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Abstract: This study was conducted to develop and validate a more reliable total organic carbon
(TOC) analytical procedure for water samples containing suspended solids (SS). The effects of the
combined ultrasonic and alkaline pretreatment (CULA) on the TOC measurement were studied in
water samples containing SS from three origins (algae, sewage particles, and soil) under different
analytical conditions (SS concentration, oxidation methods, and sieve size). The applicability of
turbidity as a homogeneity index was also evaluated. With CULA, TOC recovery remained high (>
80%) for SS concentration ranges up to four times larger than ultrasonic pretreatment alone (UL)
due to enhanced particulate organic carbon (POC) solubilization, and did not significantly differ
depending on the oxidation methods, at low SS concentrations, or with varying sieve sizes. In
particular, the turbidity change rate (i.e., NTUs/NTUo) of the pretreated water sample showed a high
correlation with TOC precision (r> = 0.73, p < 0.01), which suggests that turbidity can be used as an
indicator of sample homogeneity. A novel TOC analytical procedure is expected to be useful for
more accurate assessments of the impact of particulate pollutants on water quality than current
methods, and for the analysis of the carbon cycle, including POCs, in the environment.

Keywords: total organic carbon; suspended solids; ultrasonication; alkaline extraction; turbidity;
analytical procedure

1. Introduction

Total organic carbon (TOC) concentration in samples is widely used as an indicator of organic
carbon behavior when evaluating water pollution, soil and sediment organic matter, and the carbon
cycle [1-4]. As factors that affect water quality, such as natural processes (e.g., precipitation and
weathering) and artificial activities (e.g., agricultural, urban, and industrial), gradually diversify and
water consumption increases, reliable water quality indicators for water management are becoming
more important [5-9]. In particular, TOC has attracted attention as an indicator of non-biodegradable
organic matter including particulate pollutants from various non-point sources; it is being considered
in lieu of the chemical oxygen demand (COD) test [10-13]. Many studies have also used TOC to
understand the carbon cycle system, which is a key part of climate change caused by global warming
[3,14,15].

TOC includes both dissolved organic carbon (DOC) and particulate organic carbon (POC),
which have a difference in particle size of 0.45 um [5,13]. Unlike DOC measurements, the reliability
of TOC measurements has been continuously problematic because of a lack of homogenization in
samples with high POC content. Aiken et al. [16] demonstrated that the TOC recovery in samples
containing suspended solids (SS) ranged from 50-60% through an analysis of various commercial
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TOC instruments and wet oxidation (e.g., UV-persulfate (UVP) has a 10-20% lower TOC recovery
than high-temperature combustion (HTC)). Kim et al. [17] noted that a higher SS concentration
reduces the homogeneity of a water sample, which is a major factor in the reduced reliability of the
TOC test because of the effects on sample dilution and sieve size.

Ultrasonication (UL) is conventionally used to improve the low homogeneity of water samples
containing SS and TOC recovery [18-20]. However, although homogenization may vary depending
on the sample origins, SS concentration, and analytical conditions (e.g., sieve size, oxidation method,
etc.), there are no detailed guidelines for analytical conditions and procedures for water samples
containing SS. For example, in South Korea, the standard analysis method recommends
homogenizing samples by sieving to a 300-um particle size after pretreatment with 20-40 kHz of
ultrasonication [18]. The EPA 415.2 method [21] of the United States Environmental Protection
Agency (EPA) sets a particle size of <200 um for TOC analysis with UVP oxidation. In contrast, the
EPA 415.3 method [22] does not set a specific sieve size and suggests that floating vegetation, animal
matter, volatile organic matter, and settleable solids should be excluded from the TOC value. The
International Organization for Standardization (ISO) does not restrict the particle size for TOC
analysis and advises measuring only DOC if the TOC measurements have low reproducibility (i.e.,
relative standard deviation (RSD) > 10%). Therefore, for samples containing SS, the development of
sample pretreatment and evaluation methods to achieve sample homogeneity while minimizing the
influence of various experimental factors is important for the improvement of the reliability of TOC
measurements.

