
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

1/
27

/2
02

5 
12

:3
6:

58
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Non-destructive
aAssistive Technology and Medical Devices

Technology Development Agency, Pathum

nstda.or.th
bDepartment of Engineering Science, Univers
cPharmaceutical Ingredient Research Gr

Organization, Bangkok, Thailand
dProxisense Limited, Oxford, England

Cite this: RSC Adv., 2022, 12, 6181

Received 18th January 2022
Accepted 9th February 2022

DOI: 10.1039/d2ra00352j

rsc.li/rsc-advances

© 2022 The Author(s). Published by
measurement technique for water
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The water content of organic solvents is one of the crucial properties that affect the quality of the products

and the efficiency of the manufacturing processes. The established water determination methods such as

Karl Fischer titration and gas chromatography require skilled operators, specific reagents, and prolonged

measurement time. Thus, they are not suitable for both on-line and in-line applications. In this study, we

aim to develop a real-time and low-cost device with reliable accuracy. The proposed device based on

a newly developed thermal approach could non-destructively detect the water content in multiple

organic solvents at low concentrations with high accuracy and without the use of any specific reagent.

Experiments were performed for the determination of water content in organic solvents such as

methanol, ethanol, and isopropanol. The results show that the proposed device is feasible for the water

content determination in methanol, ethanol, and isopropanol at 0–1% w/w. A Bland–Altman plot to

illustrate the differences in measurements between the proposed device and coulometric Karl Fischer

titration shows that most of the measurements lie within the limits of agreement where 95% of the

differences between the two methods are expected to fall in the range of �0.13% and 0.09%.
1. Introduction

Organic solvents are widely used in the manufacturing
processes of various industries. For example, methanol,
ethanol, and isopropanol are extensively used in cosmetics,
natural products, food and beverage, fuel, dyes, coatings, and
pharmaceutical industries.1–4 The water content of the organic
solvents is one of the crucial properties that affect the quality of
the products and the efficiency of the manufacturing processes.
Methanol with an excess amount of water can lead to undesired
texture and nonuniformity of the production of paints.5 In the
biofuel industry, residual water in ethanol signicantly affects
the production performance and formation of impurities.6 The
water content of isopropanol is crucial to cosmetics quality and
stability as water can promote rancidication, the process of
oxidation or hydrolysis of fats and oils, resulting in unpleasant
tastes, colors, and odors of the products.7 For the pharmaceu-
tical industry, the water content of the product and ingredient is
one of the pivotal factors in the production process.8,9 An
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excessive amount of water in the raw materials can cause the
growth of microorganisms in the products which negatively
affect the safety of consumers.10 Hence, the water content of the
raw materials and the solvents must be controlled precisely at
less than 0.5–1%.11,12

The Karl Fischer titration (KF) is one of the standard
methods for the determination of water content in organic
solvents. The method has high sensitivity and accuracy. It is
considered as a gold standard for water content measurements
according to multiple publications.13–16 ASTM International
(ASTM) also published a standard test method for water in
organic liquids by coulometric KF.17 However, it is a destructive
technique, requires a specic reagent, and takes considerable
time for one measurement. Loss on drying (LOD) is also one of
the popular methods to determine the moisture content of
a sample. It is a simple and easy to operate technique based on
the change of weight during the heating process. The draw-
backs are the low selectivity due to the evaporation of all the
volatiles and can only be used with solid samples.18 Various
advanced analytical techniques which required skilled opera-
tors such as nuclear magnetic resonance (NMR), near-infrared
spectroscopy (NIRS), or gas chromatography-mass spectrom-
etry (GC-MS) are also used for the determination of water
content in the research.19–21

Previous works on low-cost, portable, and more convenient
methods for the determination of water content in solvents are
mostly based on the colorimetric technique. Shahvar et al.
RSC Adv., 2022, 12, 6181–6185 | 6181
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Fig. 1 The recently developed thermocouple sensor based on the
work from University of Oxford.

