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Investigations into the impact of storage conditions and filtration on the analysis
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ABSTRACT

When treating water for drinking water purposes, it is crucial to consider the composition of natural organic matter (NOM). NOM is a
complex mixture of organic compounds influencing water quality and treatment processes. To ensure accurate reporting of analytical results,
suitable sample storage and preparation are essential for maintaining sample integrity. This study investigated the effects of different storage
conditions on water samples collected from Africa’s largest bulk water provider, which sources its water from the Upper Vaal Catchment
area. Samples were stored for varying durations under different temperature and light conditions to assess their impact on dissolved organic
carbon (DOC) and ultraviolet absorbance at 254 nm (UV,;,). The results showed that storing water samples for 34 days in the dark, at room
temperature or at 5 °C did not significantly alter the DOC and UV,;, measurements compared to the initial sample measurements. The
pre-washing of filters from different brands with ultrapure water indicated that there were retained UV-active contaminants in the filter
materials, of which 81% to 91% were removed after washing with 25 mL of ultrapure water. Furthermore, the portable, battery-operated

UV254 Go! analyser is a cost-effective tool for direct field measurements of NOM aromaticity.
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INTRODUCTION

Natural organic matter (NOM) is a complex mixture of organic
compounds, such as humic and non-humic substances with a range of
chemical properties, which are present in various environments due to
the decaying of animal and plant matter.!* NOM affects potable water
quality by causing the undesirable yellow-brown colour of water from
the presence of compounds called Gelbstofte, causes unpleasant taste
and odour of water, and acts as a carrier for metals and hydrophobic
organic chemicals.* It tends to interfere with the removal of other
contaminants during water treatment, contributes to membrane
fouling, and promotes corrosion, whilst also serving as a source for
bacterial growth in the water distribution systems. Additionally,
NOM in water may react with disinfectants to produce potentially
carcinogenic disinfection by-products (DBPs).>” Therefore, there is
a growing need for NOM research into combining conventional and
advanced analytical techniques to provide a robust tool for its efficient
characterization, thereby guiding drinking water treatment.

NOM is typically quantified by measuring the concentration of
dissolved organic carbon (DOC) or total organic carbon (TOC).?
Whilst both are measured as carbon (C) in mg/L, TOC is defined as the
bulk organic carbon material contained in sediments in a water sample,’
whilst DOC is defined as the organic carbon present in a water sample
after filtering through a 0.45 pm pore size filter material > Therefore,
TOC includes both the dissolved and suspended organic carbon.
Both parameters are measured using a TOC analyser by measuring
the amount of carbon that can be oxidized to carbon dioxide which
is then quantified by non-dispersive infrared absorption techniques
or conductivity.!"> While a number of studies have been conducted
on the storage of water samples from different ecosystems for NOM
analysis,’*!8 the complexity of NOM makes it imperative to further
look into sample storage conditions and preparation prior to analysis
to enhance the accurate reporting of results. Furthermore, in addition
to the complexity of NOM, the differences in storage conditions, types
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of waters analysed and locations of the water sources, make it difficult
to employ one-size-fits-all approaches for sample storage and duration.

In a study conducted in Sweden, Norrman investigated the use of
membrane filters for DOC filtration and observed no change in DOC
concentration for surface water samples stored in polypropylene tubes
for eight weeks at temperatures > 4 °C .!8 Another study investigated the
effect of freezing and thawing on water samples. It was observed that
the freezing of water samples did not decrease DOC concentrations
but may have affected the composition of NOM in the samples. As
a result, due to the inconsistent changes in UV-Vis absorbance, the
freezing and thawing of water samples was not recommended."

Similarly, in a study conducted on surface water from forest plots
located in Germany, a decrease in DOC concentrations was observed
in 89% of the water samples after storage for four weeks and freezing
at 18 °C with subsequent thawing.!* However, fast freezing the water
samples with liquid nitrogen at -196 °C and storage for 42 days did not
result in significant differences in DOC concentrations. Additionally,
regardless of the freezing method, the subsequent thawing of the water
samples resulted in changes in the spectroscopic and fluorescence
properties of NOM, as also observed by Peacock et al.'?

The storage bottles used were not investigated or even mentioned
in most of the reported studies, except in Norrman.!® Yoshimura
investigated the use of plastic and glass bottle types from different
manufacturers for storing seawater and surface water from
Japan for the analysis of dissolved organic phosphorus (DOP)
and DOC.” The water samples were stored in the dark at room
temperature (25 °C) for a duration of up to 13 months. While the
DOP concentrations remained relatively stable in multiple bottle
types, DOC concentrations remained stable only in borosilicate
glass and perfluoroalkoxy bottles. Additionally, borosilicate glass
bottles resulted in less water loss through evaporation during storage,
indicating effective sealing of the caps. As a result, borosilicate glass
bottles were recommended for the storage of water samples for DOC
analysis due to the least contamination and effective sealing. Lastly,
although storage conditions were not investigated in their study on
non-disinfected groundwater samples from Northen Italy, Gabrielli
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and co-workers stored water samples in a refrigerated container
in the dark during transportation.® They subsequently stored the
samples at 4 °C for 5 days before analysis for those stored in glass
bottles, or they froze the samples stored in polyethylene bottles and
analysed them within one month. It is also important to note that the
glass bottles could break if they are too full, due to the expansion of
water upon freezing.

