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Abstract: Soil organic matter (SOM) is heterogeneous and a complex mixture, whose concentration,
chemical composition, and structure are strongly associated with the binding behavior of heavy
metals (HMs) in soil. The HM-SOM binding affinity affects the HM biotoxicity and bioavailability
in the environment. This study investigated Cu’s distribution and binding affinity on five size-
fractioned alkaline-extracted soil organic matters (AEOMs) taken from paddy fields. The fractioned
AEOMs were M-A (100 kDa —0.45 um), M-B (3-100 kDa), M-C (1-3 kDa), M-D (0.3-1.0 kDa), and
M-E (<0.3 kDa). The average organic carbon (OC) mass percentages were 10.0, 40.3, 6.3, 5.0, and
38.4%, and Cu mass percentages were 9.8, 66.7, 4.7, 4.7, and 14.1% for fractioned M-A, M-B, M-C,
M-D, and M-E solutions, respectively. The Cu and AEOM binding affinity, [Cu]/[DOC] ratios, ranged
from 3.1 to 127.6 umol/g-C with 41-fold variation. The ratio order was 63.5 + 32.3 (M-B) > 32.8 + 12.8
(M-A) >28.0 + 10.5 (M-D) > 24.25 4+ 10.7 (M-C) > 12.5 + 6.0 (M-E) umol g—C_l. Cu preferred binding
with size-fractioned AEOMs ranging from 3 to 100 kDa. The specific ultraviolet absorbance at 254 nm
(SUVAjs54), the fluorescence index (FI), and the biological index (BIX) were significantly correlated
with the [Cu]/[DOC] ratios. In each site, the combined bulk and the five size-fractioned AEOMs, the
selected optical indicators had a significant correlation with the corresponding [Cu]/[DOC] ratios.
Cu-AEOM binding affinity was enhanced by AEOM rich in aromaticity. However, high microbial
and autochthonous AEOM origins decreased the binding affinity.

Keywords: soil organic matter; copper; OM size-fraction; Cu-OM binding affinity [Cu] /[DOC] ratios;
optical indicators

1. Introduction

Soil organic matter (SOM) is one of many important components of soil [1-4]. SOM
and fine particles are major components that are associated with heavy metals (HMs) in
soil [4-6]. The alkaline and water-extracted organic matter (AEOM/WEOM) of SOM are the
main components that bind to HMs [3-7]. AEOM/WEOM comprises phenolic, carboxylic,
and hydroxyl functional groups, which have a strong ability to bind HMs [5,8]. The AEOM
has a wide range of molecular weights, but the various size-fractioned AEOMs may have
different chemical compositions. The binding behavior with HMs is different [9]. The
complexation of HMs and AEOM influences the HM mobility, biotoxicity, and fate in the
soil environment [3-6,8,10-13].

The molecular weights and composition of AEOM are greatly influenced by the biogeo-
chemical processes and the source of the organic matter in the soil environment [1,3,8,14]. The
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size-fractioned AEOM could play a critical role in distinguishing and simplifying the HM
binding behavior [8,9,14-16]. The low molecular weight dissolved organic matter (DOM) and
AEOM (<1 kDa) still contain various HM species (binding with organic acid and free metal
ions) [9,16-18]. The low molecular weight DOM/AEOM has a binding capacity to HMs and
hydrophobic organic compounds [9,14,19,20].

UV-Vis and fluorescence spectroscopy is a rapid, non-destructive spectral method-
ology. These sensitive detection methods are widely used to determine the chemical
compositions and structures of various DOM/AEOMs [21-27]. UV-Vis indicator SUVAjs,
shows DOM/AEOM aromaticity [23,24,28]. The fluorescence index (FI) is relative to the
contribution of terrestrial sources [21,23]. The biological index (BIX) is relative to the
contribution of autochthonous sources [23,26].