Alkaline extraction is widely used for extracting organic matter from particles in various
research fields, such as carbon cycle studies and organic waste recycling [15,23-26]. For example, He
et al. [27] reported that the distribution and behavior of dissolved organic matter (DOM) and
particulate organic matter (POM) in sediment can be more accurately assessed by comparing and
evaluating DOM in pore water and alkaline-extracted DOM from sediment. Lu et al. [28] noted that
when alkaline extraction was combined with ultrasonic treatment of sewage sludge, the biogas yield
was improved because of increased anaerobic digestion efficiency as a result of the reduced molecular
weight of the POM in the sludge. Although alkaline extraction is known to be effective for extracting
and separating POM and for the pretreatment of particulate samples, the application of alkaline
extraction in sample pretreatment methods for TOC analysis has received little attention.

Recently, we established proper alkaline pretreatment conditions by evaluating the effect of
alkaline extraction for TOC measurement on water samples containing SS from different origins and
reported that the simultaneous treatment of alkalis and ultrasonics (i.e., combined alkaline and
ultrasonic pretreatment method, CULA) could significantly improve the accuracy and precision of
TOC measurements better than conventional ultrasonic pretreatment (UL) [29]: the TOC recovery
improved approximately two-fold with CULA (87.6%) compared with UL (34.7%) [29]. However, as
mentioned above, for the new pretreatment method to be applied to the actual application stage with
various sample matrices and/or analytical conditions, studies on further verification are required for
the effectiveness of CULA on the analytical conditions (such as SS concentration, sieve size, and the
oxidation method) and a detailed TOC analysis procedure including the evaluation of pretreatment
efficiency is also necessary. Additionally, there is no method for evaluating sample homogeneity in
the pretreatment step. Therefore, to address the growing demand for real-time online measurements,
a method must be developed to evaluate the homogeneity of water samples containing SS with
greater speed and efficiency. At present, the only method proposed for determining sample
homogeneity is in DIN EN 1484 [19], which compares two TOC values collected from the top and
bottom of a beaker containing the sample. This method has the disadvantage of taking a long time
because sample homogeneity is determined through post-analysis.

In this study, the effects of CULA on varying TOC analytical conditions that should be set or
regarded in the execution state, such as the oxidation methods, SS concentration, and sieve size, were
analyzed for water samples containing SS with different origins (algae, sewage particles (SP], and
soil), and the results were compared and evaluated with the results of UL. Also, to evaluate the
feasibility of using turbidity as a sample homogeneity index, the precision (RSD, %) and standard
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error (SE, %) of the TOC recovery and changes in the turbidity according to the pretreatment method
were investigated. The main purpose of this study was to present a novel TOC analysis procedure
that is more reliable than current methods for SS-containing samples, including sample pretreatment
and homogeneity evaluation.

2. Materials and Methods

2.1. Water Samples Containing SS

The origins of the SS in this study were algae, SP, and soil. The algae were collected and
concentrated using a plankton net with a 20-um pore size at Uiam Dam (37°5016.8" N, 127°40'33.5"
E) before the rainy season in May and early July 2017. The SE was collected from the influent of a
public wastewater treatment plant in South Korea (37°43'03.9" N, 127°03'04.9" E). The topsoil (0-10
cm depth) sample was also collected near Uiam Dam. All collected particle samples were freeze-dried
after foreign substances (e.g., roots, twigs, and plastic pieces) were removed. Finally, the particle
samples were sieved with a 2.0 mm mesh. The carbon contents of the pretreated particle samples
were determined by elemental analysis (vario MACRO Cube, Elementar Ltd., Germany) to be 45.08%
for algae, 41.94% for SP, and 1.62% for soil. The water samples containing SS with different origins
were prepared by dispersing the pretreated particle samples in distilled water.