Fig. 2 Electronic box for sensor control and measurement (a).
Measurement pulse from the proposed device (b).
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developed a method for detecting water content in ethanol
based on the color-changing of cobalt(II) chloride.22 Themethod
could detect the water contamination in ethanol in the range of
0.05–2.00% v/v with a recovery of more than 88%. Wang et al.
proposed a method for the detection in six organic solvents
based on red-emitting carbon dots (RCDs).23 They successfully
demonstrated that the method could broadly detect the water
content at 10–90% for various organic solvents. Kong et al. used
uorescent Ag nanoclusters (Ag NCs) for detection of the water
content in ethanol and dimethyl sulfoxide with good linearity
from 20–55%.24

A new technique was developed to detect water content in
fuel and oil samples at the University of Oxford. The pulsing
thin lm gauges are used to measure the thermal product or
thermal effusivity of the material. Thermal effusivity is directly
proportional to the density, heat capacity, and thermal
conductivity of the substance which determines the amount of
heat absorbed by the substance. Since each material has
a different thermal product, the sensor was able to detect low
concentrations of water in fuel and oil samples.25,26 However,
there are a few shortcomings such as the laborious
manufacturing process, getting the right resistance was difficult
due to manual painting, suffered from errors due to thermal
expansion of the thin lms, noise in electronics due to simul-
taneous heating and measurement, and poor reliability due to
thickness of the platinum lms. Therefore, in this study, we
learned from the previous technique and explore the possibility
of using a newly developed thermal approach sensor for the
determination of water content in organic solvents such as
methanol, ethanol, and isopropanol. The proposed device could
non-destructively detect the water content in such organic
solvents at low concentrations with high accuracy and without
the use of any specic reagent.

2. Material and methods
2.1 Thermocouple design and development

The proposed technique uses low-cost materials instead of the
thin lm gauges for the sensing materials. Fig. 1 shows the new
sensor and its construction. The sensor consists of K-type
thermocouple wires of 1.6 mm diameter electrically connected
to a 5 ohms resistance thermistor. The thermocouple wires were
attened and pressed against the sides of the thermistor. A
thermally conductive paste called Loctite 9497 was applied to
ensure proper thermal contact.

The electronic box for sensor control and measurement is
shown in Fig. 2a. Fig. 2b shows a sample of the measurement
pulse and cooling rate. A high-power pulse with a 5 ms duration
was sent through the thermocouple wires. Then the thermistor
started to heat up and add energy to the surrounding medium.
Once the pulse stopped, the thermistor stopped heating and the
electronics started measuring the temperature of the thermistor
with those thermocouple wires as it cooled down in the
medium. Depending on the thermal product of the medium,
the rate of cooling will be different. Thus, the temperature
reached aer a certain duration, such as 200 ms, will be
different. This minuscule difference can be used to detect very
6182 | RSC Adv., 2022, 12, 6181–6185
low concentrations of impurities in a medium. This proposed
sensor and electronics are quite robust, cheaper to manufac-
ture, and have less noise in comparison to the previous tech-
nique due to the separation of heating and measurement steps.
2.2 Experimental setup

The organic solvents that we used in this study are methanol,
ethanol, and isopropanol. Methanol, ethanol, and isopropanol
were purchased from Honeywell, Merck, and Colosol, respec-
tively. Deionized water was prepared in-house using Pacic TII
40 (UV). For each experiment, 40 mL of the sample with the
water content at 0%, 0.25%, 0.5%, 0.75%, and 1% w/w was used
for the measurement. Fig. 3 illustrates the setup and sample
testing process. The measurement was performed by fully
submerging the sensing element of the sensor into the sample
for ten minutes.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The testing setup for the proposed device. The measurement
was performed by fully submerging the sensing element into the
sample.

Fig. 4 Linearity of the proposed device for the measurement of the
water content in methanol, ethanol, and isopropanol at 0%, 0.25%,
0.5%, 0.75%, and 1% (w/w). The x-axis is the percentage of water in the
solvent and the y-axis is the delta temperature measured from the
proposed device.
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2.3 Accuracy evaluation

Karl Fischer titration technique was used as a gold standard for
the comparison and evaluation of the proposed device. The
water content determination was done according to the ASTM
E1064 standard methods.17 Linearity evaluation was done based
on the coefficient of determination. Each sample was measured
ve times to ensure the repeatability of the method. Limit of
detection (LOD) and limit of quantication (LOQ) were ob-
tained from calculating the standard deviation divided by the
slope of the calibration curve at blank concentration then
multiplied by three and ten, respectively.
Table 1 The change in temperature measured from the proposed devic
0.25%, 0.5%, 0.75%, and 1% (w/w). Each sample was measured five time