The dissolved organic carbon (DOC) concentration cannot fully predict the mobility
potential and binding strength of HMs. To understand the HM-AEOM binding behavior,
the AEOM chemical composition and structure needs to be included [6,8,11]. The HM
and DOM binding affinity, [Me]/[DOC] ratio, is a useful parameter and has been used
to investigate the preferences, distribution, bioavailability, and mobility potential of HMs
binding with DOM/AEOM [9-11,16,29-33]. Moreover, the HM-AEOM binding affinity in
various molecular weight AEOMs is an important factor in understanding the HM binding
behavior. Amery et al. [10,11] studied the Cu and DOM binding affinity [Cu]/[DOC] ratios
with many soil solutions (lysimeter leachate, soil pore water, water and CaCl, extracted soil
solutions). The ratios had a significantly positive correlation with SUVA»54. However, the
studies were lacking the molecular weight effect on the ratio difference in the soil solutions.
In an aquatic environment, the [Cu]/[DOC] ratios of bulk DOM had been reported by
some researchers [16,29,30,32,33]. The ratios were positively correlated with aromaticity
for natural water DOM [29,32]. However, when the DOM was affected by anthropogenic
sources, such as wastewater effluent input, the ratios had a weak correlation with DOM
aromaticity. In addition, the ratios were affected by treatment processes [16,34], molecular
weight [16,30,34], and the DOM composition [30]. Hsieh et al. [9] studied [Ni, Cd]/[DOC]
ratio distributions in soil AEOM. The results showed that Ni and Cd had different binding
affinities with size-fractioned AEOM solutions. Cd preferred binding with low molecular
weight AEOM, but Ni favored binding with high molecular weight AEOM. The type of
HM, DOM chemical properties, and the DOM molecular weight affected the HM-OM
binding affinity. The Cu binding affinity to various molecular weight soil organic matters
needs more study in order to assess the Cu biotoxicity and mobility potential in soil.

The binding strength of HMs-OM in the soil is essential in affecting the biotoxicity
and bioavailability of heavy metals in agricultural soil. Although previous studies have
used sequence extraction to investigate the chemical formation of heavy metals in soil,
the method cannot fully provide the heavy metal and organic matter binding strength.
Therefore, extracted soil organic matter was separated into size fractions to investigate size-
fractioned [HM]/[DOC] ratios. This is an excellent surrogate indicator for understanding
heavy metals’ binding strength and preference, distribution, bioavailability, and mobility
potential in soil environments [9-11,16,29-33]. At the same time, using sensitive and rapid
optical indicators to understand the chemical composition and structure of the extracted
organic matter can simplify the analysis of the dominant factors that influence HMs-OM
binding affinity. In addition, size-fractioned AEOM can differentiate the binding capacity
of HM. Unfortunately, extraction of soil organic matter and separation into size-fractioned
dissolved organic matter to investigate HMs-OM binding affinity is lacking in the paddy
field study.

This study investigated Cu distribution and binding affinity with size-fractioned
alkaline-extracted soil organic matter. UV-Vis and fluorescence indicators (SUVAs4 BIX
and FI) were used to investigate the chemical properties of size-fractioned AEOM. The
correlation method was used to examine the dominate factors of Cu and AEOM binding
affinity, [Cu]/[DOC] ratio, in terms of the AEOM optical indicators.
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2. Materials and Methods
2.1. Soil Sampling, Treatment, and Measurement

In Taiwan, the major rice production areas are in the center, eastern and southern
parts of Taiwan. Therefore, the major rice production area was divided into five regions of
Taiwan: center, south center, south, east north, and east south. The soil samples were taken
from these areas at two sampling sites. Ten paddy fields were selected from the five regions
for the present study, and the site locations are shown in Figure 1. The soil samples were
taken with a shovel in the selected paddy fields. Each site at three locations was selected. A
total of 3.0 kg soil was taken to a depth of 30 cm. Each soil sample was uniformly mixed.
The 30 soil samples were used to analyze the DOC and Cu concentrations and the optical
indicators of the alkaline-extracted organic matter (AEOM).