2.2. Pretreatment Experiments

The SS-containing water samples were separated into equal portions from a stock solution that
was continuously stirred to minimize the differences among the samples. The SS concentrations of
the solution were set to 50 mg/L for algae, 30 mg/L for SP, and 1000 mg/L for soil, respectively, to be
in a similar TOC concentration range (10-20 mg-C/L). The SS-containing solution was pretreated
using the ultrasonic homogenization method of Kim et al. [30]. Briefly, 200 mL of the solution was
irradiated with ultrasound for 10 min and then sieved to 200-um particle size to prevent tube
blockage in the TOC instrument. A probe-type ultrasonic device (Ultrasonic Processor JY92-IIN,
Scientz, China) with a titanium tip of ¢p6 mm was used. The output power of the device was set to a
maximum of 650 W with a pulse ratio of 20 (i.e., on-time/off time: 100 s/5 s). The frequency was 20
kHz. Alkaline extraction was then combined with UL as follows. A NaOH solution was mixed with
the SS-containing solution at a ratio of 1:10 to obtain 0.01 mol/L NaOH for UL under the conditions
presented above [28,29]. The NaOH concentration (0.01 mol/L) was confirmed in our previous
research as a suitable condition in which a small amount of salt scale can be generated in an oxidizing
device while maintaining a high TOC recovery rate [29]. The pretreated solution was immediately
neutralized with an HCI solution to prevent further extraction. To evaluate the effect of the SS
concentration, the SS stock solution was diluted 1-20 times depending on the origin. Sieving was
further carried out at 100, 200, 300, and 500 pm to investigate the effect of the particle size on TOC
recovery. The homogeneity of the sample after pretreatment was evaluated according to the DIN EN
1484 method [19]. Pretreated samples were taken from the upper part (2/10 position down from the
water surface) and the lower part (2/10 position from the bottom) of the sample container (300 mL
glass beakers, DIAMOND Co.). All experiments were conducted in triplicate.

2.3. TOC, Particle Distribution, and Turbidity Analyses

For the TOC analysis, the vario TOC select (Elementar, Germany) was used with HTC oxidation
and the DE/multi N/C (Jena, Germany) with UVP. The TOC was measured with the non-purgeable
organic carbon method in particle mode with continuous stirring to prevent particle settlement
[13,31]. The particle sizes in the SS-containing solution were analyzed with a laser diffraction particle
size analyzer (Mastersizer 3000, Malvern Co., UK). The turbidity of the solution was measured with
a portable turbidimeter (2100P, HACH Co., USA). The turbidity change based on particle
precipitation was measured without the solution being shaken at a constant settlement time (1, 3, 5,
10, 20, 30 min) after pretreatment regardless of the sample type.
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2.4. Statistical Analysis

Statistical analyses were performed using the SPSS statistics program (Version 18.0 ) (IBM,
Armonk, NY, USA). Paired t-tests were carried out to verify the differences in TOC recovery between
the HTC and UVP methods (a < 0.05) and to evaluate the homogeneity of the pretreated sample.
Two-way analysis of variance (ANOVA) and Tukey’s tests for post-hoc analysis was performed to
evaluate the influence of the sieve size and oxidation method on the application of the alkaline
extraction method (a < 0.05).

3. Results and Discussion

3.1. Validation of Combined Ultrasonic and Alkaline Pretreatment

To clarify the basis for the improvement of the TOC measurement efficiency by the CULA, it
was compared to UL in terms of TOC recovery (%), RSD (%), DOC/POC ratio, and particle size (Table
1). The CULA resulted in higher TOC recovery (77.5-95.4%) and higher precision (1.5-7.9%) than UL.
The improved TOC measurement using the alkaline extraction method was confirmed by the change
in the DOC/POC ratio and particle size distribution of samples containing SS with different origins.
The DOC/POC ratios were 3.5 and 12 times higher for the algae and SP origin samples, respectively,
with CULA compared to UL. The particle size distribution <200 um was < 70% with UL, whereas it
was >99.9% for SP and soil with CULA. The algae origin sample showed that the majority of the TOC
recovery (95.4%) was due to the DOC component (i.e., DOC/POC = 11.50), so the effect of sieve-
filtered particles > 200 um (i.e., 38.2%) on TOC measurements was almost imperceptible. From the
above results, it was confirmed that the accuracy and precision improvements of the TOC
measurements by CULA were due to the enhanced homogeneity of the sample and oxidation rate of
the organic matter through the reduction of the SS particle size and by increasing the conversion rate
of POC into DOC.