In South African NOM research, it is typical for researchers to
analyse water samples between 24 to 72 hours after sampling.!%202!
However, this may prove to be a challenge when the laboratory is far
from the sampling site, if extensive sample preparation is required prior
to analysis, or if there is not enough manpower or instrumentation to
process the samples. Research thus needs to be done on water sample
storage and duration under local ambient conditions.

Moreover, although the filtering of water samples is common
practice in water analysis sample preparation to remove suspended
particles, the leakage of analytes of interest present in the filter material
is rarely considered.?? Xie et al. investigated the impact of soaking
filter membranes for up to seven days in ultrapure water prior to
use.?> They found that the organic matter leached from the polyvinyl
pyrrolidone-polysulfone membrane decreased with increasing soak
time from 60 min to five days. However, the leaching of organic
matter depended on the solvent used. For example, when a solution
of 7.1 mg/L chlorine was used, the concentration of leached organic
matter increased from 0.5 to 2.0 mg/L after soaking for seven days. As
a result, it was concluded that pre-soaking the membrane for five days
with ultrapure water was sufficient as no significant increase in the
TOC was observed thereafter.

Measuring bulk water characteristics, such as ultraviolet
absorbance at 254 nm (UV,s,), is important for understanding the
changes in water quality, including NOM character and composition,
in order to optimise water treatment and to inform the development
of new treatment processes.?* UV 5, is commonly used as an indicator
of NOM and its aromatic character, and is also recognised as a
potential surrogate for DOC.>?> However, the acquisition of NOM
data typically involves collecting samples and transporting them to
the laboratory, and storing them prior to analysis using laboratory-
based instrumentation that rely on electricity and desktop displays.
With the growing field of technology and unstable power supply
in developing countries, the option for instruments that are cost-
effective and can be used in the field, is beneficial. As a result, new
instruments, which are designed to operate without electricity, offer a
promising solution. However, these instruments need to be evaluated
against established benchtop laboratory instruments to ensure their
accuracy and reliability.

To address the plethora of NOM research needs in the water sector,
this study sought to investigate the effect of various water sample storage
conditions, durations and preparation methods on NOM analysis,
while also evaluating the performance and sensitivity of a portable
battery-operated UV254 Go! analyser in comparison to conventional
laboratory-based instruments. The ultimate goal was to ensure that the
integrity of water samples is maintained from collection through to
NOM measurements.

EXPERIMENTAL
Water sampling

This study focused on Africa’s largest bulk water provider, which
sources water from the Upper Vaal Catchment area. The two main
drinking water treatment plants of the water utility, namely Plant A
and Plant B, are located in the Gauteng Province, South Africa (SA).
Inlet water samples (referred to as raw) were collected in addition to
water samples after the sand filtration process (referred to as treated)
from each WTP. The water samples were collected in labelled 1 L
Schott amber glass bottles with unlined polypropylene caps and
were filled to the brim to minimize contamination, volatilization, or

oxidation reactions that could result from trapped air in the presence
of a headspace. Subsequently, the water samples were stored in a cooler
box during transportation to the laboratory.

Chemicals and materials

Ultrapure water was obtained from a Milli-Q system, 18 MQ.cm at
25 °C (ELGA LabWater, United Kingdom). The investigated syringe
filters were of the same material, namely nylon, and were obtained
from two different brands, brand A and brand B. The diameter of the
syringe filters was 25 mm with pore sizes of 0.45 pum. White gridded
membrane filters — brand C - were of the same pore size with 47 mm
diameter. An in-house built UV light box was used with a UV lamp
(UVP UVGL-58, Analytik Jena, USA) to expose stored water samples
to UV radiation during the sample storage condition experiments.
Bulk water samples were taken in 1 L Schott borosilicate amber
bottles with unlined screw caps (Borosil®, USA, supplied by Stargate
Scientific, SA). Forty (40) mL amber and clear glass vials with
silicone/polytetrafluoroethylene (PTFE) septa (ANPEL Laboratory
Technologies, China) were used for sample storage investigations.

Pre-washing of filters

Fifty (50) mL of ultrapure water was filtered through each syringe
and membrane filter respectively in 5 mL aliquots, which were
then individually analysed for UV,s;, absorbance using a Cary 60
UV-Vis spectrophotometer (Agilent Technologies, USA) and a
UV254 Go! analyser (Photonic Measurements, UK) (refer to the
section on ultraviolet-visible analysis for additional information).
Each experiment was replicated three times with a clean syringe or
membrane filter and the average of the results was determined.

Sample storage

Two sets of raw and treated water samples were collected from similar
sampling locations at both plants, after which the samples were filtered.
The first set of samples, stored for 240 days, were collected on 26 April
2023. The second set of samples that were stored were collected on
14 December 2023, which were each divided into two aliquots for
storage: (1) 34 days and (2) 98 days, respectively. Forty (40) mL of
the filtered water samples were transferred into 40 mL vials with caps
lined with silicone/PTFE septa and were subjected to various storage
conditions. Figure 1 shows the schematic representation of the
process followed for the sample storage investigation, from sample
collection up to post-storage analyses.