TR E 122 °E
‘ \
25N ‘}@\ ‘ 25°N
o
& $-1
,\,Ss‘ 8s-z
s5% 959 \$
IS
J.s4
s6
995-7
23°'N  South S8 23°N
China sea Philippine
9510 sea
° 3 0 25 50km
120 E 122 E ° 25miles

Figure 1. Soil sampling sites of the ten studied paddy fields.

First, the soil samples were air-dried (1 month) in the laboratory, and then the soil
was passed through a sieve mesh #10 (2.0 mm) and provided for subsequent tests, and the
basic soil properties were determined. The soil pH was 6.87 &+ 0.98, EC was 575 &+ 405 uS
cm~!, CEC was 6.48 + 3.45 meq 100 g1, and total organic carbon (TOC) was 6.48 + 3.45%.
The soil contained an average of 33.9, 47.5, and 18.6% sand, silt, and clay, respectively.
The textures of the soil samples were classified as loam and silty loam soils. The basic
soil properties of pH, EC, and CEC were similar to uncontaminated farmland soil but
the TOC contents of the paddy soil were higher than those of uncontaminated farmland
soil [4,35-39]. The total Cu concentrations were analyzed with an aqua regia digestion
method and measured by flame atomic absorption spectrometry (Hitachi, Tokyo, Z-2300).
Briefly, 3 g of soil was added to a 30 mL aqua regia solution; after 2 h digestion at 180 °C
and 16 h settling, the solution was measured at 100 mL to determine Cu concentrations.

2.2. AEOM Extraction and Separation

Soil humic substance was extracted with an alkaline solution [40]. Briefly, 0.1 N HCl
100 mL solution was added to 5 g soil to remove the alkaline metals and carbonate. The
0.1 N NaOH 100 mL was added to the residual soil at the w/v = 1/20. The soil solution
was shaken for 24 h and then centrifuged at 4500 rpm for 30 min. The NaOH-extracted
humic substance was the bulk AEOM (M-O) solution. A 4 liter M-O solution was used to
separate the bulk into the five size-fractioned AEOM solutions. A cross-flow ultrafiltration
system equipped with 100, 3, 1, and 0.3 kDa nominal molecular weight cutoff ceramic
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membrane cartridges sequenced the samples (Filtanium, France). The feed flow rate was
1.7-2.0 L min~!. The permeate flow rate ranged from 12 to 140 mL min~! and the pressure
of feed flow ranged from 1.0 to 5.0 kg cm~2 depending on the pore size of the ultrafiltration
cartridge. In the separation process, the volume concentration factor (Cy) was kept at 10
(Equation (1)). The retentate flow was sent back to the feed flow bottle in each separation
process. The permeate flow passed through the membrane cartridge and was collected in
another container, which was the feed flow for next separation process. The mass balances
of the dissolved organic carbon (OC) and Cu were calculated by Equation (2). The mass
percentages for each size-fractioned solution were calculated by Equation (3).

Vi +V,
Cf - Vr 7 (1)
Y GxV
MB(%) = =——— x 100 2
(%) Crutk X Vuik S @)
CxV:
ME.(%) = ﬁ % 100 3)
1 1

where Cf is the volume concentration factor. MB(%) is the percentage of mass balance
for OC and Cu. MF; is the mass percentages of OC and Cu for each size-fractioned
AEOM solution. V;, and V), are the retentate and permeate volumes, respectively, of each
separation process. Cp,j and C; are the measured Cu and OC concentrations of the bulk
and the five size-fractioned AEOM solutions, respectively. Vy,x and V; are the volumes of
the bulk and the five size-fractioned AEOM solutions, respectively. The membrane was
cleaned and preconditioned before each AEOM separation experiment as recommended by
the manufacture’s protocol. The bulk and fractioned AEOM solutions were measured for
DOC concentration using UV-Vis and fluorescence spectroscopy. The dissolved organic
carbon for the bulk and size-fractioned AEOM solutions was measured with a TOC-V
analyzer (Shimadzu, Kyoto, Japan). Copper concentrations were measured with an atomic
absorption spectrophotometer (AAS) (Hitachi Z-2300, Tokyo, Japan) and with a graphite
furnace atomic absorption spectrophotometer (Hitachi Z-3000, Tokyo, Japan).