Table 1. Results of the total organic carbon (TOC) and particle size distribution analysis of water
samples containing suspended solids (SS) with different origins depending on the pretreatment
method. SP—sewage particles, UL—ultrasonic pretreatment, CULA —combined ultrasonic and
alkaline pretreatment, RSD —relative standard deviation, DOC—dissolved organic carbon, POC—

particulate organic carbon.

TOC Particle Size Distribution (%)
.. Pretreatment RSD  DOC/POC
Origins Recovery 0/ b <100 <200 <300 <500 <1000
Method o (%) c
(%) pm pm pm pm pm
Algae ULd 50.6 214 0.96 36.4 57.3 65.0 82.2 96.4
CULA 95.4 1.5 11.50 40.1 61.8 70.9 87.3 99.9
SP UL ¢ 47.6 39.9 0.30 50.6 61.8 67.9 83.8 99.9
CULA ¢ 90.1 19 1.04 96.3 99.9 99.9 99.9 99.9
Soil ULd 374 47.1 0.56 49.5 69.1 76.32 88.08 98.4
CULA 77.5 79 0.54 87.0 99.9 99.9 99.9 99.9

2Obtained in the pretreatment followed by sieving at 200 pm; ®Relative standard deviation; <Ratio of
DOC to POC in which POC was calculated by TOC-DOC; 9 Ultrasonic pretreatment (ultrasonic
power: 100%, on/off time: 100 s/5 s, 20 kHz, 10 min); ¢ Combined ultrasonic and alkaline pretreatment
(ultrasonic power: 100%, on/off time: 100 s/5 s, 20 kHz, 0.01 mol/L NaOH, 10 min).

3.2. Effect of CULA on TOC Recovery with Different Oxidation Methods

To evaluate the effect of CULA on TOC recovery with different oxidation methods, the change
in TOC recovery was analyzed according to the SS concentration (Figure 1). The TOC recovery (%)
was significantly lower in all samples that used UL compared to CULA and decreased further with
increased SS concentrations. With HTC oxidation, TOC recovery of the algae and SP samples
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decreased by 11.7% and 2.8%, respectively, when the SS concentration was increased from 5 mg/L to
20 mg/L. For soil, the TOC recovery also greatly decreased (by 51.7%) when the SS concentration was
increased from 20 mg/L to 200 mg/L. This reduction in TOC recovery with increasing SS
concentration was higher with UVP than HTC (i.e., 24.2% for algae, 7.3% for SP, and 62.1% for soil).
The difference in TOC recovery based on the oxidation method (i.e., HTC vs. UVP) exceeded 10%
with SS concentrations of over 50 and 20 mg/L for algae and SP, respectively. In the case of soil, there
was a significant difference when the SS concentration was > 100 mg/L (approximately 6.0%) (p <0.05,
n =18). These results suggest that a higher SS concentration reduces the sample pretreatment effect
of UL and that this influence is greater with the UVP oxidation method than with HTC. In contrast,
there was no significant difference in TOC recovery based on the oxidation method at low SS
concentrations (i.e., algae and SP <5 mg/L, soil <50 mg/L). This indicates that if the SS concentration
is sufficiently low, UVP can be applied as effectively as HTC when performing TOC analysis of SS-
containing water samples. Similarly, Kim et al. [17] reported that the UVP method showed a better
detection limit and precision for sewage influent and effluent samples with low SS content (i.e., <6
mg/L) than the HTC method. They concluded that the higher precision of TOC values with UVP
under low SS conditions was due to the higher sample loading compared to HTC.