Solution 0 0.25

Water in methanol 32.08 � 0.11 31.38 � 0.25
Water in ethanol 31.41 � 0.27 30.48 � 0.16
Water in isopropanol 32.86 � 0.13 32.57 � 0.04

© 2022 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion
3.1 Analytical performance

To measure the analytical performance of the proposed device,
rstly, we calculated the linearity between the water content in
the solvent and the delta temperature measured from the
proposed device. Each sample was measured ve times. Fig. 4
depicts the linearity of methanol, ethanol, and isopropanol. A 5-
point calibration curve (0%, 0.25%, 0.5%, 0.75%, and 1% w/w)
was drawn. The proposed device produced determination
coefficients of 0.9875, 0.9651, and 0.9858 for the linear dynamic
range of 0% to 1% w/w for methanol, ethanol, and isopropanol,
respectively. Limit of detection (LOD) and limit of quantica-
tion (LOQ) were obtained from calculating the standard devia-
tion divided by the slope of the calibration curve at blank
concentration then multiplied by three and ten, respectively.
LODs for methanol, ethanol, and isopropanol were 0.12%,
0.35%, and 0.23%, respectively. LOQs for methanol, ethanol,
and isopropanol were 0.35%, 1.06%, and 0.70%, respectively.
The device performances were respectable for the water content
determination in methanol and isopropanol. However, the
performance in ethanol was not as expected. Table 1 shows the
data from the measurement of the water content in methanol,
ethanol, and isopropanol using the proposed device. The delta
temperatures measured by the device decreased as the water
content in the solvent increased.
3.2 Comparison of the proposed device with the ASTM
standard method

The accuracy assessment of the proposed device based on the
thermal technique was compared with the coulometric Karl
Fischer titration, the ASTM E1604 standard method. For
statistical comparison, a Bland–Altman plot is shown in Fig. 5
to illustrate the differences in measurements between the two
methods. Most of the measurements lie within the limits of
agreement. On average, the proposed device measured the
amount of water at 0.02% less than the coulometric Karl Fischer
titration and 95% of the differences between the two methods
are expected to fall in the range of �0.13% and 0.09%.

Table 2 shows the comparison of the water contents
measured from Karl Fischer titration and the proposed device
for methanol, ethanol, and isopropanol. The average errors
were calculated from the differences between the amounts of
water added to the samples and the amounts of water measured
e for the water content in methanol, ethanol, and isopropanol at 0%,
s

% Amount of water (w/w)

0.5 0.75 1

30.80 � 0.12 29.73 � 0.23 29.27 � 0.04
30.00 � 0.08 29.40 � 0.19 29.11 � 0.10
32.21 � 0.05 31.65 � 0.09 31.19 � 0.04

RSC Adv., 2022, 12, 6181–6185 | 6183

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00352j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

1/
27

/2
02

5 
12

:3
6:

58
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
by Karl Fischer or the proposed device. Plus sign indicated that
the amount of water measured from the equipment was higher
than the expected value while the minus sign indicated that the
amount of water measured from the equipment was lower than
Table 2 Comparison of thewater contentsmeasured from Karl Fischer ti

Sample

% Amount of wate

Karl Fischer (% RSD) Th

0.25% water in methanol 0.28 (1.5)
0.5% water in methanol 0.56 (0.0)
0.75% water in methanol 0.71 (1.4)
1% water in methanol 1.05 (1.7)
0.25% water in ethanol 0.23 (3.7)
0.5% water in ethanol 0.51 (0.0)
0.75% water in ethanol 0.76 (0.5)
1% water in ethanol 1.01 (3.4)
0.25% water in isopropanol 0.26 (4.8)
0.5% water in isopropanol 0.50 (0.8)
0.75% water in isopropanol 0.75 (1.0)
1% water in isopropanol 1.02 (2.0)

Table 3 Spiking recovery for methanol, ethanol, and isopropanol. Each
analyzed by the proposed device

Sample
% Amount
spiked (w/w)

0.25% water added in methanol 0.25
0.5% water added in methanol 0.5
0.75% water added in methanol 0.75
1% water added in methanol 1
0.25% water added in ethanol 0.25
0.5% water added in ethanol 0.5
0.75% water added in ethanol 0.75
1% water added in ethanol 1
0.25% water added in isopropanol 0.25
0.5% water added in isopropanol 0.5
0.75% water added in isopropanol 0.75
1% water added in isopropanol 1

Fig. 5 Bland–Altman plot to illustrate the differences in measure-
ments between the proposed device and the coulometric Karl Fischer
titration.