The investigated storage conditions included storage in the
dark, exposure to UV radiation in a UV light box at 365 nm, room
temperature at 25 °C (RT) on the laboratory bench, exposure to direct
sunlight at the Natural Sciences 1 building rooftop at the University of
Pretoria, and refrigeration at 5 °C. Samples stored in the refrigerator
and in the dark were stored in amber glass vials, while those stored
under UV radiation, direct sunlight and at RT were stored in clear
glass vials. The samples were analysed for UV,s,absorbance and DOC
concentration before and after storage.

Ultraviolet-visible analysis

Due to the diversity of NOM chromophores, UV at 254 nm (UV,5,) is
used as an indicator for NOM and its aromatic character. Additionally,
UV,;, is recognized as a potential surrogate for DOC. As such, a Cary
60 UV-Vis/ spectrophotometer (Agilent Technologies, USA) with a
10 mm path length quartz cuvette was used for all UV-Vis analyses.
Ultrapure water was used to zero the instrument and absorbances at
254 nm were measured.

The portable, handheld UV254 Go! analyser (Photonic
Measurements, UK), shown in Figure 2, utilises a 10 mm path length
2 mL quartz cuvette and stores the measured reference (ultrapure
water in this study) for subsequent readings. It should be noted that the
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Figure 1: Schematic representation of the water sample collection, filtration and storage process (for 34, 98 or 240 days), with the inclusion of UV, and DOC
measurements before and after storage. Set 1 refers to the water samples collected in April and set 2 to the water samples collected in December where (1) and (2)

represents the different storage times for this sample set.

» TR W I e——

Figure 2: The portable, handheld UV254 Go! analyser.

unit for UV,s,, namely m*, indicates the absorption per m pathlength
through water, which is the standard measurement in this context.

Dissolved organic carbon analysis

The DOC measurements for the original filtered water samples were
obtained using a Shimadzu TOC-L analyser (Shimadzu, Japan). The
instrument was calibrated using potassium hydrogen phthalate (KHP)
at concentrations of 1, 5, 10, 20 and 30 mg/L. DOC analysis of the
samples after the storage experiments were conducted at an accredited
SANAS testing laboratory (Waterlab (Pty) Ltd, accreditation no: T0391,
Pretoria, South Africa). A Sievers M9 TOC analyser (Sievers, USA
supplied by Chemetrix, SA) was used to determine the concentration
of DOC in the filtered water samples. The filtering of water samples
allows for the measurement of DOC by the TOC analyser. A single-

point calibration using 50 ppm KHP was conducted for the Sievers M9
TOC analyser prior to sample analysis. A volume of 40 mL per water
sample was analysed in both cases, the measurements were replicated
three times and the average of the results were taken.

Statistical analysis

Excel was used for general statistical analysis, such as the calculation
of means and standard deviations (SD), as well as performing F-tests,
t-tests and ANOVA. These analyses were performed on UV,s,
measurements related to the pre-washing of filter membrane types
prior to sample filtration and UV,5, measurements for sample storage
investigations. Additionally, statistical comparisons were made between
the conventional UV-Vis spectrophotometer and UV254 Go! analyser.

RESULTS AND DISCUSSION
Pre-washing of filters

The results showed a decrease in UV,;, absorbance with an increase
in the pre-wash volume of ultrapure water (Figure 3). Specifically,
passing 20 mL of ultrapure water through each filter type was enough
to reduce UV-active contaminants by approximately 80%, 91% and
89% for brands A, B and C, respectively. After pre-washing with 30 mL
of ultrapure water, the UV,;, measurement increased particularly for
syringe filter brand A, but then decreased again after 45 mL of water
washing. This is likely due to the elution of additional UV active
components which were more strongly retained by the filter material.
It is evident that the error bars for the conventional instrument were
larger than for the UV254 Go! instrument, especially for the elevated
absorbance readings, which may indicate instrument instability or
inadequate blank correction. In their study, Ou et al. observed DOC
leaching from syringe filter membranes made from nine different
materials: cellulose acetate, composite cellulose esters, mixed cellulose
esters, polyether sulfone, regenerated cellulose esters, modified
polypropylene, nylon, polytetrafluoroethylene and polyvinylidene
fluoride.? Similarly, for all materials, DOC leaching decreased with an
increase in the pre-wash volume of a 6% sodium hypochlorite buffer
solution. However, although the nylon syringe filters had a higher DOC
leakage, the leaching decreased by 94.4% after pre-washing with 50 mL
of the buffer solution, highlighting the necessity to pre-wash filters to
remove contaminants prior to filtering water samples.

Based on the average absorbance of the first washing, brand
A syringe filters had less UV-active contaminants than brand B.
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However, after one wash (5 mL), more UV-active contaminants were
washed off from brand B than from brand A, indicating that brand B’s
UV-active contaminants were less strongly retained. This is also seen
from the larger error bars and the increase in absorbance for brand A
(Figure 3a), indicating the removal of strongly retained contaminants
only after 35 mL of washing. Furthermore, the standard errors of the
absorbance measurements were much smaller for brand B, indicating

(a)

M Conventional instrument

25 1 = UV254 Go!

1.5 A

0.5 A

Absorbance at 254 nm (m)

0 5 10 15 20 25 30 35 40 45 50
Volume of ultrapure water (mL)

5

M Conventional instrument

2.5 A W UV254 Go!

1.5 4

Absorbance at 254 nm (m1)

0.5 A

0 5 10 15 20 25 30 35 40 45 50
Volume of ultrapure water (mL)

°

W Conventional instrument
m UV254 Go!