% x| *
100 F0 & S T h
~ RO S N
§ —e— UL, ] *
= ®r o UL, 1 o
% % CULA,,,
2 ol \% L, emeua | |
S [ De— et D
SulT Y \ 1 \ % 1 T x|
a
a b c
20 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
10 20 30 40 50 5 10 15 20 25 30 50 100 150 200

SS concentration (mg/L)

Figure 1. Changes in total organic carbon (TOC) recovery (%) of water samples containing particles
from different origins compared between different pretreatment methods (UL: ultrasonication only,
CULA: combined ultrasonic and alkali pretreatment), oxidation methods (UVP: UV-persulfate, HTC:
high-temperature combustion), and suspended solids (SS) concentration: (a) Algae; (b) Sewage
particles (SP); and (c) Soil. * indicates a statistical difference between UL and CULA pretreatments (p
<0.05, n=18).

In contrast, CULA showed a higher TOC recovery (>80%) than UL and greatly mitigated the
reduced TOC recovery due to the increased SS concentration and differences in TOC recovery
depending on the oxidation method. The TOC recovery at relatively low SS concentrations (algae and
SP <10 mg/L, soil <100 mg/L) was approximately 95% for all samples. The reduction in TOC recovery
with an increase in the SS concentration was greatly mitigated (10-20%). The limit of the SS
concentration did not show a significant difference (p <0.05, n=18) in TOC recovery between the two
oxidation methods, i.e., it was < 20 mg/L for algae and SP and 100 mg/L for soil with CULA. The SS
concentration range was four times larger with CULA than with UL (5 mg/L for algae and SP, and 50
mg/L for soil). Thus, CULA may be acceptable for TOC measurements. These results were confirmed
through a statistical comparison of the TOC recovery (%) for all SS origin samples using both
oxidation methods (Table 2). The TOC recovery with UL was 36.3 + 7.2% and 45.4 + 9.3% with UVP
and HTC, respectively (p <0.05, n =72). It was similar with CULA at 86.4 + 8.7% and 89.8 + 8.7% with
UVP and HTGC, respectively (p = 0.17, n = 72). The TOC recovery with CULA satisfies the generally
accepted quality control criterion (i.e.,, >80%, ISO 20236, 2018). This result was due to alkaline
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extraction, which increased the DOC to POC ratio and reduced the particle size. Therefore, with
CULA, both the UVP and HTC oxidation methods can be used for a wider SS concentration range.

3.3. Effect of CULA on TOC Recovery with Different Sieve Sizes for Sample Homogenization

Two-way ANOVA was performed on the TOC recovery results with CULA according to the
sieve size (100-500 pum) to quantify the effect of particle size variation on TOC recovery following
sample pretreatment (Table 2). The upper particle size limit (500 pm) was selected based on the
consideration of the inner diameter limit (700 pm) of the sample delivery tube of the TOC instrument
used in this study. The results show that the sieve size had a significant effect on the TOC recovery
with UL (p < 0.05, n = 72). The sieve size of 100 um showed a TOC recovery of 35.3%, which was
significantly different from the TOC recovery (42.4-44.8%) at a sieve size of 200-500 um (p < 0.05, n =
72). This suggests that different TOC results can be obtained depending on the particle size after
sample homogenization using UL. Therefore, the ultrasonic homogenization method requires a prior
review of the TOC levels based on sieve size before SS-containing water samples can be analyzed. In
contrast, the sieve size did not have a significant effect on TOC recovery with CULA (p=0.57, n=72).
The TOC recovery was similar at different sieve sizes (100-500 um) with a range of 86.4%-89.6%
[18,20]. This suggests that CULA can increase the homogeneity of SS and eliminate the uncertainty
regarding TOC levels according to the sieve size.

Table 2. Summary of two-way analysis of variance (ANOVA) for total organic carbon (TOC) recovery
(%) by sieve size and oxidation method for each pretreatment method.

