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Abstract

This work presents new design of a gas diffusion unit, called ‘membraneless gas
diffusion (MGD) unit’, which, unlike a conventional gas diffusion (GD) unit, allows
selective detection of volatile compounds to be made without the need of a hydrophobic
membrane. A flow injection method was developed employing the MGD unit to
determine ethanol in alcoholic drinks based on the reduction of dichromate by ethanol
vapor. Results clearly demonstrated that the MGD unit was suitable for determination of
ethanol in beer, wine and distilled liquors. Detection limit (3S/N) of MGD unit was

lower than the GD unit (GD: 0.68%, v/v; MGD: 0.27%, v/v). The MGD design makes
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the system more sensitive as mass transfer is more efficient than that of GD and thus,

MGD can perfectly replace membrane-based designs.

Keywords: Membraneless gas diffusion, Flow injection, Ethanol determination, Liquor,

Spectrophotometry.

*Corresponding author. Tel.: +66-2-201-5127; Fax: +66-2-354-7151.

E-mail address: nchoengchan@gmail.com (N. Choengchan).

1. Introduction

For most analytical procedures, at least a separation step is required for sample
preparation prior to measurement. Separation or sample clean up can be performed by
various means, such as liquid-liquid or liquid-solid extractions. For volatile or semi-
volatile compounds, separation of these species from the matrix are conveniently
performed in flow injection (FI) format [1]. Previous reports for on-line separation with
subsequent detection of the volatile compounds are mostly carried out using two types
of membrane-based apparatuses. The apparatuses are known as gas diffusion (GD) and
analytical pervaporation (PV) units. Inside a single unit, a hydrophobic membrane is
fitted for, normally, a passive transfer of a gaseous compound from one side (donor
stream) to the other side of membrane (acceptor stream). In this way, selective
detection of partially diffused volatile is accomplished [2]. Examples of the use of GD
in flow analysis are determination of ammonia [3,4] and halogens [5-7].

PV is also a membrane-based kit for on-line separation of volatile species from
donor stream to acceptor stream and is perfectly compatible with flow-based

measurement. Although, the principle of PV is similar to GD, a constant volume of air
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gap is typically maintained between the level of donor solution and the membrane [8].
PV does provide some advantages over GD, when it is applied to liquid suspension
samples, because membrane dose not contact directly with the samples. This prolongs
the lifetime of the membrane.

Although GD and PV are very useful for selective analysis of volatile
compounds, they might not be so cost-effective, especially for the cases, which
membrane has to be changed frequently. Also, use of the membrane can somehow
reduce the sensitivity of analysis.

In this work, design and development of new gas diffusion unit is presented.
The current unit does not rely on use of the hydrophobic membrane and thus the unit is
named ‘membraneless gas diffusion unit’ (MGD unit).

We chose to develop a method for determination of ethanol in alcoholic
beverages to demonstrate the potential use of our unit, since there have been quite a
number of reports formerly presented use of GD and PV for alcohol analysis [9-13].
Our MGD method for ethanol is based on the reaction between ethanol and dichromate
in acidic solution. Reduction of dichromate to chromium (III) with ethanol is
spectrophotometrically monitored at 590 nm. The development has been carried out

using FI technique for automation.

2. Experimental

2.1 Reagents and samples
All chemicals used were of analytical reagent grade, and solutions were
prepared using Milli-Q water. Working standard solutions were freshly prepared by

appropriate dilution of 99.5 % (v/v) ethanol (Wako Pure Chemical Industries, Japan).
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The acceptor stream of the FI system in Fig. 1 (acidic 0.03 mol 1" K,Cr,07), was
prepared by dissolving 4.41 g of potassium dichromate crystal (Katayama Chemicals,
Japan) in 500 ml of 1.5 mol I"' sulfuric acid.

Eight samples of alcoholic drinks from Thailand and Japan were examined.
Ethanol contents in these samples range from 5 to 40 % (v/v). Almost all of the
beverages were directly injected into the developed FI system (Fig. 1), except the Thai

whiskies. These whiskies were diluted with water (4 times) prior injection.

2.2 Membraneless gas diffusion unit
Schematic diagram, which presents construction of the MGD unit, is shown in
Fig. 2. The unit is made of Perspex. In practical use, the unit was covered with lid and

was held together by using bolts.

