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Abstract

Unprecedented high throughput flow titration (maximally 43.1 titrations/min) has been realized by a triangular wave controlled
flow ratiometry using an in-house LED-photodiode detector. The detector was fabricated mainly with quartz tubing, an LED, a
photodiode and a DC power supply. While the total flow rate is held constant, a titrand (acid) is merged with a titrant (base)
containing an indicator, the flow rate of which is linearly varied by the control voltage V. supplied from a computer. Downstream,
the intensity of the transmitted light is monitored with the detector and acquired in the computer as detector output voltage Va. In
the initial feedback-based mode, the lamp direction of V% is changed from upward to downward, or vice versa, when the detector
senses the equivalence point. In the subsequent fixed triangular wave controlled mode, the scan range and the scan rate of V. are
further limited and quickened, respectively, in order to increase the throughput rate. Equivalence point is determined by offsetting
the effect of the lag time between the upstream merging and the downstream sensing.  Although the present approach is an absolute

method, calibration curves have been constructed for practical operation.

The linearity of the curve is satisfactory (> > 0.993).

The present method is well applicable to various titrations of acids and bases including acetic acid in commercial vinegars.
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1. Introduction

Titrimetry is one of the classical analytical methods that are
still in use widely. In Japanese Pharmacopoeia [1], for example,
titrimetry is adopted as the quantification methods for about one
half drugs listed in the monograph. Conventional manual
titration using glassware is, however, time-consuming and needs
considerable amounts of reagents and samples. In addition, the
analyst has to pay close attention, especially when the sample
and/or reagent are hazardous. Various automated flow titration
methods have, therefore, been developed to overcome such
drawback of batch titration, as reviewed by Tanaka and Nakano
[2]. These include flow injection (FI) titration [3,4], sequential
injection (SI) titration [5], flow ratiometry [6,7], triangle
programmed coulometric titration [8-10], monosegment flow
titration [11] and so on. Lima et al. [12] reported a flow-batch
hybrid method. They further introduced a digital movie-based
detector to their flow-batch analyzer, where hue value was
computed from RGB values [13]. These methods mentioned
above could reduce the consumption of sample and reagent.
They took, however, several tens of seconds or more per
titration.

Feedback-based flow ratiometry, first reported by Tanaka et
al. [14,15], is a sophisticated flow ratiometry, where the error
due to the lag time between the upstream titrand-titrant mixing
and the downstream sensing of corresponding signal is corrected
by a feedback control. Fais et al. [16] applied this concept to a
process analysis. More recently, Tanaka et al. [17-19] further
advanced the approach by coupling feedback control and fixed
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triangular wave control. Unprecedented high throughput rate
(maximally 34 titrations/min) was realized with reasonable
precision (RSD < 0.5%) [18].

In the present study, this approach has been reexamined to
get higher throughput rate using an in-house LED-photodiode
detector. The developed system is evaluated by applying it to
the determination of acetic acid in commercial vinegars.

2. Experimental

2.1. Regents

Bromocresol Green, 2 mol dm™ hydrochloric acid, 2 mol
dm™ sodium hydroxide solution, 25 % ammonia solution and
sodium carbonate were purchased from Kanto Chemicals, Tokyo
Japan. Bromothymol Blue, Thymol Blue and Thymolphthalein
were purchased from Wako Pure Chemical Industries, Osaka,
Japan. The above-mentioned reagents were of analytical
reagent grade and were used without further purification.
Sartorius Arium 611Dl grade deionized water was used
throughout. Vinegar samples were purchased at local markets
in Tokushima, Japan and 10 times diluted with water prior to the
analysis.

2.2. Flow system

Figure 1 shows the flow system of the present study. The
system was constructed with two peristaltic pumps P12 (Minipuls
3, MP-2, GILSON, U.S.A.), a laptop computer PC (Dynabook
Satellite 1850 SA120C/4, Toshiba, Japan) with an A/D-D/A
converter (PC-CARD-DAS16/12-A0, Measurement Computing,
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Fig. 1 Flow system

P1 and P2, peristaltic pump; D, photometer; PD, photodiode;
LED, light emitted diode; Amp, current amplifier; PC, laptop
computer with A/D-D/A converter; Ve, controller output
voltage; V4, detector output voltage. Fa, F and Fr are acid,
base and total flow rates, respectively; W, waste.
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Fig.2 LED-PD based photometer
Size: 14 cm (W) x 15 ecm (D) x 20 cm (H).