2.3. UV-Vis and Fluorescent Measurement

The bulk and size-fractioned AEOM solutions were diluted to <6 mg-C L~! with ultra-
pure water. The UV-Vis absorbance at 254 nm was <0.2 and the inner filter effect correction
was ignored. The absorbance was measured with an ultraviolet/visible spectrophotometer
(Hitachi U-2900, Tokyo, Japan) and fluorescence spectra were recorded on a fluorescence
spectrometer (Hitachi F-7000, Tokyo, Japan). The UV-Vis spectrophotometric scanning
wavelength was 200-800 nm and the absorbance at 700-800 nm was set as the background
value. The absorbance of the sample was subtracted from the average of the absorbance at
700-800 nm [24].

2.4. Optical Index and Metal Binding Affinity Calculation

The specific ultraviolet absorbance at 254 nm (SUVAjs4, L mg—C’l m~1) was the
absorbance of the sample at 254 nm (UVsy, cem 1) divided by the DOC concentration of
the AEOM sample (mg-C L~!) multiplied by 100 [23,28]. The fluorescence index (FI) was
the fluorescence intensity ratio of Em = 450 to Em = 500 nm at Ex = 370 nm [21,41]. The
biological index (BIX) was the fluorescence intensity ratio of Em = 380 to Em = 430 nm at
Ex =310 nm [21,26]. The copper and AEOM binding affinity ([Cu]/[DOC] ratio, pmol-Cu g-
C~!) was the measured copper concentration (umol L~1) divided by the DOC concentration
(g-C L1 [10,11,29,32].

2.5. Statistical Analysis

In this study, correlation analysis and the different tests used the S-Plus software (V 6.2)
at significance levels of p < 0.05. The t-test method was conducted to test the two groups’
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differences between high and low molecular weight AEOM samples (such as concentration,
mass percentage, [Cu]/[DOC] ratio, and indicators). The ANOVA test method was carried
out to examine three group differences. In addition, the difference in Cu, DOC, AEOM-Cu,
AEOM-OC concentrations, and [Cu]/[DOC] ratios are used in the Kruskal Wallis method
of nonparametric test. The R script developed by Lapworth and Kinniburgh [42] was used
to calculate fluorescence indicators.

3. Results and Discussion
3.1. Optical Indicators

Table 1 lists the values of SUVA,s4, BIX, and FI for bulk and size-fractioned AEOM
solutions. The bulk AEOM optical indicators were within the ranges of reported values in
the soil solution [2,9-11,35,36,43].

Table 1. The optical values of SUVA;s4, BIX, and FI for bulk and size-fractioned AEOM solutions.

Fractioned SUVA54

AEOM L/mg-C/m F BIX
M-O 3.25 +1.92 (0.30, 7.92) &P 1.51 +0.11 (1.32, 1.86) ® 0.84 +0.14 (0.66, 1.16) ®
M-A 3.72 +£2.36(0.37,10.69) > 1.51 +0.11 (1.30,1.86)®  0.86 % 0.15 (0.68, 1.23)
M-B 4.77 £1.93 (2.13,10.48) & 1.40 £ 0.06 (1.25,1.50) 2 0.69 £ 0.11 (0.27,0.92) @
M-C 249 +1.77(0.53,7.64) ¢ 1.55+0.11(1.33,1.85) > 0.89 4 0.22 (0.64, 1.57) b
M-D 1.86 & 0.95 (0.49, 4.24) © 1.62 +0.16 (1.38,2.07) ¢ 0.95 + 0.25 (0.62, 1.73) b<
M-E 1.66 £ 0.93 (0.15, 3.27) © 1.67 £+ 0.11 (1.50, 1.85) © 1.07 4+ 0.26 (0.71, 1.65) ©
Total 2.99 £+ 2.03 (0.15, 10.69) 1.54 +0.14 (1.25, 2.07) 0.88 £0.23 (0.27,1.73)

p value <0.001 <0.001 <0.001

Data: mean = standard deviation (minimum, maximum); #°< are the differences of optical indicators among
size-fractioned AEOM.