Absorbance at 254 nm (m1)

0 5 10 15 20 25 30 35 40 45 50

Volume of ultrapure water (mL)

Figure 3: The impact of pre-wash volumes on UV, absorbance of ultrapure
water for nylon material syringe filters (a) brand A, (b) brand B and a mixed
cellulose ester membrane filter (c) brand C. The error bars indicate the standard
error of the average measurements (N=3) of each filter washing.

that the three syringe filters tested were more similar in composition
in this case and were of a more consistent quality.

To compare how well UV-active contaminants could be removed
from each filter brand, average initial UV, measurements, percentage
relative standard deviation (% RSD) and the percentage of the
reductions in UV,;, active contaminants (% reduction) after 25 mL of
washing, were calculated using results from the conventional UV-Vis
spectrophotometer and the portable UV254 Go! analyser (Table 1).

Using results obtained from the conventional UV-Vis spectropho-
tometer, brand A recorded less % reduction after 25 mL washing com-
pared to brands B and C. This is also an indication that the brand A
filters contained more strongly retained UV-active contaminants. As a
result, brand A was excluded as a filter option to be considered. Both
brands B and C had higher UV s, percentage reductions after 25 mL
washing: brand B syringe filters obtained an average of 90% reduction
and brand C membrane filters obtained an 88% reduction. Similar
percentage reductions were obtained using the UV254 Gol.

Brand B syringe filters had a higher reduction percentage overall
and thus UV-active contaminants were more easily removed by pre-
washing with ultrapure water than for membrane filters. However,
syringe filters are more expensive (~R550/100 pk), tedious to use and
generated more waste. Conversely, the membrane filters were cheaper
(~R570/150 pk) and were easier and more efficient to use because
large volumes of sample could be filtered in one go without the filter
clogging, unlike the syringe filters that could only handle a few mL
(less than 10 mL) of water depending on the presence of suspended
particles in the sample being filtered. As a result, membrane filters
were chosen for filtering of water samples after pre-washing with
25 mL ultrapure water.

Furthermore, statistical analysis of the UV,;, measurements from
the pre-washing of each filter was performed using results from
the conventional UV-Vis spectrophotometer as this is more widely
employed than the UV254 Go! and is the accepted standard technique.
F-tests were performed to compare the variance in the UV,
measurements obtained for brand A and B; and brand B and brand
C, respectively. Table 2 shows the results of each analysis performed,
where the F-statistic (F-stat) is the ratio of the variation between
groups and within groups, the p-value measures the probability of
obtaining values below F-stat, and F-critical (F-crit) is the threshold
value used to decide whether to reject or accept the null hypothesis,?*?”
which in this case is that absorbances between brands A and B; and B
and C, respectively, are statistically similar after washing with 25 mL
of ultrapure water.

From the F-tests (Table 2), the calculated F-stat and p-values were
higher than the significant level value of 0.05. This indicated that there
were no statistically significant differences in the UV,;, measurements
of the 25 mL pre-wash volume between brands A and B, and B and C.
This was also evident as the F-crit values were higher than the F-stat
values, indicating that the null hypothesis was rejected and the 25 mL
wash volume absorbances between brand A and B; and B and C, were
statistically similar.

Additionally, ANOVA analysis was performed to compare the
means between and within all three brands (Table 3), where the sum
of squares (SS) measures the variance in the UV,;, measurements,
and the mean square (MS) is a calculation of the average between and
within the different brands.

Table 1: The average initial UV,5, measurements, standard deviations (SD), % RSDs and % reductions in UV, absorbances resulting from 25 mL ultrapure water
washing of the syringe and membrane filters as measured using both the conventional UV-Vis spectrophotometer and the UV254 Go!.

Filter brand Average of initial UV,5, SD % RSD % reduction
absorbance measurements
A 1.21 (0.70) 0.21 (0.10) 94 (50) 81 (71)
B 1.44 (1.33) 0.12 (0.15) 80 (65) 90 (83)
C 2.76 (1.87) 0.36 (0.25) 105 (47) 88 (77)

The values outside the brackets are for the conventional UV-Vis spectrophotometer and those inside the brackets are for the UV254 Go!
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Likewise, ANOVA analysis yielded F-stat and p-values greater
than 0.05 and F-crit larger than F-stat, indicating that there were no
statistically significant differences in the UV,;, measurements of the
25 mL wash volume across all three brands. Therefore, statistically,
the different brand syringe filters and the membrane filters performed

Table 2: F-test analysis of the conventional UV-Vis spectrophotometer UV 55,
results obtained from the pre-washing of (a) brand A and brand B, and (b)
brand B and brand C filters.

(a) Comparison between brand A and brand B

Brand A Brand B
Mean 0.23 0.15
Variance 0.05 0.01
F-stat 4.68
p-value 0.18
F-crit 19
(b) Comparison between brand B and brand C
Brand B Brand C
Mean 0.15 0.34
Variance 0.01 0.13
F-stat 0.08
p-value 0.07
F-crit 0.05

similarly after 25 mL washing in terms of the release of UV-active
components from the filter material. This implied that regardless of
the chosen filter, the obtained results were statistically similar. As
a result, the deciding factors in the choice of filter to employ were
the amount of UV-active contaminants present in each filter as
determined by UV, absorbance in the first washing, the cost of the
filters, their ease of use and the amount of plastic/consumable waste
generated. It was thus determined that pre-washed membrane filters
(brand C) were to be used in further experiments to characterize
NOM in the water samples. The same conclusions could be made
with the results obtained with the portable analyser.