U.S.A.), a photometer D (described below) and an amplifier
Amp (C2719, Hamamatsu Photonics, Japan). PTFE tubing
(1.59 mm o.d., 0.5 mm i.d.) was used as the conduit of the flow
system except for pump tubing (3.68 mm o.d.,, 0.51 mm i.d.
Pharmed® tubing). No mixing reactor was used because the
rollers of P2 pump actively facilitated the mixing.

Figure 2 shows the photograph of the in-house photometer,
assembled mainly with an ATX power supply (3, 5, 12 V) reused
from a discarded computer, a light emitting diode (yellow LED;
rated current 25 mA; manufacturer is not clear) purchased from a
local electronic parts shop, photodiode (PD; Hamamatsu
Photonics S2281, Japan), an optical flow cell (3 mm o.d., 1 mm
i.d. quartz tubing), a resistor (330 Q), an aluminum block that
was processed to hold the LED, PD and quartz tubing, and a
plastic cover purchased from DAISO, Japan. The light from
the LED is made incident in the tubing from the right angle.
The optical path length is, therefore, maximally 1 mm. The
intensity of the transmitted light is measured with PD.

2.3. Method

The flow rate (FB) of base solution containing an indicator,
fed with P, was varied in proportional to the controller output
voltage (Vc) supplied from PC via the A/D-D/A converter. The
total flow rate (Fr) was held constant at 1.41 cm?® min™! with Pa.
Acid solution was, therefore, passively aspirated into the flow
system at the flow rate of Fr- F and merged with the base
solution at the confluence point. The solution was introduced
to the flow cell of the detector, where the intensity of the
transmitted light was measured. The signal from the detector
was amplified by the amplifier and acquired in PC as the
detector output voltage Va as Microsoft Excel format. An
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Fig. 3 Principle of high throughput titration by

feedback-based variable and fixed triangular wave controlled
flow ratiometry

FB, feedback-based mode; Fxd, fixed triangular wave
controlled mode; Ve, controller output voltage; Vi, detector
output voltage; Vg, controller output voltage that gives
equivalence composition at the confluence point; Ven and
Ver, maximum and minimum V. in FB mode, respectively;
Ven* and Ver*, maximum and minimum V. in Fxd mode,
respectively; Vsp, set point corresponding to Va at the
equivalence point. The symbols with prime (') mean the
respective values after the change in sample concentration.

in-house program written in Excel VBA was used to control the
system, acquire data, analyze them and display the result
automatically.

3. Principle

In the present configuration (Fig. 1), there should be the
control voltage Ve that gives the equivalence point at the
confluence point. Similar to conventional batch titration, the
following relationship based on flow rate should be satisfied at
the equivalence point.

na Ca (Fr—F) =ns Cs FB, (1)

where na and np are valences of acid and base, respectively, and
Ca and Cp mean the respective concentrations. On the
assumption that F is proportional to Ve (thus, Fs = kVe, where k
is a constant of proportionality), Eq. 1 is rearranged to Eq. 2.
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The reciprocal of Vg is proportional to Cs or the reciprocal of Ca.
Therefore, if VE is obtained, either of the concentrations can be
determined by using the other as the standard.

However, there is a lag time fng between the upstream
mixing and the downstream sensing of corresponding signal.
In order to correct the effect of #ig, the principle shown in Fig. 3
is applied. The major principle was described before in detail
[17,18]. Briefly, Ve, thus FB, is linearly increased. Even if V¢
reaches VE, the equivalence signal Vsp is not detected because of
tng. After fug, Va reaches to V. At this instant, the scan
direction of Ve is changed downward. Likewise, when Vs is
sensed again, the direction is changed upward. By averaging
the most recent Ve maximum, Veu, and the minimum, Ver, the
effect of tg is offset and Ve can be obtained. Next, fixed
triangular wave control (Fxd) is applied. The amplitude of the



triangular wave is narrower and the scan rate of V& is faster than
those of the feedback (FB) mode in order to increase the
throughput rate.  Although the scan direction is reversed before
the sensing the equivalence point, Vs can be sensed as long as
the Ve scan range covers Ve. The values corresponding to Ven
and Ve (Ven™ and Veo*, respectively) can be estimated by
extrapolating Ve to the time when Vs is sensed. When Ve
moves outside of the scan range due to the change in sample
concentration, feedback control is applied again after some
period in order to locate a new equivalence point (VE'). The
period is arbitrarily preset by the operator as a software
parameter.