6184 | RSC Adv., 2022, 12, 6181–6185
the expected value. For consistency of the measurement, the
relative standard deviations of the proposed device were less
than one percent and less than KF for most samples. Table 3
shows the spiking recovery results for the proposed device. Each
sample was spiked with the known concentration of the water.
All the recoveries, apart from the outlier of 0.25% water in
ethanol, were in the range of 86% to 109% with relative stan-
dard deviations of less than one percent.
4. Conclusion

Non-destructive measurement of water content in methanol,
ethanol, and isopropanol was studied using the proposed
device equipped with the newly developed thermal sensor. The
accuracy and the analytical performance were evaluated at the
water contents of 0%, 0.25%, 0.5%, 0.75%, and 1% w/w and
compared with those of the coulometric Karl Fischer titration,
the ASTM E1604 standard method for water content determi-
nation. Major conclusions may be drawn as follows:

(1) The proposed device can be used to determine residual
water in methanol, ethanol, and isopropanol. A linear regres-
sion (least-squares t method) was plotted between water
content (x-axis) and delta temperature (y-axis). The coefficients
tration and the proposed device formethanol, ethanol, and isopropanol

r (w/w) Average error

ermocouple (% RSD) Karl Fischer Thermocouple

0.25 (0.8) +0.03 0.00
0.45 (0.4) +0.06 �0.05
0.82 (0.8) �0.04 +0.07
0.98 (0.1) +0.05 �0.02
0.33 (0.5) �0.02 +0.08
0.54 (0.3) +0.01 +0.04
0.80 (0.6) +0.01 +0.05
0.93 (0.3) +0.01 �0.07
0.22 (0.1) +0.01 �0.03
0.43 (0.2) 0.00 �0.07
0.76 (0.3) 0.00 +0.01
1.03 (0.1) +0.02 +0.03

sample was spiked with the known concentration of the water and

% Amount
of water measured (w/w)

Recovery
(%)

0.25 100
0.45 90
0.82 109
0.98 98
0.33 132
0.54 108
0.80 107
0.93 93
0.22 88
0.43 86
0.76 101
1.03 103

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of determination derived from the regression lines are 0.9875,
0.9651, and 0.9858 for methanol, ethanol, and isopropanol,
respectively.

(2) The lowest water contents for quantitative measurement
(limit of quantitation, LOQ) are 0.35%, 1.06%, and 0.70% and
the lowest water contents for qualitative measurement (limit of
detection, LOD) are 0.12%, 0.35%, and 0.23% for methanol,
ethanol, and isopropanol respectively.

(3) The Bland–Altman plot was adopted to statistically
analyze the differences in measurement between the proposed
device and the coulometric Karl Fischer titration. The results
show that 95% of the differences are in the range of �0.135%
and 0.096%, which are within the limits of agreement.

(4) The standard deviations of all measurements from the
proposed devices are less than 1%. For parallel comparison, the
proposed device offers superior consistency to the coulometric
Karl Fischer titration.

The established water determination methods have both
advantages and disadvantages as mentioned earlier. The stan-
dard methods such as Karl Fischer titration and gas chroma-
tography require skilled operators, specic reagents, and
prolonged measurement time. Thus, they are not suitable for
both on-line and in-line applications. We then aim to develop
a low-cost and highly accurate device to address the weaknesses
of the previous methods. The experimental results show that
the proposed device is feasible for the water content determi-
nation in methanol, ethanol, and isopropanol at 0–1% w/w.
Further experiments on other organic solvents in a wider
range could be performed to validate the results. Measurement
of the content of the other liquid pharmaceutical products
could also be explored. It could pave the way for the develop-
ment of on-line and in-line measurements to serve process
analytical work in the future.
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