the CO2 gas is not dependent on
he form of the standard (solid or liquid). Therefore, this allows us
o conveniently use external calibration method. The system and
rocedure have been successfully applied to commercial cement
roducts.

The tubular flow cell of the detector is much simpler than the
thinly insulated wire cell’ [5,6], which was made by using a capil-
ary tubing (0.25 mm i.d.) with four punctured holes. The flow cell
sed in our work employs a PEEK tube with no punctured holes and
herefore there is no chance of liquid leakage to occur. The i.d. of
he PEEK tubing is 1 mm, and will not produce any back pressure.
inear range of our C4D detector covers the wide range of calcium
arbonate contents found in the cement samples. In our previous
tudy using dye indicator, the linear range of detection was more
imited [24]. Thus, for analysis of calcium carbonate with vaporiza-
ion of CO2 with trapping of the gas in an acceptor solution, C4D
as been shown to be a detector of choice.
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