The scan limits of Ve are 5 V and 0 V, respectively. In our
previous algorithm [17-19], VE should be in the range from
tag'(dVe/dt) to 5V - tag(dVe/df), where (dVe/df) is the scan rate
of Ve, or Ve reaches the limit before the sensing of Ve. In the
present study, the program is improved to cover entire VE (i.e., 0
~ 5 V) by an extrapolation approach (see Ver' in Fig. 3) similar
to that in the Fxd mode, as mentioned above.

4. Results and Discussion
4.1. Optimization of analytical parameters

The scan rate of Ve, dVc/dt, in FB mode was studied in the
range from 0.1 to 0.4 V 7 using 0.1 mol dm™ HCl and the same
concentration of NaOH as titrand and titrant, respectively.
Higher dVe/dt is preferable for rapidly locating Ve first time
when FB mode is started. The RSD of VE were ca. 0.55 % of in
the range of 0.1 — 0.2 V 57!, and became larger at higher dVe/dz.
Therefore, 0.2 V s! is selected as dVc/d¢ in FB mode.

In Fxd mode, the throughput rate is proportional to dVe/dz.
However, repeatability became worse at higher dVe/dz. That is,
RSD of Vg at dVe/d of 0.3, 0.4 and 0.5 V s7! (scan range of Ve
was 50 % of the latest FB scan range) were 0.57, 0.95 and
2.42 %, respectively. By taking the throughput rate and the
repeatability into consideration, 0.4 V s was selected as a
compromise. Scan range of V¢ in Fxd mode also affects the
throughput rate.  That is, the rate is inversely proportional to the
scan range. The scan range of Fxd mode was investigated at
50 %, 40 %, 30 % or 20 % of the latest scan range in FB mode.
The time needed per titration was 2.34 s, 2.09 s and 1.39 s,
corresponding to the throughput rate of 25.6, 28.6 and 43.1
titrations/min at 50 %, 40 % and 30 %, respectively. The
respective RSD of Ve were 0.81 %, 1.28 %, and 7.89 %. The
scan range of 20 % of the latest FB mode was too narrow to
obtain precise V. The throughput rate of 43.1 titrations/min
exceeds our previous record (34.1 titrations/min) [18].
However, 40 % was mainly used as the scan range in Fxd mode
by taking the repeatability into account.
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Fig. 4 Temporal profile of V. and V4 (A) and titration curve
(B) for rice vinegar

The analytical concentration of acid as CH3COOH in the rice
vinegar is 796.7 + 4.3 mmol dm>. Titrant: 0.1 mol dm™
NaOH. The scan range in Fxd mode is 40 % of that in the
latest FB mode.

4.2. Analytical performance

Typical flow signals are shown in Fig. 4(A), where a rice
vinegar as an example of real samples is titrated with 0.1 mol
dm™ NaOH containing 0.2 mmol dm> BTB. Vau is recorded and
shown in these figures after being amplified by 5 times on the
software in addition to the amplification by the current amplifier.
Operator can arbitrarily set the amplification factor through the
“Parameters” sheet of the Excel software-based file. Sampling
frequency is 20 Hz and Vsp is 5 V. Obtained VE is 2.31 + 0.12
(n = 44) V. The time needed per titration was 2.09 s,
corresponding to the throughput rate is 28.6 titrations/min in Fxd
mode. Figure 4B shows the titration curve. The outer loop in
the V. range of 1.18 - 3.52 V and the inner loop in 1.80 — 2.64 V
correspond to the data obtained in FB mode and Fxd mode,
respectively. It shows that the scan range of V., especially that
in Fxd mode, is limited just the range of interest.