2.3 The MGD-FI system

The MGD-FI system for determination of ethanol is depicted in Fig. 1. The
system was automatically controlled by LabView 7.1™. The peristaltic pump (Cavro,
USA) was used with Tygon™ pump tubes (0.79 mm i.d.). A six-port injection valve
(SNK, Japan), with a 300-ul injection loop, was employed for injecting standard and
sample solutions. A Soma S-3250 spectrophotometer (Japan), equipped with a 10-mm
flow-through cell and a FIA monitor/data processing apparatus (F.I.A Instruments,
Japan), were respectively utilized for the detection and recording of signals. The

manifold in Fig. 1 was constructed by using 0.5 mm i.d. PTFE tubing.
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2.4 GD-FI system for validation

Another FI system, with GD unit, was employed for validation. The FI
manifold was set up similarly to the MGD-FI system drawn in Fig. 1, by replacing the
MGD unit with the GD unit. The membrane of the GD unit was a tubular shape made
of microporous PTFE (2.0 um pore size and 20 cm long). Assembly of the unit has

been previously described [3,4].

2.5 Comparison of efficiency with a conventional GD unit

In this work, we compared the mass transfer of the MGD unit with a GD unit.
The GD unit is the same unit that was used for the experiment described in 2.4. The
manifold in Fig. 1 was used for this comparison. The GD unit was placed in the FI
system at the same place where the MGD unit is depicted. For the tubular GD unit, the
effective area (membrane surface) that contributed to the transfer of ethanol was 400
mm” (2 mm i.d. x 200 mm length). The MGD unit (Fig. 2) had the transfer area of 100
mm” (2 mm width x 50 mm length).

In this work, we determined the mass transfer efficiencies (GD and MGD) for
the transfer of ethanol from donor stream to acceptor stream. We describe here the
procedure to evaluate the efficiency of MGD, as example. Similar procedure was used
for the GD unit.

The mass transfer efficiency is defined as percentage of the signal obtained from
the ‘actual diffusion’, compared to the signal obtained from ‘maximum diffusion’. The
signal of ‘actual diffusion’ was evaluated firstly by constantly propelling a standard
ethanol solution into the donor channel (‘DS’ in Fig. 1). This was done while
dichromate solution was pumped into the manifold as normally operated in the ethanol

analysis. After the signal reached its plateau, 25 ml of the waste at detector was
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collected. This solution was shaken and left to stand for 30 min at 25 °C, for the
complete reaction of ethanol with dichromate. This 25-ml aliquot was fed through the
‘AS’ channel in Fig. 1, while ‘DS’ channel was continuously fed with water. The
obtained constant reading is the signal that represents ‘actual diffusion’.

The signal called ‘maximum diffusion’ is defined as the representative signal for
a condition that gives 100% diffusion of ethanol. Experimentally, the signal was
obtained by propelling a mixture of ethanol and potassium dichromate to the ‘AS’
channel in Fig. 1. This mixture was prepared in a way to contain equal amounts all the
reactants that would present in the 25-ml aliquot when actual diffusion was examined.
The mixture was mixed off-line and was kept standing at 25 °C for 30 min before
feeding to the ‘AS’ channel. At the same time, water was fed as the ‘DS’ stream. The

stable reading of absorbance is referred to as the signal at the ‘maximum diffusion’.

3. Results and discussion

3.1 Design of the membraneless unit

The membraneless gas diffusion unit is illustrated in Fig. 2. The unit contains
two parallel channels inside a closed module for which the diffusion of gas takes place
between both open channels. These grooves are used as donor and acceptor channels.
The unit was designed so that both grooves are separated by the 2 mm-thick barrier
(depicted in Fig. 2 a and Fig. 2 b). The height of this barrier is made slightly lesser than
the depths of the channels (Fig. 2 b). Thus any volatile or semi-volatile compounds can
diffuse across this barrier, from the donor side to the acceptor side. With this
configuration, separation and detection of the volatile analyte can be done selectively

without use of any porous membrane.
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The depth of the channels must be carefully designed. When the channel depth
was shallow (3 mm), creeping of solutions across the barrier was observed. This
flooding problem was solved by using the unit with deeper channels (6 mm). As we did
this, we also increased the volume of the headspace and this lowered the sensitivity.
Nevertheless, we noticed that the sensitivity (for 50-mm channel length) was lowered
only by 11 %, when the 6-mm channel depth was used, compared with the 3-mm depth.

Thus, the unit with 6-mm depth was selected for further experiments.

3.2 Optimal conditions of the MGD-FI system

Some FI parameters were investigated by means of univariate approach. Table 1
shows the range over which the parameters were studied and their optimal values. The
influence of these parameters on the analytical signal or sensitivity is discussed in the

following sections.

3.2.1 Effect of chemical compositions of the acceptor stream

The acceptor solution (‘AS’ in Fig. 1), contained potassium dichromate in
sulfuric acid solution. The signal was greater with increasing concentrations of
potassium dichromate and sulfuric acid. To compromise between the sensitivity and the
chemical expense, the concentrations of 0.03 and 1.5 mol I, were selected (Table 1) for

potassium dichromate and sulfuric acid, respectively.