The SUVAjs, is positively correlated with the aromatic content [27,28]. The SUVAs54
of bulk AEOM ranged from 0.30 to 7.92 L mg-C~! m~! with a 26-fold variation. The
bulk and high molecular weight AEOM (1 kDa—-0.45 pym, HMW, n = 90) SUVAj54 value
3.67 £ 2.22 L mg-C~! m~! was significantly higher than the low molecular weight AEOM
SUVA,s4 values 1.76 + 0.95 L mg-C~! m~1(<1 kDa, LMW, 1 = 60, p < 0.001). The HMW
AEOM solutions contained more hydrophobic and aromatic compounds than the LMW
AEOM solutions [27]. Previous studies reported SUVAjs4 values ranging from 0.26 to
6.30 L rng—C_1 m~! in DOM/AEOM, which is comparable to the SUVAj54 values of the
present study [2,9-11,35,36,43].

The Fl is an indicator relative to terrestrial sources [21,23]. A high FI value indicates a
low terrestrial source contribution. In the present study, the FI values of bulk AEOM were
1.32-1.86. HMW and LMW AEOM solutions had FI values of 1.48 + 0.11 and 1.65 £ 0.13,
respectively (p < 0.001). HMW AEOM had a higher terrestrial contribution than the LMW
AEOM. Most of the FI values were within the range 1.4-1.9, which suggested that the
AEOM solutions contained median terrestrial sources [21,23,41]. The FI values in the
present study were within FI values, ranging from 1.08 to 2.03 as reported in previous
DOM/AEOM studies [2,9,35,36,43].

The BIX is an indicator relative to autochthonous origin contribution. In the present
study, the BIX values of bulk AEOM were 0.66-1.16. HMW and LMW AEOM solution
BIX values were 0.81 &= 0.18 and 1.01 £ 0.26, respectively. A recently produced DOM of
autochthonous origin suggested BIX > 1.0, and an allochthonous origin BIX < 0.6 [21,26].
BIX values suggested that the HMW AEOM solutions had a median allochthonous origin
and the LMW AEOM was the autochthonous origin. The bulk BIX values in the present
study were comparable to BIX values ranging from 0.43 to 0.96 as reported in previous
studies [35,36,43].

The size-fractioned AEOM in the present study showed that the fraction M-B (3-100 kDa)
had the highest SUVA;s54 but the lowest FI and BIX values. In contrast, the fraction M-E
(<0.3 kDa) had the lowest SUVA;5,4 but the highest FI and BIX values.
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3.2. DOC and Cu Concentrations of Size-Fractioned AEOM

Table 2 lists the DOC and Cu concentrations of the total and the extracted bulk AEOM
solutions. The AEOM-OC content ranged from 1.46 to 5.97 g kg ! and the total organic
carbon (TOC) was 12.5 to 130 g kg ~! based on the soil mass. The AEOM-DOC content/TOC
ratio was 6.59 & 4.12%. Hsieh et al. [9] reported the average AEOM-DOC concentration was
0.68 & 0.25 g kg ! and the TOC was 18.1 & 1.9 g kg ! based on soil mass. Therefore, the
AEOM-DOC content/TOC ratio (0.68/18.1) was 3.70%. At room temperature, Fernandez-
Romero et al. [2] reported that water extraction organic carbon (WEOC) was 80-620 mg
kg~!, and organic matter ranged from 43-156 g kg~ !. Therefore, the WEOC/OM ratios
were 0.12-0.40%. Gao et al. [43] reported the DOC concentration of water-extracted soil
organic matter was 56.1-81.1 mg kg !, and the TOC was 2.64-4.45 g kg~!. Therefore,
the WEOC/TOC ratios were 1.24-3.07%. In the present study, the alkaline-extracted soil
organic carbon from paddy soil was much higher than the water-extracted soil organic
carbon and alkaline-extracted soil organic matter from the dry farm soil.