4.3. Calibration curves of various acid-base titrations

The proposed method is an absolute method in principle, so
long as the flow rates of Fr and Fs (see Fig. 1) are accurately
calibrated. However, the calibration of flow rates is
troublesome.  Relative method using the calibration curve
based on Eq. 2, where V&' is plotted as a function of Ca™! or Cs
when the titrand is acid or base, respectively, is more practical
approach. Various concentrations of acids (HCI, CH;COOH
and H3PO4) and bases (NaOH, NH3; and Na>COs) were titrated
with NaOH and HCI, respectively. Acid-base indicators were
selected by taking the respective electrolytic dissociation
constants, estimated pH at the equivalence point and the color in

Table 1 Calibration curves of various acids and bases

Titrand Titrant  Indicator  Conc. of titrant / mol dm>  Linear range / mol dm™ 7’
HCl NaOH BTB 0.01 0.008 —0.070 0.9945
0.05 0.030 — 0.400 0.9957
0.1 0.075 - 0.800 0.9972
CH3COOH NaOH B 0.1 0.050 — 1.000 0.9980
H3PO4 (1st) NaOH BCG 0.1 0.075 - 1.000 0.9981
H3PO4 (2nd) NaOH TP 0.1 0.050 —0.800 0.9987
NaOH HCI BTB 0.1 0.075 -0.600 0.9935
NH3 HCl BCG 0.1 0.025 - 0.400 0.9999
Na2COs (1st) HCl TB 0.1 0.050 - 0.150 0.9935
NaxCOs (2nd)  HCI BCG 0.1 0.010 — 0.200 0.9997

Indicator: BTB, Bromothymol Blue; TB, Thymol Blue; BCG, Bromocresol Green; TP, Thymolphthalaine.



Table 2 Analysis of commercial vinegar samples
Cacon / mmol dm

Sample Present flow Conventional
titration manual titration
Grain vinegar 7148 £12.3 7163 +£4.6
Rice vinegar 796.7+4.3 778.7+1.2
Apple vinegar 772.8 £10.2 765.0+5.1
(n=3)

the base form into consideration. Table 1 shows the summary
of the results. As expected, linear range depends on the titrant
concentration (see the data for HCIl titration with NaOH). That
is, lower titrant concentration is more preferable to cover lower
titrand concentration range. As shown in the rightmost column,
the linearity of the calibration curve is acceptable (2 > 0.993).

4.4. Application to analysis of vinegar

The present method was applied to the analyses of
commercial vinegar samples, because vinegar is familiar
cooking ingredient or seasoning. Vinegars have also been used
as model samples for evaluating developed system of flow
analysis. For example, a discontinuous flow analysis with
photometric detection by Cardwell et al. [20], a monosegmented
flow analysis by Honorato et al. [21], a multicommutation —
attenuated total reflectance IR spectroscopy by Moros et al. [22]
and an FI titration with standard addition approach by
Wojtorowicz et al. [23] were validated through the application to
vinegars. Gonzalez-Rodorigues et al. [24] developed an FIA
system that incorporated pervaporation device to sequentially
determine ethanol and acetic acid in vinegar. Table 2 lists the
acidity of vinegars expressed as CH3COOH concentration, Cacon,
obtained by the present method. As a reference, Cacon
obtained by the conventional manual titration [1] are also shown.
Although the reproducibility in the present method is slightly
lower than that in the manual titration, the analytical values
agree well between them within 3 % in relative error. The
distinct advantages of the proposed method over the manual
titration are to save time, sample and reagent needed per titration.
On the assumption that the manual titration takes 5 min and
consumes 10 cm? of sample and 20 cm?® of titrant per titration,
the present method saves them to about 1/200, 1/500 and 1/1300,
respectively.  In Japan, the acidity of vinegar is strictly
specified in Japanese Agricultural Standard (JAS) [25]. The
present method would be useful in the manufacturing process to
quickly detect the product that does not conform the speciation.

In conclusion, the throughput rate of feedback-based variable
and fixed triangular wave controlled flow ratiometry has further
been advanced with an in-house LED-photodiode detector. The
developed system can successfully applied to the analyses of
commercial vinegars. Although the scannable range of flow
ratio is extended to 0 ~ oo through the improvement in software,
linear ranges of the calibration curves are almost comparable to
the previous results [18], presumable because the error becomes
larger as the titrand/titrant flow ratio approaches to 0 or co. The
axial dispersion also affect the results, especially when the
concentration difference between titrand and titrant is large.
The introduction of air segmentation approach to the present
flow ratiometry is expected to limit the axial dispersion and thus
to widen applicable range. Such concept is currently under
investigation.
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