3.2.2 Flow rate
Flow rates of the donor and the acceptor stream are one of the most important
parameters. Flow rates at the ‘inlet” and the “outlet” of donor and acceptor streams must

be set equally, to avoid flooding of the MGD channels. This can be done by using the
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same set of pump tubes for propelling the solutions into and out from the MGD unit
(Fig. 1). Operation at high flow rate could increase the throughput. However, this
resulted in the decrease in the sensitivity of the ethanol detection. For this work, the

flow rate of 0.3 ml min™' was chosen (Table 1) for all the FI streams in Fig. 1.

3.2.3 Sample size and sensitivity

When the injection volume of samples was increased, the sensitivity was
improved. However, the sample throughput was decreased with increasing volume of
samples. An injection volume of 300 ul was selected as a concession between the

sensitivity and sample throughput.

3.2.4 Influence of channel length for MGD

Effect of channel length on the sensitivity and the analysis time is shown in Fig.
3. As the channel length was increased from 25 mm to 100 mm, the absorbance reading
was increased by 54 %, and little difference in the sensitivity was observed between 50
mm- and 100 mm-channel lengths. As a compromising, between the sensitivity and the

throughput, the 50 mm length was chosen.

3.2.5 Influence of temperature

The temperature of donor and acceptor streams can affect considerably both the
evaporation of ethanol and its diffusion in the MGD unit. Higher temperature increases
the vapor pressure of the analyte in the headspace area inside the unit and accelerates
the diffusion of the gas.

In this work, the influence of temperature was investigated by placing the MGD

unit inside a hot-dried air box (Model GAS DIF, TCI, Japan). The temperature was
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varied from room temperature (25 °C) to 50 °C. As expected, the sensitivity was
enhanced by increasing the temperature. The average peak height at 50 °C was about
50 % greater than the average height at 25 °C. However, the sensitivity is already
sufficient at 25 °C. Therefore, we decided to carry out the analysis at the room

temperature, which is the most convenient.

3.3 Mass transfer efficiency compared to GD

Although employment of membrane is very useful and suitable for the designs
of GD and PV units, the sensitivity would have been reduced with membrane
permeation. In dynamic system, like flow injection, membrane lessen the mass transfer
of the gaseous species.

Comparison of the mass transfer efficiency, between the GD-FI and the MGD-
FI, is shown in Fig. 4. Although the effective area of donor stream in MGD is 4 times
smaller than the GD unit, the mass transfer efficiency of MGD is always greater. This
result (Fig. 4) clearly demonstrated that the MGD design is more effective and give a
better sensitivity than the GD design. The result also supports that for a dynamic

diffusion system like this, membrane can reduce the mass transfer of gas.

3.4 Analytical performances and advantages

In Table 2, the features of the MGD-FI system are shown and compared with
features of a GD-FI system. With use of the MGD, we were able to detect the signal of
0.5 % (v/v) ethanol. The MGD unit gave better sensitivity and lower limit of detection
than the GD unit. This is due to the more effectiveness in the mass transfer of this new
unit. Reproducibility of the MGD-FI is comparable with the traditional GD-FI. For this

application, the sample throughput of the MGD-FI is slightly lower than the GD-FI.
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There is a major advantage of the MGD-FI method over the GD-FI. MGD does
not require any membrane. Thus the MGD unit does not suffer from exposure of the
hydrophobic membrane to ethanol, like in GD unit. Direct contact of the membrane

with ethanol causes deterioration of the membrane due to the wetting effect.

3.5 Interference study

Effect of foreign species was investigated. The examined species were
inorganic mono- and divalent cations [14] and anion [15], which could be found in
wine: Li" (500 mg '), Na™ (500 mg 1), NH4" (250 mg 1'"), Mg*"(400 mg I'"), Ca*"(400
mg ") and SO5* (0.01 mol I'Y). Ammonia (0.5 mol I'') was also studied because it can
be produced during brewing fermentation. Results showed that signal alteration for all
species was less than 3 %. This suggests that the developed method is free from

interferents in alcoholic drinks.

3.6 Application to liquor samples

The developed system was applied in determination of ethanol. Results of eight
alcoholic drinks are shown in Table 3. Statistical analysis (paired-t test [16]) showed
that the data from MGD-FI are not significantly different to the data from the GD-FI
(tstat = 1.43, teriticat = 1.89 at 95 % confidence). The measured values also agree well
with the labeled values.

The recovery test (Table 4) for the same set of samples shows that recovery
ranged from 92.5 % to 109 %. These results therefore approve the validity of the MGD

for quantitative analysis of ethanol in beverages.
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4. Conclusions

We presented an innovative unit design for separation and collection of volatile
compounds. The unit is a membraneless apparatus. The effectiveness of this new unit
is remarkable and can be used to replace those membrane-based apparatus like GD or
PV units. The developed unit provides a greater mass transfer than the GD unit.
Having no membrane, MGD unit is a lower cost apparatus than GD unit. Problem from
malfunction of membrane, causing by reagents, is no longer exist. Also it is easier to
construct a MGD unit, as compared to flat or tubular type of GD unit.