T
Factor Condition n OC recovery F-value p-value
(%, mean * sd)

Ultrasonic pretreatment (UL)

Sieve size 100 um 18 35.3+5.71 7.57 <0.05
200 pm 18 424 +857
300 um 18 448 +8472
500 pm 18 43.2+8.0?
Oxidation method UVP 36 36.3+721 24.81 <0.05
HTC?® 36 45.4+9.32
Sieve size ® Oxidation method 0.15 0.85

Combined ultrasonic and alkaline pretreatment (CULA)

Sieve size 100 pm 18 86.4 £8.81 0.56 0.57
200 um 18 88.4+8.81
300 um 18 89.6+8.61
500 um 18 87.6+7.61
Oxidation method uvpPa 36 86.4+8.71 1.88 0.17
HTC?® 36 89.8 +8.71
Sieve size ® Oxidation method 0.13 0.87

aUV-persulfate oxidation method; ® High-temperature combustion oxidation method; < Superscript
numbers (2) indicate statistical difference (p < 0.05).

3.4. Homogeneity of Water Samples Containing SS Depending on Turbidity

The RSD (%) and SE (%) of the TOC recovery and changes in the turbidity according to the
pretreatment method were investigated to evaluate the relationship between the homogeneity and
turbidity of SS-containing samples (Table 3). For comparison, the homogeneity results of samples
taken from the upper and lower layers of the pretreatment sample container, according to the DIN
EN 1484 method [19], are presented here. With UL, the differences between the TOC recoveries at the
upper and lower sampling points were 4.5-7.9%, depending on the SS origin, after 10 min. After 30
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min, the differences decreased to 0.42-2.16%. With CULA, the difference in TOC recovery between
the sampling points was 0.90-2.18% after only 10 min. These results suggest that CULA can satisfy
the previous homogeneity assessment standard [19] with a shorter pretreatment time than UL. This
was also confirmed through a comparison of RSD (%) and SE (%) of the repeated samples. With UL,
the precision of the TOC recovery after 10 min was 15.7-39.9%. With CULA, the precision was 4.4
9.5% after 10 min. This indicates that CULA meets the quality control requirements (RSD < 10%) of
international standards for TOC analysis [20]. The SE was also 2.5-12.2% with CULA, which was a
significant improvement compared to the SE of 8.8-17.9% with UL.

Table 3. Total organic carbon (TOC) recovery (%) and turbidity (NTU) of water samples containing
suspended solids with different origins depending on the pretreatment method.

. TOC Recovery (%) NTU«/ NTUs/ NTUs/
T RSD ¢ Ee
Origins Method o S y S ) NTUS NTUS NTUof
(min) Upper® Lower®? Mean ATOC¢ (%) (%) ) (%) %)
Algae ULs 10 44.29 48.81 46.55 4.52 2144 1785 813 6438 50.5
ULs 30 53.96 54.38 54.17 0.42 10.07 1422 929 89.7 89.7

CULA" 10 95.86 97.79 96.82 1.93 8.28 6.80 864 803 78.2
CULAR 30 99.46 99.80 99.63 0.34 6.62 6.67 93.0 873 85.7

Sp ULs 10 48.65 56.58 52.62 7.93 39.85 882 920 787 61.1
ULs 30 46.27 48.43 47.35 2.16 1264 779 852 78.6 69.6

CULA™R 10 91.32 92.22 91.77 0.90 4.42 279 893 878 87.2
CULA™R 30 93.55 93.80 93.68 0.25 5.58 253 921 915 92.3

Soil ULs 10 34.56 41.96 38.26 7.40 1566 1395 957 90.7 82.7
ULs 30 43.87 45.33 44.60 1.46 13.19 1251 992 969 93.5

CULA™R 10 75.20 77.38 76.29 2.18 9.52 1218 943 933 88.6

CULA®R 30 76.54 78.36 77.45 1.82 4.52 441 962 95.6 96.1

aSamples were taken from the upper part of the sample container (i.e., 2/10 position down from the
water surface of the container, n = 3); ® Samples were taken from the lower part of the sample container
(i-e., 2/10 position up from the bottom of the container, n = 3); < Difference in TOC recovery (%) of
upper and lower parts of samples in a container; ¢ Relative standard deviation; ¢ Standard error of
TOC measurement values for samples taken from the upper, middle, and lower parts of the sample
container (n =9); f Percent ratios of turbidity measured after the treated sample was standing for 1, 3,
and 5 min (NTUs, NTUs, NTUs) compared to the initial turbidity (NTUo); 8 Ultrasonic pretreatment; "
Combined ultrasonic and alkali pretreatment.