Effects of sample storage conditions on NOM content

The DOC concentrations and UV,;, measurements for each sample
and storage condition were analysed and the results obtained with the
TOC analyser are presented in Table 4. Note that a different sample
was used for the 240 day storage experiment (data italicized), which
had a higher initial DOC concentration.

The results suggested that changes in DOC concentrations differed
per storage condition. While each storage condition generally showed
some decrease in DOC concentrations over time, the extent of this
decline varied among the storage conditions and samples. Note that
the treated sample from Plant A stored for 98 days in direct sunlight,
assigned an asterisk (*), was lost due adverse weather conditions,
thus no data was collected for this sample. Additionally, the Plant
A treated sample stored at 5 °C appeared to be an outlier and was
therefore statistically tested using the Z-score method.

Table 3: Single factor ANOVA analysis of the conventional UV-Vis spectrophotometer UV s, results obtained from the pre-washing of all filter types and brands

Groups Count Sum Average Variance

Brand A 3 0.68 0.23 0.05

Brand B 3 0.44 0.15 0.01

Brand C 3 1.03 0.34 0.13

Source of Variation SS MS F-stat p-value F-crit
Between Groups 0.06 0.03 0.47 0.64 5.14
Within Groups 0.37 0.06
Total 0.43

Table 4: DOC concentrations (mg/L) of water samples analysed on the day of sampling and stored under different storage conditions with analysis after 34, 98

and 240 days.
Initial Dark UV radiation RT Direct sunlight 5°C
Plant A raw
34 days 5.7 5.7 53 5.7 4.2 5.8
98 days 5.7 5.0 4.5 4.9 2.3 53
240 days 6.4 6.5 5.3 6.5 4.4 7.0
Plant A treated
34 days 4.8 5.2 4.7 4.9 35 5.1
98 days 4.8 4.2 3.8 4.2 * 17
240 days 6.0 7.8 5.0 57 4.0 6.1
Plant B raw
34 days 5.6 5.8 54 59 5.0 6.0
98 days 5.6 4.8 4.0 5.0 5.4 53
240 days 6.9 6.5 52 6.2 55 7.1
Plant B treated
34 days 5.3 4.8 4.7 49 4.2 5.9
98 days 5.3 4.0 3.6 42 4.4 4.4
240 days 5.1 5.6 4.9 5.6 4.2 5.8

*Sample lost during storage due to bad weather. Italicized values represent different samples used.
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il , where X is the suspected
c

outlier, y is the mean of the data and o is the standard deviation. A
Z-score > | 3 | indicates that the point is statistically an outlier.?”?
A Z-score of 30.92 was calculated, implying that the Plant A treated
sample stored at 5 °C (17 mg/L) was statistically an outlier, suggesting
potential sample contamination. Consequently, this data point was
excluded to ensure a more accurate assessment of the relationship
between the initial DOC concentrations and changes across different
storage conditions over time.

For DOC analysis, concentrations deviating by more than 0.5 mg/L
from the initial measurement were considered large differences, while
those differing by less than 0.5 mg/L were deemed small differences.
Based on the comparison of DOC concentrations across various
storage conditions, it was evident that samples stored at RT and in
the dark exhibited concentrations closest to the initial measurements
for up to 34 days in storage. Conversely, samples exposed to direct
sunlight showed a decrease, likely due to photolytic reactions, resulting
in lower averages compared to the initial DOC concentrations. These
findings suggest that sample temperature during transportation may
not significantly affect sample integrity with respect to overall DOC
content. However, to avoid potential degradation, the use of amber
bottles is recommended to shield samples from direct sunlight or
radiation exposure.

Similarly, for UV,s, analysis, measurements deviating by more
than 1.5 m! from the initial measurement were considered large
differences, while those differing by less than 1.5 m™ were deemed
small differences. Based on the results obtained with the conventional
UV-Vis spectrophotometer, as shown in Table 5, samples stored in
the dark and at RT recorded UV,;, absorbances closest to the initial
measurements for storage for up to 34 days. Similarly, Peacock et al.
noted that DOC concentrations significantly decreased in peatland
surface and pore waters from the United Kingdom (UK) when stored
in the dark at 4 °C for 138 to 1082 days, suggesting that biological
processes occur slowly in the dark.!* Similar results were also observed
in a study conducted on UK, Canadian and USA surface waters where
Carteretal. reported a 5% decrease in DOC concentrations after storage
in the dark at 5 °C for 50 to 120 days.? However, as seen with the DOC
concentrations obtained in this study, samples stored at 5 °C generally
exhibited slightly higher values compared to the initial values. This
may be attributed to the unfortunate recurrent power disruptions that

Z-score is the calculation of Z =

were experienced at the department during the experiment, causing
unintended fluctuations in refrigerator temperature and uncertainty
in these results. However, in a study comparing the storage of runoff
water samples after refrigeration at 4 °C and freezing at -18 °C, it was
found that storage in the refrigerator for 21 and 44 days resulted in
a decline of both DOC and TOC concentrations.!” Additionally,
Nachimuthu et al. found that regardless of the storage duration, DOC
and TOC measurements were higher for the refrigerated samples than
the frozen samples.!® Storage in the refrigerator recorded decreases of
up to 55% and 35% in TOC and DOC measurements, respectively,
indicating sample degradation during storage at 4 °C. As a result, the
study recommended filtering samples for DOC analysis and using
unfiltered samples for TOC analysis prior to storing them in the
freezer at -18 °C immediately after collection.

