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Abstract: Sediment humic substance (SHS) is a highly heterogeneous and complex organic mixture
with a broad molecular weight range. It is the significant component that associates distribution,
transport, and biotoxicity of pollutants in a river environment. Air- and freeze-drying sediment
pre-treatment may cause different biological activity and may result in different chemical quantities
and sediment organic matter. This study collected sediments that received livestock wastewater
discharge. The sediments were air- (AD) and freeze-dried (FD). The dried sediment organic matter
was extracted with an alkaline solution and separated into three size-fractioned SHS samples. Size-
fractioning is an effective method used to differentiate materials, on a molecular level. The bulk
solution (<0.45 µm) was designated as BHS, and size-fractioned solutions were identified as LHS
(<1 kDa), MHS (1–10 kDa), and HHS (10 kDa–0.45 µm). The AD SHS had a lower dissolved organic
carbon (DOC) concentration than the FD SHS for the bulk and individual size-fractioned SHS, but the
AD and FD SHS had a similar distribution of organic carbon in the size-fractioned SHS. The AD SHS
had higher aromaticity (SUVA254) and an extent of humification (HIX) than the FD SHS. In addition,
the high molecular weight SHS (HHS) had a higher SUVA254 but lower HIX than the MHS and LHS.
The HHS had significantly lower fulvic acid but had higher humic acid-like substances than the MHS
and LHS. This is possibly the reason the LHS had a higher humification degree but lower aromaticity
than HHS. The size-fractioned SHS and optical indicators distinguished the difference between the
chemical properties when air- or freeze-dried, due to the different degree of biological activities.

Keywords: sediment humic substances; size-fractioned; optical indicators; air drying; freeze-drying

1. Introduction

Sediment dissolved organic matter (DOM) plays an essential role in the global biogeo-
chemical cycling of carbon and nutrients [1,2]. The chemical properties of the sediment
humic substance (SHS) are dynamic and are affected by environmental conditions and
the source of organic matter [3–5]. Moreover, SHS is a highly heterogeneous and complex
organic mixture with a broad molecular weight range [5]. The chemical structure and
composition of SHS and the molecular weight are significant properties that associate
pollutants distribution, transport, and biotoxicity in an aquatic environment [6–10]. High
molecular weight DOM and SHS have high specific surface areas and form aggregated
structures by inter- or intra-molecular interactions within the DOM and SHS. The proper-
ties provide the particular sorption sites for hydrophobic organic compounds and heavy
metals [6,8,9,11–14]. However, other studies also reported low molecular weight DOM
having significant sorption capacity for organic pollutants and heavy metals [15–18]. The
chemical structure and composition of SHS and DOM might be the significant factor that
influences the pollutants distribution, transport, and binding capacity [3,6,18–21].

Fluorescence and ultraviolet spectroscopy are sensitive and fast techniques that are
widely used to investigate the composition and structure of SHS [11,22–25]. The aromatic-
ity index (SUVA254) and the humification index (HIX) have been widely employed to
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investigate the chemical properties of DOM and SHS [2,5,9,10,18,19]. Moreover, the fluores-
cence regional integration (FRI) method divides the excitation and emission matrix (EEM)
into five regions and utilizes the fluorescence intensity at all EEM wavelength pairs for
sample characterization [22,26–28]. The FRI has been successfully and extensively utilized
to characterize DOM in water and SHS in sediment and soil samples [27–30]. The optical
indicators and FRI-coupled EEM technology are time-saving and require minimal sample
pre-treatment compared with typical physicochemical methods [22,27,31].

Additionally, collected sediment generally has been pre-treated with air-drying (AD)
or freeze-drying (FD). These two pre-treatment methods have resulted in different SHS
quantities and qualities [10,32–34], due to biological activity. Shi et al. [10] reported that
AD pre-treated sediment had slightly lower pH, organic matter, and total organic carbon
compared to the FD pre-treated sediment. Since the SHS is a complex organic mixture with
a wide-range molecular weight, size-fractioned SHS can be used as an effective method to
investigate the differences between the chemical properties of SHS pre-treated by AD and
FD [10]. This study investigated the SHS extracted from river sediment; it was pre-treated
with both AD and FD methods. The extracted bulk SHS solution was separated into three
size fractions. The bulk and size-fractioned SHS quantities were measured with dissolved
organic carbon (DOC) concentrations, and the chemical characteristics were analyzed with
UV-Vis and fluorescence spectroscopy. The indicators SUVA254 and HIX were used to
distinguish aromaticity and the extent of humification of the bulk and size-fractioned SHS.
The chemical composition of the size-fractioned SHS was investigated with the FRI method.