Table 2. The DOC and Cu concentrations of total and extracted bulk AEOM solutions.

Site Cu AEOM-Cu AEOM-Cu/Cu TOC DOC DOC/TOC
(mg/kg) (mg/kg) (%) (g/kg) (g/kg) (%)
5-1 13.10 + 0.38 6.07 4 0.99 ab 46.3 53.3+3.8P 3.08 + 0.60 be 5.78
S-2 18.76 + 0.38 b 6.60 +1.732 35.2 46.7 + 6.3 b 2.07 + 0.57 be 443
S3 29.75 £2.222 3.67+031¢ 12.3 458 +3.8b¢ 337 +£1.283b 7.36
S-4 932 +0.33¢ 5.60 + 0.53 @b 60.1 41.7 +£ 5.8b¢ 5.28 +0.982 12.67
S-5 22.09 +£0.382P 5204 0.20bc 235 58.3 + 5.2ab 1.59 £ 0.16 ¢ 2.73
S-6 1898 +£0.33bc 507 +0.42b¢ 26.7 433 +£29Pbc 427 +1.192P 9.86
S7 20.20 + 0.51 < 247 +£042°¢ 12.2 142+ 14¢ 1.91 + 0.34 b 13.45
S8 2753 +£0.382 7.73 +£1.682 28.1 1292 +1.42 3.66 + 1.30 2P 2.83
59 2320+ 1.173P 5734+ 0.31ab 24.6 121.7 +3.82 2.83 + 0.54 be 233
5-10 2653 +1353P 613+ 1.142P 23.1 66.7 + 3.8 P 2.95+ 0.51 be 442
Total 20.95 £ 6.19 5.43 + 1.03 29.2 +14.8 62.1 + 35.0 3.10 + 1.29 6.59 + 4.12
Range 8.99, 32.30 2.00, 8.80 9.7,64.5 12.5,130.0 1.46,5.97 2.33,13.50
p value 0.001 0.011 0.002 0.011

Data:'mean =+ standard deviation; Range: minimum, maximum; abe are the differences of Cu, AEOM-Cu, TOC
and DOC concentrations among the ten sites.

Table 2 shows the total Cu concentrations ranging from 8.9 to 32.30 mg kg~ ! in the
soil samples with an average of 20.95 4- 6.19 mg kg~!, and they were similar to the Cu con-
centrations in the unpolluted farmland soils [4,9,37,44,45]. The AEOM-Cu concentrations
ranged from 2.00 to 8.80 mg kg~ ! with an average of 5.43 4 1.63 mg kg~ !. The ratios of bulk
AEOM-Cu to the total Cu concentration ranged from 9.7 to 64.5%, averaging 29.2 £ 14.8%.
Hsieh et al. [9] reported the mean AEOM-Cu concentration was 1.19 mg kg~! and the
total Cu concentration was 9.89 mg kg~!. AEOM-Cu to total Cu had a ratio of 12.0%.
Matong et al. [4] reported that three agricultural soils were sequentially extracted with
acetic, ascorbic, and hydrogen peroxide digestion. The organic matter- and sulfide-binding
fractions were 57-68% for Cu. In the present study, a high amount of Cu and OC was
extracted by alkaline solution, and AEOM-Cu/total-Cu and AEOC/TOC ratios were higher
than the corresponding ratio extracted with water. This may be explained by the fact that
the paddy field had high soil organic matter and was readily extracted by alkaline solution
compared to dry farmland. Cambier et al. [45] reported that Cu is preferentially combined
with soil humic substances. In the aquatic environment, the simulation showed copper had
a high percentage of binding with dissolved organic matter [46], which explained the high
ratio of AEOM-Cu/total-Cu observed in the present study.