The changes in DOC and UV,;, measurements between the sample
storage durations differed in magnitude between samples and storage
conditions. As a result, the percentage decrease for both DOC and
UV,;, was calculated for each storage condition under the different
storage durations (Tables 6 and 7).

From these results, it is evident that samples should be analysed
within a month to minimise variations from the initial composition.
While Yoshimura found that the type of storage bottle used, plastic or
glass, played a significant role in DOC stability of seawater samples,"
this was not a concern in this study as glass bottle type were used for
all samples. A subsequent study found that approximately 20% loss
of DOC occurred after storing surface and pore water samples from
peatlands for three years in the dark at 4 °C, indicating that cold
temperatures reduced the rate of sample degradation.'* Although
water samples in this study were stored for a shorter duration (34 to
240 days), a 2 - 17% decrease in DOC concentrations (8% on average)
was observed when stored at 5 °C in amber glass bottles, compared
to a 0 — 30% decrease (11% on average) for storage in amber glass
bottles kept in the dark. This confirms that cold temperatures do
reduce the rate of sample degradation with respect to DOC. Similarly,
Carter et al,, reported only a 5% decrease in DOC concentrations
for UK, Canada and USA surface water samples stored at 5 °C for
50 to 120 days.”” Kothawala, et al. reported up to a 45% decrease in
DOC concentrations for Swedish boreal lake water samples that were
incubated in 20 °C water baths in the dark for 3.5 years.*® The variation
in these reported results indicates that different water samples

Table 5: UV,5, measurements (m') of water samples analysed on the day of sampling and stored under different storage conditions with analysis after 34, 98 and

240 days.
Initial Dark UV radiation RT Direct sunlight 5°C
Plant A raw
34 days 24.8 23.5 20.9 23.7 12.9 29.1
98 days 24.8 23.2 18.9 229 8.50 27.6
240 days 32.7 28.2 23.7 30.2 12.2 32.8
Plant A treated
34 days 139 14.3 12.6 14.1 5.50 14.3
98 days 13.9 13.6 11.3 13.7 * 14.4
240 days 17.6 18.8 12.9 17.2 7.20 18.5
Plant B raw
34 days 24.6 24.0 21.4 24.0 13.6 343
98 days 24.6 20.7 17.3 2.7 12.8 24.5
240 days 34.0 31.0 22.6 26.0 20.4 33.2
Plant B treated
34 days 14.4 13.6 12.1 13.7 6.40 14.0
98 days 14.4 12.9 10.8 13.3 7.49 13.9
240 days 16.7 16.9 12.6 16.9 7.40 20.1

*Sample lost during storage due to bad weather. Italicized values represent different samples used.
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behave differently during storage, thus highlighting the importance
of conducting storage stability experiments for the water samples of
interest in a specific study.

On average, a high percentage decrease in DOC concentrations was
observed after storage under direct sunlight and a low decrease was ob-
served after storage at 5 °C and at RT. Similarly, the average for each stor-
age duration across the various samples was calculated and found to be
lower after storage for 34 days, which increased significantly after stor-
age for 98 days and decreased again after storage for 240 days (Table 8).

Conversely, UV,;, was observed to generally be more stable in the
first 34 to 98 days after storage in the dark, at RT and at 5 °C, with
Plant B raw 5 °C being an exception. This was consistent with what
was reported by Peacock et al.’® Samples stored under exposure to UV

radiation and direct sunlight recorded higher % declines, suggesting
a change in NOM character due to possible photodegradation
from the light sources. However, it should be noted that while the
samples recorded low % decreases for UV,s,, their DOC chemical
compositions may have differed significantly.!*3! Comparably, high
percentage decreases in absorbance were observed after storage
under direct sunlight and UV radiation and a low decline was
observed after storage at RT, in the dark and at 5 °C. Similarly, the
average for each storage duration across the various samples was
recorded be lower after storage for 34 days for storage at RT and in
the dark (Table 9).

Since the water samples stored for 240 days were not collected on
the same day as those stored for 34 and 98 days, DOC concentration

Table 6: DOC concentration percentage decrease per sample under various storage conditions. Positive values represent an increase in the DOC concentration

while negative values represent a decrease in the concentration.

Dark UV radiation RT Direct sunlight 5°C
Plant A raw
34 days 0 -7 0 -26 2
98 days -12 -23 -14 -60 -7
240 days 2 -17 2 -31 9
Plant A treated
34 days 8 -2 2 -27 6
98 days -13 -21 -13 * -
240 days 30 -17 -5 -33 2
Plant B raw
34 days 4 -4 5 -11 7
98 days -14 -29 -11 -4 -5
240 days -6 -25 -10 -20 3
Plant B treated
34 days -9 -11 -8 -21 11
98 days 225 -32 21 -17 -17
240 days -0 -4 10 -18 14

*Sample lost during storage due to bad weather. Plant A treated sample stored for 98 days at 5 °C (-) was determined to be an outlier for DOC concentrations

and was thus excluded.