2. Materials and Methods
2.1. Sediment Collection and Treatment

The studied sediment was collected from a sampling site (22◦46′04.2′′ N, 120◦32′32.7′′ E)
in southern Taiwan, 50 m downstream of an animal wastewater discharge outlet. Water
containing high concentrations of organic matter has been reported [9]. Livestock wastew-
ater often contains high concentrations of particulate and dissolved organic matter which,
when deposited on sediment, may cause a high level of organic matter in the sediment.

The sampling time for this study was from July to August 2011. Samples were taken
once a week and a total of three samples were taken as triple samples for each drying
method. The sediment sample collection used a stainless-steel sampling long dipper to take
the surface sediment (0–15 cm). Each sampling used a simple, random sampling method
to take the three sediment samples; the samples were mixed evenly into one sample. Each
sample was about 2 kg and packed into a wide-mouth brown bottle for individual drying.

After the sediment was sent back to the laboratory, the sediments, which were to be
air-dried, were spread on a plastic tray and placed in an area away from direct sunlight.
The average outdoor temperature was 27 ± 2 ◦C. During the drying period, the sediments
were flipped from time to time to evenly expose the sediments to the air. Due to the high
temperature, we estimated that the sediment was dry within a month. The other sediment
samples were freeze-dried (FD) immediately and the FD samples were then stored in a
4 ◦C refrigerator for one month.

The freeze- and air-dried samples were sieved with stainless-steel mesh (<2 mm). The
sieved samples were then analyzed for basic properties, such as pH, total organic carbon
(TOC), and organic matter, and stored in sealed plastic cans for subsequent tests. The
dried sediments were passed through a 100-mesh (0.149 mm) sieve and one gram of the
sieved sediment was analyzed with a solid TOC analyzer (1030S TOC Solids Module, O.l.
Analytical) to quantify the TOC content in the sediment. To quantify the organic matter,
one gram of sieved sediment was placed into a crucible, which was placed in the furnace
(500 ◦C for 3 h). After cooling, the crucible was weighed. The organic matter content (%) =
(weight lost by burning)/(weight of dried sediment) × 100%.

The extraction and purification of the SHS samples followed the procedure recom-
mended by the International Humic Substances Society (IHSS) [6,35]. A 0.1 N HCl solution
was added to remove the alkaline earth metals and carbonate. The residual sediment was
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mixed with a 0.1 N NaOH solution at a ratio of 1/20 (w/v). The extracted NaOH solution
was centrifuged (4500 rpm, 20 min) to separate the SHS, and then passed through a 0.45 µm
filter (Pall) to collect the bulk SHS (BHS) solution, which was at an alkaline pH. Sodium
azide (0.5%) was added to the BHS solution to prevent bacterial growth and then stored in
a 4 ◦C refrigerator. To avoid contamination of the container, it was previously washed with
ultrapure water.

2.2. SHS Size Separation

In each separation process, three liters of the extracted BHS solution (<0.45 µm)
were separated into three size-fractioned samples: 10 kDa < HHS < 0.45 µm, 1 kDa <
MHS < 10 kDa, and LHS < 1 kDa using cross-flow ultrafiltration equipment with a ceramic
membrane (Filtanium, France, cut-off pore size of 10 and 1 kDa, membrane area of 320 cm2).
The concentration factor was kept at 10 (ratio of feed volume divided by retentate volume).
The volume fractions were 1.0, 0.1, 0.09, and 0.81 for the BHS, HHS, MHS, and LHS,
respectively. The feed flow rate was 1.7–2.0 L/min and penetrant flow rates were 12 and
25 mL/min for the 10 kDa and 1 kDa membranes, respectively. The feed flow pressure for
the separation process was 5 kg/cm2. The BHS and the three size-fractioned SHS samples
measured DOC concentration, UV/Vis, and fluorescence spectroscopy.