This work demonstrates the validity of the MGD unit for quantitative analysis of
ethanol. Use of the conventional GD unit often results in poor durability of the
membrane causing mainly by direct contact with ethanol. Deployment of this new

design provides the analysis with a better robustness.
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Figures’ caption

Fig. 1 The FI system for spectrophotometric determination of ethanol. DS: Donor
stream (water), AS: Acceptor stream (0.03 mol 1" KoCr,07 in 1.5 mol I'! H,S04), MGD:
Membraneless gas diffusion unit (50 mm-channel length is optimum), IV: Injection

valve, P: Peristaltic pump and W: Waste.

Fig. 2 Schematic diagram of the membraneless gas diffusion unit: (a) top view and (b)

side view.

Fig. 3 The influence of MGD’s channel length on the sensitivity and the analysis time.
The experiment was carried out by repetitive injections of 10 % (v/v) ethanol into the

system in Fig. 1.

Fig. 4 Mass transfer efficiencies of MGD and GD.
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List of Tables

Table 1
Optimal conditions of the MGD-FI system for determination of ethanol.

Parameters Range examined Optimal value
Sulfuric acid concentration (mol ') 0.5-2.5 1.5
Dichromate concentration (mol 1) 0.01-0.05 0.03
Flow rate (ml min™") 0.2-0.4 0.3
Injection volume (pl) 100-500 300
Channel length (mm) 25-100 50
Temperature (°C) 25% 40 and 50 25°

“room temperature



16/18

Table 2
Analytical characteristics of the MGD-FI, compared with the GD-FI, for the ethanol determination.

Analytical characteristics MGD-FI GD-FI

Working range (% (v/v)) 0.5 to 30 1 to 30

Calibration equation ADS s00nm = 9.7 x 10°[% (v/v) ethanol] + 0.0014,  AbS 500 nm = 4.9 x 107°[% (v/v) ethanol] + 0.0019,
r’=0.999 ’=0.994

Detection limit (% (v/v): 3S/N) 0.27 0.68

Reproducibility 0.50 0.55

(RSD, n=10 injections of 1 % (v/v))
Throughput (injections h™) 16 18




17/18

Table 3
10  Ethanol contents in beverages determined by the MGD-FI and GD-FI method compared

with the labeled values.

Samples %(v/v) of ethanol, n =3
Labeled MGD-FI GD-FI
Beer 5 4.12 +0.04 3.77+£0.08
Japanese sake 1 10 10.4+£0.16 11.1 £0.04
Japanese sake 2 14 15.6 +0.20 15.9+0.11
Red wine 14 15.7+0.09 16.0+0.14
White wine 14 14.4 +0.07 159+0.15
Thai whisky 1 35 35.0+0.34 35.5+0.28
Thai whisky 2 35 32.6 +£0.46 36.5+0.43
Thai whisky 3 40 42.2+0.75 41.2+0.59
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Analytical recovery of the MGD-FI system for determination of ethanol in liquors.

Sample %(v/v) of ethanol ,n =3 Recovery (%)
Original Added Found
Beer 4.10+0.04 10 13.7+0.11 96.0+ 1.1
Japanese sake 1 10.4+0.16 10 21.3+0.09 109 £0.9
Japanese sake 2 15.6+0.20 10 24.8 £0.07 92.5+0.7
Red wine 15.7+0.09 10 25.3+0.04 96.3 + 0.4
White wine 14.4 £ 0.07 10 25.0£0.07 106 +£0.7
Thai whiskeys 1 8.80* £ 0.09 10 18.6 +0.07 98.8 0.7
Thai whiskeys 2 8.20"+0.11 10 18.9+0.07 107 +0.7
Thai whiskeys 3 10.5*+0.19 10 21.1+0.04 106 +0.4

* The content found in the diluted samples (4 times).
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Figures’ caption

Fig. 1. FI system for spectrophotometric determination of ethanol. DS, donor
stream (water); AS, acceptor stream (0.03 mol L—1 K,Cr,O7 in 1.5 mol Lt H,S0y4);
MGD, membraneless gas diffusion unit (50 mm-channel length is optimum); IV,

injection valve; P, peristaltic pump and W, waste.

Fig. 2. Schematic diagram of the membraneless gas diffusion unit. (a) Top view;

(b) Side view.
Fig. 3. Influence of MGD channel length on sensitivity and throughput. Experimentwas
carried out by repetitive injections of 10% (v/v) ethanol into the system

depicted in Fig. 1.

Fig. 4. Mass transfer efficiencies of MGD and GD.
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