Table 7: UV, percentage decrease per sample under various storage conditions. Positive values represent an increase in the UV, absorbance while negative

values represent a decrease in the absorbance.

Dark UV radiation RT Direct sunlight 5°C
Plant A raw
34 days -5 -16 -4 -48 17
98 days -6 -24 -8 -66 11
240 days -14 -28 -8 -63 0
Plant A treated
34 days 3 -9 1 -60 3
98 days -2 -19 -1 * 4
240 days 7 -27 -2 -59 5
Plant B raw
34 days -2 -13 -2 -45 -9
98 days -16 -30 -89 -48 0
240 days -9 -34 -24 -40 -2
Plant B treated
34 days -6 -16 -5 -56 -3
98 days -10 -25 -8 -56 -3
240 days 1 -25 1 -56 20

*Sample lost during storage due to bad weather.



RESEARCH ARTICLE

Nokeri, Marais and Forbes 57

S. Afr. J. Chem., 2025, 79, 50-60
https://journals.co.za/content/journal/chem/

Table 8: Average DOC concentration decreases for water samples after storage in the dark, under UV radiation, at RT, under direct sunlight and at 5 °C for 34, 98
and 240 days. Positive values represent an increase in the DOC concentration while negative values represent a decrease in the concentration.

Storage condition Dark UV radiation RT Direct sunlight 5°C
34 days 1% -6% 0% -21% 7%

98 days -16% -26% -15% -27% -10%

240 days 9% -16% -1% -26% 7%
Average DOC decrease -2% -16% -5% -25% 1%

Table 9: Average UV,s, absorbance decreases for water samples after storage in the dark, under UV radiation, at RT, under direct sunlight and at 5 °C for 34, 98
and 240 days. Positive values represent an increase in the UV,s, absorbance while negative values represent a decrease in the absorbance.

Storage condition Dark UV radiation RT Direct sunlight 5°C
34 days -3% -14% -3% -52% 14%
98 days -5% -25% -26% -57% 5%
240 days -4% -29% -8% -55% 6%
Average DOC decrease -4% -23% -12% -55% 8%
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Figure 4: DOC concentration decreases for water samples after storage in the
dark, under UV radiation, at RT, under direct sunlight and at 5 °C. All storage
durations were plotted for each storage condition.

decreases were plotted to evaluate how the various storage conditions
influenced the DOC concentration in the samples. Figure 4 shows
a box and whisker plot of the decreases in DOC concentrations for
water samples after storage under the different conditions. The top
and bottom lines indicate the maximum and minimum decreases in
concentrations, excluding the outliers which are points outside these
limits.* Visually, it was observed that the closest DOC concentration
to the original was obtained after storage at RT and at 5 °C, and
possibly in the dark although storage under this condition showed a
higher variation in values.

Similarly, the box and whisker plot for the UV,s;, measurements
showed that the closest UV, values to the initial measurements were
after storage in the dark, at RT and at 5 °C (Figure 5). However, samples
stored at 5 °C recorded higher variation in measurements, likely as a
consequence of the unstable temperature of the refrigerator arising
from power outages. Differences in the average DOC concentrations
and UV,;, levels showed that the composition of NOM in the samples
varied under the different storage conditions and durations.

On the account that water samples stored for 34 days had lower
UV,s, absorbance and DOC concentration decreases, t-test statistical
analysis of the storage data were performed to compare the initial
DOC concentrations and UV, absorbance measurements to the post
storage values for each storage condition. Table 10 shows the results

Storage condition

[ Original @ Dark CJuv [JRT @ Sun [ 5°C

Figure 5: Decrease in UV, absorbance for water samples after storage in the
dark, under UV radiation, at RT, under direct sunlight and at 5 °C. All storage
durations were plotted for each storage condition.

for each analysis performed, where t-statistic (t-stat) is the ratio of
the means between the initial measurement and after storage for each
condition, and the p-value is the probability of obtaining values below
t-stat and t-critical (t-crit).

It was determined that storing samples in the dark, at RT and at
5 °C did not have a statistically significant effect on the DOC and
UV,;, measurements. The mean and standard deviation (SD) of these
parameters remained closer to the initial measurements. Furthermore,
this conclusion was supported by the p-value, where p < 0.05 in all
cases, indicated that the data was not significantly different. However,
storing samples under direct sunlight or UV radiation had a statistically
significant effect on both parameters. As a result, for transportation
or storage of water samples prior to analysis, it is recommended that
samples be stored at 5 °C in amber storage containers for a maximum
of 34 days to maintain sample integrity and minimise degradation.
Importantly, brief periods at RT (such as during sample preparation)
should not impact on the results significantly.

Portable UV254 Go! analyser

For the UV,;, parameter of the portable analyser, comparative
measurements were taken during the impact of filter pre-washing
experiments, as well as from samples collected during at different times.
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Table 10: Statistical data of the DOC and UV 5, measurements before and after sample storage for 34 days under different storage conditions. N = 12 for each
storage condition (excluding direct sunlight and 5 °C where N =11). SD = standard deviation.