2.3. UV/Vis Measurements

An aliquot of 5 mg-C/L from each of the four SHS solutions was measured with a
UV/Vis spectrophotometer (Hitachi, U-2900, Tokyo, Japan) for absorbance, at a scanning
wavelength of 800–200 nm. Before the measurement, the SHS solutions were adjusted
to pH 7 with 0.3 N H2SO4. The background was corrected per the Helms et al. [36]
method. The UV/Vis indicator SUVA254 (L/mg-C/m) = (UV254/(HS)) × 100, where UV254
was the UV/Vis absorbance at 254 nm (cm−1) of the sample, and (HS) was the DOC
concentration (mg-C/L) of the SHS solution [24,37]. The other UV/Vis indicators, S275–295,
SR (S275–295/S350–375), and A250–400 were also analyzed. However, these indicators were
not significantly different between the AD and FD samples; they are not discussed in
the present study and the S275–295, SR, and A250–400 data are listed in the Supplementary
Information (Table S1).

2.4. Fluorescence Spectroscopy and Fluorescence Region Integration (FRI)

An aliquot of 5 mg-C/L for each of the four SHS solutions was measured by a
fluorescence spectrophotometer (Hitachi, F-7000). The three-dimensional fluorescence exci-
tation/emission matrix (EEM) was recorded. Before the measurement, the SHS solutions
were adjusted to pH 7 with 0.3 N H2SO4. Fluorescent scanning used an excitation wave-
length of 200–450 nm with 5 nm increments and an emission wavelength of 250–550 nm
with 2 nm increments. The scan rate was 2400 nm/min, the slit width was 5 nm, and the
voltage amplification was 700 V. The spectra were obtained by subtracting an ultrapure
water blank spectrum, recorded in the same conditions, to eliminate the Raman scatter
peaks. The HIX was calculated when the excitation wavelength was 254 nm. The sum of the
emission wavelength at 435–480 nm was divided by the sum of the emission wavelength at
300–345 nm [38] as in Equation (1). The other fluorescence indexes (biological index (BIX)
and fluorescence index (FI)) were also analyzed in the present study. These indicators were
not significantly different between the AD and FD samples; they are not discussed in the
study and the BIX and FI data are listed in the Supplementary Information (Table S1).

Fluorescence region integration (FRI) is a quantitative analysis tool that divides the
EEM into five regions and utilizes the fluorescence intensity at all excitation-emission
wavelength pairs for sample characterization [22,27,28]. The percentage of fluorescence
response (Pi,n = Φi,n/ΦT,n) was calculated according to Chen et al. [22] and Tian et al. [27],
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where Φi,n and ΦT,n were the normalized excitation–emission area volumes referring to
the value of region i and the entire region, respectively.

HIX =
Em = 435− 480 nm
Em = 300− 345 nm

at Ex = 254 nm (1)

2.5. Statistical Analysis and Calculation of Fluorescence Data

In this study, using the R software (2.13.2 V) to calculate fluorescent and UV/Vis
indicators, the EEM analysis and plots followed a modified R script developed by Lapworth
and Kinniburgh [39]. Linear regression, difference, and t-test used the S-Plus software
(V 6.2). The difference test used the ANOVA test method for the three SHS solutions and
the t-test method was used for the two-group data at significance levels (p < 0.05).

3. Results and Discussion
3.1. DOC Concentrations and Carbon Mass Fractions of the Size-Fractioned SHS

The basic properties of the AD- and FD-treated sediments are listed in Table 1. The
AD and FD pH values were within neutral values, ranging from 6.63 to 7.25. The average
FD pH value was significantly higher than the AD value (p = 0.017). The FD organic
matter (OM) and TOC concentrations were higher than the AD but insignificantly different
(p = 0.62 and 0.51, respectively).

Table 1. Basic sediment properties in AD and FD samples.

Sample pH TOC (g/kg) OM (%) TOC/OM (%)

AD 6.78 ± 0.17 * 44.1 ± 11.0 7.45 ± 1.1 58.8 ± 12.1
FD 7.19 ± 0.05 50.4 ± 11.0 7.92 ± 0.9 64.2 ± 15.0

* indicated p < 0.05.