The DIN EN 1484 evaluation method [19] is cumbersome because sampling for analysis and
measurement takes a relatively long time. Specifically, it has limited applicability for real-time
analysis of field samples, such as in an online automatic measurement system. Therefore, a more
effective method for evaluating the homogeneity of pretreated SS-containing samples is needed. This
study investigated the correlation between the change in turbidity and precision according to the
time of pretreatment (UL and CULA) for water samples containing SS with different origins to
determine the potential of turbidity as an indicator of sample homogeneity (Figure 2). Turbidity
fluctuated for the treatment time depending on the sample origin and pretreatment method,
however, it became constant for all origins after 10 min. This means that the suspended particles
affecting turbidity were homogenized after 10 min of treatment, which is consistent with previously
reported results for the change in TOC recovery of SS-containing samples for the UL time [30]. The
decrease in turbidity of algae (organic content (OC), 45.08%) with CULA was attributed to the
reduction of particulates affecting turbidity from the dissolution of POM into dissolved organics (i.e.,
DOC/POC =11.50; see Table 1). The SP with high OC (41.9%) also increased by 3.5 times in the POC
to DOC conversion rate with CULA compared to UL, which decreased the sample turbidity.
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Figure 2. Changes in turbidity (NTU) of water samples containing suspended solids from different
origins (algae, sewage particles (SP), and soil) for pretreatment time (min).

Based on the understanding that the turbidity itself depends on the characteristics of the sample
origins and sample pretreatment method (Table 3), the effect of turbidity on the sample homogeneity
was evaluated according to the turbidity change rate (i.e., NTUx/NTUo). This corresponds to the ratio
of the turbidity (NTU1, NTUs, NTUs) measured after a certain settlement time (i.e., 1, 3, or 5 min) of
the pretreated sample to the initial turbidity (NTUo). The turbidity change rate at the settlement time
of 1 min did not show significant differences between the two pretreatment methods and was in the
range of 81.3-99.2% depending on the sample origin. At settlement times of 3-5 min, the mean and
coefficient of variation (CV, %) of the turbidity change rate were 88.7% and 6.3% respectively, with
CULA, and 78.7% and 18.5%, with UL. These results demonstrate that CULA maintained more
homogenous samples than UL by reducing the turbidity change rate and the non-uniformity of the
treated sample due to SS sedimentation. The turbidity change rate and RSD showed low correlations
at settlement times of 1 min (2= 0.15, p <0.64) and 3 min (2= 0.51, p < 0.09), but showed a significant
correlation with a settlement time of 5 min (2 = 0.73, p < 0.01) (Figure 3). These results suggest that
the turbidity change rate at 5 min (i.e., NTUs/NTUo) can be used to evaluate the homogeneity of SS-
containing water samples, and the homogenization process should be carried out until the turbidity
change rate is >85% to meet the general precision requirement (RSD < 10%). The above results
confirmed that sample homogeneity, which directly affects the precision of the TOC measurement of
SS-containing samples, can be easily assessed using the turbidity change rate regardless of the sample
origin and pretreatment method.
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Figure 3. Correlation between the relative standard deviation (RSD, %) and the percent ratio of NTUs (turbidity
of the sample after 5 min) to NTUo (initial).