3.3. Cu and OC Distribution between Size-Fractioned AEOM

Table 3 lists each site’s DOC and Cu concentrations of bulk and size-fractioned AEOM
solutions and lists the average, standard deviation, minimum, and maximum total concen-
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trations. The mass balances of DOC and Cu in the size-fractioned AEOM were calculated
with Equation (2). The average mass balances were 106 &+ 16% and 97 + 18% for Cu and
DOC, respectively, which were within a reasonable range of 100 & 25% [15,47].

Table 3. Cu and DOC mean and standard deviation concentrations of bulk and size-fractioned AEOM
solutions for each site.

Site M-O M-A M-B M-C M-D M-E p-Value MB (%)
DOC (mg/L)
S-1 154 + 30 b< 153 + 3520 1038 + 299 2P 88+ 13 78+£9 68+5 0.008 108 + 3
S-2 104 + 29 be 105 + 27 be 476 4 163 be 83+ 16 82 + 19 72 + 25 0.095 115 + 35
S-3 169 + 64 a0 141 + 26 b< 643 + 30 be 115 + 28 93 + 38 83 + 32 0.035 90 + 26
S-4 264 + 492 233 + 692 1973 4+ 852 141 + 32 90 + 10 79 + 11 0.008 104 + 13
S5 80£8¢ 79+7¢ 240 + 15 b< 63 +4 60+ 7 55+ 12 0.013 95+ 15
S-6 213 + 60 2P 192 + 43 ab 1034 + 249 2P 140 + 10 88 + 6 87 + 16 0.009 90 + 10
S-7 96 + 17 be 103 + 27 b 182 +48°¢ 82 4 30 85 + 37 74 + 34 0.120 90 + 20
S-8 183 + 65 2P 174 + 65 2P 685 + 283 be 160 + 80 134 + 70 99 + 41 0.093 89+9
S-9 142 + 27be 126 + 31 b< 380 =+ 86 b¢ 113 £ 43 125 + 34 110 + 48 0.163 95 + 20
S-10 148 + 26 < 144 + 30 b 643 + 44 b< 127 + 35 109 + 29 84 4 31 0.045 97 + 11
Total 155 + 64 145 + 55 729 + 525 111 + 42 94 + 34 81 + 28 97 + 18
Range 73,299 71,273 130, 2057 48,222 44,178 39,148 61,155
p value 0.011 0.033 0.002 0.083 0.34 0.66
Cu (mg/L)
S-1 0.30 # 0.05 &P 0.31 £ 0.04 2> 2.64 +0.19 2P 0.10 = 0.05 be 0.11 +0.03 0.07 £ 0.01 0.010 109 +7
S2 0.33 £ 0.09 2P 0.33 £ 0.10 2> 241 + 0.50 2P 0.21 +0.02 20 0.20 = 0.03 0.08 = 0.02 0.008 10247
S-3 0.18 £0.02°¢ 0.19 +0.02¢ 1.5540.12°¢ 0.19 + 0.10 @0 0.20 + 0.07 0.06 + 0.02 0.031 12347
S-4 0.28 £ 0.03 2P 0.29 +0.02 20 2.28 & 0.08 &P 0.14 + 0.02 b 0.10 = 0.02 0.05 = 0.01 0.007 104 + 11
S5 0.26 + 0.01 b< 0.25 + 0.01 b< 1.71 & 0.06 b< 0.08 £0.02¢ 0.06 + 0.02 0.02 +0.01 0.007 79+ 2
S-6 0.25 = 0.02 be 0.26 4 0.02 be 1.93 + 0.11 be 0.12 +0.01 b 0.12 £ 0.01 0.07 = 0.01 0.008 105 +9
S-7 0.12 4 0.02¢ 0.13 £ 0.03¢ 0.97 £0.17¢ 0.08 & 0.04 © 0.17 £ 0.07 0.05 =+ 0.03 0.028 119 + 21
S-8 0.39 £ 0.082 0.38 4 0.082 2.55 + (.59 ab 0.37 £0.162 0.20 £ 0.12 0.06 = 0.02 0.018 92412
S-9 0.29 4+ 0.02 2P 0.29 +0.02 2P 211 +0.19 20 0.17 4 0.01 @b 0.35 £ 0.02 0.07 &+ 0.03 0.018 107 +9
S-10 0.31 £ 0.06 &P 0.32 +0.05 2P 270 £0.22° 0.23 4 0.02 2P 0.24 +0.11 0.07 & 0.03 0.015 117 £ 11
Total 0.27 £ 0.08 0.28 =+ 0.08 2.08 & 0.58 0.17 £0.10 0.18 £ 0.11 0.06 =+ 0.02 106 + 16
Range 0.10, 0.44 0.10, 0.44 0.77,3.20 0.04, 0.49 0.04, 0.47 0.01, 0.10 77,134
p value 0.010 0.008 0.003 0.008 0.052 0.176