The DOC concentration is a standard parameter of natural organic matter and SHS [1,40].
The DOC concentrations of the bulk SHS (BHS) sample and the three size-fractioned SHS
samples are listed in Table 2. The BHS DOC concentrations (323–440 mg-C/L, average
7.36 g-C/kg based on sediment mass) of the FD sample were significantly higher than the
AD sample (190–213 mg-C/L, average 4.02 g-C/kg based on sediment mass) (p = 0.011).
The readily biodegradable and labile organic matter experienced oxidation cleavage that
mineralized to carbon dioxide and generated organic acid via biodegradation in the AD
process [4,41]; hence, the AD sediment had a lower pH value, OM, and TOC concentrations,
and BHS had lower DOC concentrations than the FD samples.

Table 2. DOC concentrations (mg-C/L) of extracted size-fractioned HS in AD and FD samples.

Sample BHS * HHS * MHS * LHS *

AD 201 ± 12 1203 ± 102 445 ± 83 28.2 ± 3.9
FD 368 ± 63 2455 ± 576 915 ± 186 56.9 ± 11.5

* measured DOC concentrations.

The FD DOC concentrations were significantly higher in each size-fractioned SHS
sample than the AD samples (p < 0.02). The overall organic carbon recoveries between
the size-fractioned SHS and BHS samples were 91.3 ± 1.9% (AD) and 101.3 ± 6.1% (FD),
which were within a reasonable range (100 ± 25%) [42]. The percent contribution of each
size-fractioned solution to the total DOC concentration of the overall BHS solutions was
65.7 ± 4.3%, 21.9 ± 4.1%, and 12.4 ± 1.1% for HHS, MHS, and LHS, respectively, for
the AD samples and was 65.4 ± 2.4%, 22.2 ± 1.2%, and 12.6 ± 3.5% for HHS, MHS, and
LHS, respectively, for the FD samples. The two pre-treatment drying methods had no
carbon mass fraction difference (p = 0.93–0.97). The organic carbon mass fractions of each
size-fractioned SHS sample were not significantly different, which suggested that the
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sediment OM was diagenetically uniform within the AD and FD treatments. The SHS
carbon mass for the high molecular weight fraction (>1 kDa) averaged 87%, which was
higher than the surface water systems’ carbon mass fraction, which ranged from 20% to
67% [2,34–45]. It was also higher than the water extracted organic matter (WEOM) from the
sediment’s carbon mass fractions, ranging from 52% to 53% [3]. The organic carbon mass
fraction of the high molecular weight fraction was comparable to the alkaline-extracted SHS
solutions from sediments and ranged from 78% to 85% [9,10,17]. The sediment particular
organic matter experienced hydrolysis and/or oxidative cleavage, starting with the low
molecular weight and labile organic matter [4]. The exchange process of particulate and
dissolved organic matter left high molecular weight organic matter in the sediment; hence,
the alkaline-extracted SHS had a higher percentage of the high molecular weight carbon
mass fraction.

3.2. Optical Indices of SHS

Precise UV/Vis and fluorescent analysis can obtain valuable DOM
information [24,36,37,40,46,47]. In this study, the specific ultraviolet absorbance at wave-
length 254 nm (SUVA254) and the humification index (HIX) was used to analyze the
chemical properties of the bulk and size-fractioned SHS samples. The SUVA254 and HIX
of the bulk and size-fractioned SHS for the AD and FD samples are shown in Figure 1a,b.
The SUVA254 value is a surrogate for the abundance of aromaticity for SHS [12,24,37]. The
HIX is an indicator of material age and recalcitrance. HIX has been widely applied to
investigate the extent of humification in SHS [11,48]. The SUVA254 and HIX values were
1.98 ± 0.51 L/mg-C/m and 2.10 ± 0.30, respectively, of the total SHS solutions, which were
lower than the average values of 4.2 ± 1.9 L/mg-C/m (SUVA254) and 5.45 ± 3.80 (HIX) of
the alkaline-extracted SHS samples taken from 43 stream sediments [5]. The SUVA254 and
HIX values were comparable to the alkaline-extracted SHS samples measured in sediments
taken from a lake, industrial water, and a stream [6,10,20].