Initial Dark UV radiation Room temperature Direct sunlight 5°C
DOC
Mean (SD) 5.35 (0.40) 5.38 (0.46) 5.03 (0.38) 5.35(0.53) 4.23(0.61) 5.70 (0.41)
t-stat -0.13 2.93 -3.00x10"° 5.83 -3.36
p-value 0.45 0.03 0.31 5.04x10°? 0.02
UVas,
Mean (SD) 19.43 18.85 (5.67) 16.75 (5.09) 18.88 (5.75) 12.35(8.51) 22.93 (10.35)
t-stat 1.61 4.75 2.02 3.27 -1.52
p-value 0.10 8.86x10° 0.07 0.02 0.11
Table 11: Paired t-test analysis for the comparison of the UV254 Go! analyser 45 1
and conventional UV-Vis spectrophotometer UV,s, measurements obtained HE 40 1 °
from both the pre-washing of syringe and membrane filters and water samples Y: 1.0256x @
collected from two treatment plants across different seasons. % 35 1 r°=0.9846 _,.-"".
£ 4 @
UV254 Go! UV-Vis spectrophotometer g 30 b .‘
Average 8.22 8.27 §- 251 .
5 20 -
Variance 134.13 147.20 S
S 15 N
% RSD 141 147 o T
< 10 4 oo’
Observations 46 46 > oo
5 5 - ot
t-stat -0.17 o &
p-value 0.43 0 10 20 30 40
t-crit 1.68 UV254 Go! analyser (m™)

A scatter plot of the results obtained with the conventional UV-
Vis spectrophotometer versus the UV254 Go! analyser was drawn
to assess the relationship between the UV,;, measurements of the
same samples obtained from the two instruments. Figure 6 shows the
scatter plot with the data points displaying a straight-line trend with
a correlation coeflicient (r?) value of > 0.98 and a gradient very close
to one. This shows that there was a strong correlation between the
measurements and the two instruments produced similar results for
the same set of samples.

A vpaired t-test of the UV,5, measurements was performed, and
the results are shown in Table 11. The measurements from the two
instruments had similar averages, differing by 0.05. This small difference
suggested that the UV254 Go! typically recorded the same UV,s,
values compared to the conventional UV-Vis spectrophotometer. The
calculated %RSDs were high for both the UV254 Go! and conventional
spectrophotometer, due to the wide range of values. A low t-stat value
(-0.17, Table 11) suggested that there was a small difference between
the UV 5, results from the two instruments. This was also seen with
the p-values (0.43 and 0.86) and the t-crit values greater than the
significance level of 0.05,” indicating that the differences between
the UV,s;, measurements from the UV254 Go! and the UV-Vis
spectrophotometer were not statistically significant.

Although the error bars for the conventional instrument were
larger than for the portable instrument during the investigation of the
pre-washing of filters (Figure 3), there was no statistically significant
difference between the UV 5, measurements obtained with the UV254
Go! and the UV-Vis spectrophotometer. As a result, it was concluded
that the UV254 Go! is a convenient and cost-effective means to
determine NOM aromaticity in the field and at the raw water source,
enabling a fast response by water treatment plant operators to changes
in composition.

CONCLUSION

The effects of various sample storage conditions on NOM content
were investigated to optimize water sample transportation,
storage method and storage duration to enhance the accuracy of

Figure 6: Scatter plot showing the relationship between the UV,
measurements obtained with the UV254 Go! analyser and the conventional
UV-Vis spectrophotometer.

analytical results. The DOC concentrations and UV,s, absorbance
measurements differed per storage condition. Particularly, samples
stored at RT and in the dark maintained measurements closest to the
initial measurements for up to 34 days in storage. This suggested that
moderate sample temperature variations that do not exceed typical
RT during transportation and sample preparation may not impact
sample integrity with respect to overall DOC content and UV,
absorbance. It was concluded that samples should be analysed within
a month to minimise variations from the initial composition, which
was also supported by statistical tests. Moreover, it was recommended
that samples should be stored in amber bottles to shield them from
direct sunlight or UV radiation exposure.

The pre-washing of 0.45 um syringe and membrane filters was
investigated for the presence of UV-active residual contaminants that
may leach into the water samples and influence reported results. All
brands showed a decrease in UV 5, absorbance as the pre-wash volume
of ultrapure water increased. Notably, passing 20 mL of ultrapure water
through each filter was enough to reduce the UV-active contaminants
by up to 91%. Contaminants from brand B were more easily removed
with ultrapure water than brand C. However, upon further statistical
analysis, it was found that the three filters performed statistically
similar with regards to the release of UV-active components after
washing with ultrapure water and were of a consistent quality. As a
result, membrane filters were the preferred filter option due to their
ease of use as well as environmental and cost implications.

The quantification of NOM using the portable UV254 Go! analyser
for field based analysis showed a strong correlation between the UV,
measurements obtained to that from a conventional spectrophotometer,
indicating that this is a convenient and cost-effective tool for the quick
determination of NOM aromaticity in the field.

The need to transport water samples from the abstraction point to
the laboratory for analysis, along with the requirement for extensive
sample preparation and the number of analyses to be performed, are
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significant challenges in the characterization of NOM. As a result,
these findings provide important insights into sample handling and
preparation and offer practical solutions for NOM monitoring in water.
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