3.5. Proposed TOC Analytical Procedure Using Alkaline Extraction and Turbidity Assessment

A new TOC analytical procedure is proposed for improving the homogeneity of water samples
containing SS by using CULA and a turbidity assessment (Figure 4). To cover the entire process, some
of the instrument setting-procedures for quality assessment and quality control using SS standard
samples (cellulose, 20-100 um) published by this laboratory are also included [13]. First, the cellulose
standard solution is used to set up the equipment cleaning conditions and sample injection modes
that meet international quality control standards (i.e., accuracy > 80%, precision < 10%) for the TOC
analysis of water samples containing SS. Second, after the sample is diluted to the appropriate
concentration according to the SS origin, it is pretreated with CULA. The adequacy of the sample
homogeneity is then determined by the change in the turbidity rate of the sample after pretreatment
(i.e., NTUs/NTUo> 85%). Third, the homogenized sample is placed in the oxidation chamber for TOC
measurement after the removal of impurities (sieving according to the device manufacturer’s
instructions) that may block the delivery tube. The HTC method is preferred for oxidation, whereas
the UVP method is also applicable for samples with low SS concentrations (e.g., algae and SP < 20
mg/L, soil < 200 mg/L). The proposed analytical procedure with the CULA pretreatment can
effectively address the major limitations of conventional TOC analysis such as ensuring sample
homogeneity, obtaining a high TOC measurement reliability (TOC recovery and precision), and
minimizing the influence of various experimental factors (SS concentration, oxidation method, and
sieve size). Turbidity, in particular, as an indicator can be applied to ensure fast and consistent sample
homogenization conditions in online TOC equipment.
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Step 1. QA/QC

Instrument setting
for TOC analysis

[ Instrument settings |
- Direct sample preparation

- Sample injection mode [ QA/QC criteria ]

Check if

) . s no - Standard material:
Washing conditions [13] Q A./QC.criteria cellulose (20100 pm)
is satisfied - TOC Accuracy > 80%

- RSD < 10-20%

Step 2. Pretreatment

Sample dilution
(SS concentration range, [17])

v

Combined ultrasonic and

[ Pretreatment conditions]

>|  alkaline pretreatment _ UL conditions: i
(CULA) homn-type, 66, 20 kHz, 100% power, 100/5 pulse [29] §
- Alkali extraction conditions: :
unacceptable 0.01 molL NaOH
- Time: 10 min
Checking

homogenization
by turbidity

acceptable NTUs/NTU, > 85%)

Step 3. Measurement Sieve size
(follow the manufacturer’s

instructions) and
pH <2 adjustment

¥

TOC analysis
with constant stirring

Figure 4. Proposed procedure for total organic carbon (TOC) analysis of water samples containing suspended
solids (SS). RSD —relative standard deviation.

4. Conclusions

This study confirmed that CULA significantly mitigated the reduction in TOC recovery with
increasing SS concentrations and differences in TOC measurement values depending on the TOC
oxidation method (UVP, HTC) and sieve size used for sample homogenization. Even as the SS
concentration was increased, the TOC recovery of the sample after CULA was secured more than
80% up to 50 mg/L for algae, 30 mg/L for SP, and 200 mg/L for soil. With CULA, the UVP method
showed a TOC recovery equivalent to that of the HTC method at an SS concentration range four times
larger than that using UL (p = 0.17, n = 72). The use of CULA was confirmed to improve sample
homogeneity by eliminating differences in TOC recovery resulting from the sieve size (100-500 pm,
p =0.57, n =72). Based on the correlation between sample homogeneity and turbidity, the turbidity
rate (i.e., NTUs/NTUo) showed a significant relationship (r2 = 0.73, p < 0.01) with the precision (RSD)
of the TOC value. Thus, the proposed method can be used to evaluate sample homogeneity and
guarantee the reliability of the TOC analysis regardless of the sample origin and pretreatment method,
especially in the real-time online application. The CULA pretreatment method can effectively address
the major limitations of conventional TOC analysis, such as determining the sample homogeneity,
obtaining a high TOC measurement efficiency (TOC recovery and precision), and improving the
convenience (SS concentration, oxidation method, sieve size). The results should contribute to the
improvement of the reliability of TOC measurements including particulate organic carbons (POCs)



Int. . Environ. Res. Public Health 2020, 17, 3901 11 of 12

in environmental samples. Thus, this study, with a newly proposed TOC analysis procedure
including the sample pretreatment by CULA and turbidity-based homogeneity evaluation, should
contribute to the field of water quality assessment for particulate pollutants of various origins and
the evaluation of the organic carbon cycle and its behavior in aquatic ecosystems.
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