Figure 1. (a,b) Optical indicators varied with size-fractioned AEOM for AD and FD samples.

The SUVA254 and HIX values of the AD bulk SHS were significantly higher than the
FD bulk SHS (p = 0.047 and 0.018, respectively). In individual size-fractioned SHS samples,
the SUVA254 and HIX values of the AD samples were higher than the values of the FD
samples, though insignificantly different (except the SUVA254 of HHS). The high SUVA254
and HIX values implied that the AD treatment had developed more aromatic functional
groups and recalcitrant humic-like substances than the FD treatment due to biological
activity. In the HHS samples, the average AD SUVA254 value was significantly higher than
the FD samples (p = 0.02), consistent with the fluorescence regional integration (FRI) results.

We compared the indicator difference between the size-fractioned SHS samples; for
each sized SHS sample, the AD and FD samples were combined as a pooled sample.
The average SUVA254 values were 2.29 ± 0.11 and 2.12 ± 0.31 L/mg-C/m for HHS
and MHS, respectively, which were significantly higher than the average LHS value of



Appl. Sci. 2021, 11, 8220 6 of 12

1.18 ± 0.08 L/mg-C/m (p < 0.001) (Figure 1a). However, the HIX values were 1.86 ± 0.18,
2.15 ± 0.22, and 2.33 ± 0.40 for HHS, MHS, and LHS, respectively. The LHS HIX values
were significantly higher than the HHS HIX values (p = 0.036) (Figure 1b). Most studies
have shown high molecular weight SHS with a high HIX [9,19]; however, sediment low
molecular weight water extracted organic matters (WEOM) had a higher HIX value than
observed with the high molecular weight [3]. The SHS composition may cause these reverse
conditions. The SUVA254 values of all samples were <3.0, which suggested that the SHS
composition was predominantly a hydrophilic substance with poor aromaticity [40]. The
HIX values of all samples were <4, which suggested the SHS was of biological or aquatic
origin with a low degree of humification [23,49]. The SHS composition characteristics were
further examined with the FRI method as shown in Section 3.3.

3.3. Fluorescence EEM and Fluorescence Regional Integration (FRI)

A fluorescence spectroscope is a sensitive monitoring tool. The EEMs had simi-
lar patterns for each size-fractioned SHS, for both the AD and FD samples. Figure 2d
shows 3D EEM plots for AD BHS, HHS, MHS, and LHS samples at 5 mg-C/L DOC
of AD samples. The corrected EEMs were analyzed using an FRI technique developed
by Chen et al. [22]. The EEM was separated into five excitation-emission regions re-
lating to simple aromatic proteins (Regions I and II, Ex/Em = 200–250/280–330 nm for
region I, Ex/Em = 200–250/330–380 nm for region II), fulvic acid-like materials (Region
III, Ex/Em = 200–250/380–520 nm), soluble microbial by-product-like materials (Region
IV, Ex/Em = 250–440/280–380 nm), and humic acid-like compounds (Region V, Ex/Em =
250–440/380–520 nm) [22,27,31]. The PV,n percentage of the AD HHS samples was signifi-
cantly higher than the FD HHS samples (Table 3).

Figure 2. EEM diagrams of bulk and size-fractioned SHS with the air-dry method and the FRI regions:
(a) BHS, (b) HHS, (c) MHS, and (d) LHS.
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Table 3. Percentages of fluorescence region integration (FRI) among HHS, MHS, and LHS of the AD
and FD samples.

Sample PI,n (%) PII,n (%) PIII,n (%) PIV,n (%) PV,n (%)

ADBHS 18.3 ± 0.9 22.0 ± 0.3 23.7 ± 0.2 * 15.7 ± 0.4 20.1 ± 0.6
FDBHS 19.3 ± 0.3 22.7 ± 0.1 22.1 ± 0.2 16.6 ± 0.3 19.3 ± 0.1
ADHHS 18.8 ± 0.1 * 20.8 ± 0.3 21.2 ± 0.6 18.5 ± 0.9 20.7 ± 0.1 *
FDHHS 20.1 ± 0.3 21.4 ± 0.3 20.0 ± 0.6 19.0 ± 0.5 19.5 ± 0.3
ADMHS 18.9 ± 1.0 24.8 ± 0.6 26.1 ± 1.0 11.5 ± 0.5 18.6 ± 0.6
FDMHS 20.5 ± 0.8 25.6 ± 0.5 25.3 ± 0.6 10.9 ± 0.2 17.6 ± 0.7
ADLHS 14.7 ± 0.8 * 25.9 ± 2.4 29.8 ± 0.8 * 11.2 ± 0.4 18.4 ± 2.5
FDLHS 16.5 ± 0.6 26.3 ± 0.6 27.7 ± 0.8 11.6 ± 0.5 17.8 ± 0.7

* significant difference (p < 0.05) between the ADS and FDS samples.

Table 3 shows the percentages of the five regions for both the AD and FD samples
in bulk and three size-fractioned SHS samples. The percentages of PI,n, PII,n, and PIV,n, in
the FD samples were higher than in the AD samples (except the PIV,n of MHS), but the
percentages of PIII,n, and PV,n in the FD samples were less than the AD samples for the
bulk and individual size-fractioned SHS samples. Fluorophores in the PI,n, PII,n, and PIV,n
regions are attributed to microbial and aquatic sources. The average biochemical fraction
(Bio = PI,n + PII,n + PIV,n) of the AD samples (55.3 ± 2.9%) was lower than the FD samples
(57.6 ± 2.5%) [50,51]. In the PV,n and PIII,n regions, the fluorophores can be attributed to
the humic acid- and fulvic acid-like substances. The average geochemical fraction (Geo =
PIII,n + PV,n) of AD samples (44.7 ± 2.9%) was higher than the FD samples (42.4 ± 2.5%).
The composition dissimilarity of the AD and FD samples could be due to a continual
biochemical reaction in the sediment organic matter of the AD process, which would
increase the ratio of long-wavelength pair fluorophores in the AD sample [50,51]. The
PV,n percentage of HHS in the AD samples was significantly higher than in the FD sample
(p = 0.005), consistent with the considerably higher SUVA254 value of the AD samples in
HHS (Figure 1a).

Figure 3 shows the percentage of each region for the three size-fractioned SHS samples
when the AD and FD samples were combined as a pooled sample. The HHS and MHS
had higher PI,n ratios than LHS (p = 0.003), but HHS had a lower PII,n ratio than MHS and
LHS (p = 0.003). The PI,n region is located at a short emission wavelength having loose,
simple aromatic proteins. The PII,n region is located relative to a long emission wavelength
having condensed simple aromatic proteins [52,53]. The HHS had a relatively high, short
emission wavelength protein-like substance, but LHS had a relatively high, long emission
wavelength protein-like substance. In addition, the HHS had higher ratios of PIV,n than
MHS and LHS (p < 0.001). The HHS Bio percentages (59.3 ± 1.5%) were significantly
higher than the LHS (53.1 ± 2.8%) (p = 0.002). The LHS had a higher PIII,n ratio than HHS
(p < 0.001), which demonstrated that LHS had a higher fulvic acid-like substance content
than HHS and MHS. The HHS had higher ratios of PV,n than MHS and LHS (p = 0.013).
PV,n percentage is a fraction of the humic acid-like substance. The percentages of FRI
show that HHS had a high humic acid-like substance, but LHS had a high fulvic acid-like
substance. The PIII,n and PV,n fractions can be attributed to the Geo fractions; the HHS Geo
percentages (40.7 ± 1.5%) were significantly lower than LHS (46.9 ± 2.8%) (p = 0.002). The
HHS’s high Bio and low Geo fractions reflected that the HHS had lower HIX values than
LHS (Figure 1b).
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Figure 3. FRI percentages of size-fractioned SHS considering the AD and FD samples as pooled samples.

The SUVA254 and HIX had a negative correlation (r = −0.41, p = 0.049). The SUVA254
had a significantly positive correlation with the percentage of Bio fractions (r = 0.64,
p < 0.001), but the HIX had a significantly positive correlation with the percentage of Geo
fractions (r = 0.93, p < 0.001).

The river water received livestock wastewater containing a great amount of low humi-
fication particulate organic matter (POM). The POM that was deposited in the sediment
suffered anaerobic biochemical oxidation, which resulted in low aromaticity and low humi-
fication in the sediment organic matter. The hydrolysis and oxidation cleavage processes
in an anaerobic sediment environment favored decomposing low molecular weight and
labile POM [1,4]. The remaining low molecular weight SHS in sediment, after hydrolysis
and oxidation cleavage, greatly increased humification compared to the high molecular
weight SHS. The HIX significantly correlated with fulvic acid-like (r = 0.76, p< 0.001) and
geochemical fractions. The SUVA254 values (Figure 1a) suggested that the bulk and size-
fractioned SHS attributed to the hydrophilic aromatic substances; this implied that the
sediment organic matter did not develop abundant aromaticity. The biochemical frac-
tion that influenced the SUVA254 values strongly correlated with the Bio fraction, which
suggested aromaticity in the SHS in the present study sediment.

Besides the percentages of FRI fractions, the present study investigated FRI ratios
PIII,n/PII,n for the size-fractioned SHS. The PIII,n/PII,n ratios were 1.11 ± 0.11 (LHS)
> 1.02 ± 0.06 (MHS) > 0.98 ± 0.05 (HHS) and had a significantly positive correlation
with the HIX (r = 0.96, p< 0.001, Figure 4). The PIII,n/PII,n ratios reflected the extent of
humification of water extracted organic matter (WEOM) and SHS, which has been observed
in suspended particulate matter (SPM) and sediments [54]. Wang et al. [54] reported the
WEOM EEM component (C2/C3) ratios were 0.69 ± 0.03 for sediment and 1.15 ± 0.04
for SPM. The C2/C3 ratios had a positive correlation with the HIX. The C2 is located
at Ex/Em = 270/460 nm and C3 is located at Ex/Em = 220/340 nm, which are located
at regions V and II, respectively. The C2 excitation wavelength was close to the border
(250 nm) of regions V and III, such that the peak (C2) may have properties close to the fulvic
acid-like substance (PIII,n). The C3 is attributed to protein-like (PII,n) substances. In the
present study, the LHS had higher PIII,n/PII,n ratios than HHS, and the PIII,n/PII,n ratios
had a strong positive correlation with the HIX. The high HIX values in LHS are attributed
to the composition of protein- and fulvic acid-like substances compared to HHS. Moreover,
the PIII,n/PII,n ratio of AD (1.08 ± 0.08) was significantly higher than FD (0.99 ± 0.06,
p = 0.006). The ratios had a significantly negative correlation with the SUVA254 (r = −0.46,
p = 0.024) for the total SHS (Figure 4). However, when the SHS was separated into two
groups, LHS and the other group, which included BHS, HHS, and MHS, the SUVA254 had
an insignificant correlation with the PIII,n/PII,n ratios for both SHS groups (r = 0.17–0.19,
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Figure 4). This suggested that the SHS aromaticity was not developed to the extent of the
humification in SHS. The HHS and MHS had a higher SUVA254 and PV,n percentage than
LHS. One possible reason is that the HHS contains aromatic lignin resulting from the POM.

Figure 4. The linear correlation of optical indicators HIX and SUVA254 with PIII,n/PII,n.

4. Conclusions

In this study, SHS was extracted from surface sediment that contained organic matter
discharged from livestock wastewater. The AD samples had a lower pH value, TOC,
and OM level, which could be due to the mineralization of readily biodegradable OM in
the AD process. The DOC concentrations of the AD SHS were significantly lower than
the FD SHS, but the OC mass fractions of the size-fractioned SHS were insignificantly
different between the AD and FD SHS. The SUVA254 and HIX reflected a low degree of
aromaticity and humification in the SHS samples. The AD SHS had higher aromaticity
(SUVA254) and extent of humification (HIX) than the FD SHS. The HHS had high SUVA254,
but the LHS had high HIX. The HIX had a significantly positive correlation with the ratio
of PIII,n/PII,n which suggested that high humification of the LHS was attributed to the high
extent of fulvic acid-like substance in the LHS. The size separation method successfully
distinguished the chemical composition and structure of the size-fractioned SHS.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app11178220/s1, Table S1: The optical indicators (S275-295, SR, A250-400, FI, and BIX) of
size-fractioned SHS for AD and FD samples.
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