Data: mean + standard deviation; Range: minimum, maximum; abc gre the differences of Cu and DOC concen-
trations among the ten sites

In aqueous DOM separation studies, the OC mass balances ranged from 78 to 104% [17,48,49].
In the soil and sediment extraction solution separated into size-fractioned solutions, the reported
OC mass balances ranged from 80 to 159% [9,14,50,51]. The water-extracted soil organic matter
(WEOM) was separated into four size-fractioned WEOMSs reported by de Zarruk et al. [50], and
the DOC mass balance was 117%. Martin et al. [47] separated lagoon water DOM; the DOC mass
balances ranged from 85 to 98%. Wen et al. [49,52] separated seawater into high molecular weight
(1 kDa-0.45 um) and low molecular weight (<1 kDa) DOM. The Cu mass balances ranged from 88
to 106%.

Figure 2a,b shows the average mass percentages of Cu and OC for size-fractioned
AEOM in each site. The mass percentages varied among the sampling sites. The quantity
order of mass percentages for Cu average values were M-B (66.7%) > M-E (14.1%) > M-A
(9.8%) > M-C and M-D (4.7%). The quantity order of mass fractions for total OC values
were M-B (40.3%) > M-E (38.4%) > M-A (10.0%) > M-C (6.3%) > M-D (5.0%). Cu had a
much higher percentage in the M-B fraction than in other fractions, but OC had a higher
percentage in M-B and M-E fractions than in the other fractions.

The molecular weight at 1 kDa for DOM/AEOM is used to distinguish between the
high and low molecular weight of DOM/AEOM. The high molecular weight fractions
(>1kDa) were 81.2 and 56.6% for Cu and OC, respectively, which suggested that Cu favored
binding to high molecular weight AEOM.



Agronomy 2022, 12, 1689

8of 13

oc

Cu
100 = s 100 == MA
. M-B . M-B
= mc =g
- M-D - M-D
/1 M-E 3 ME

§1 S2 S3 S4 S5 S6 S7 S8 S9 S0 S1 82 S3 S4 S5 S6 S7 S8 89 S-10
Sampling Sites Sampling Sites

(a) (b)

Figure 2. (a,b) The average Cu and OC mass percentages of the five size-fractioned AEOM solutions
for each site. (a) OC and (b) Cu.

Wang et al. [53] separated soil solutions and water samples into HMW WEOM/DOM
(1 kDa-0.45 ym) and LMW WEOM/DOM (<1 kDa). The Cu mass percentages of HMW
were 47 and 59% for soil solution and water samples, respectively. Ilina et al. [46] reported
that water-extracted soil solution, lake water, and river water used ultrafiltration separation;
the mass percentages of HMW Cu (1 kDa-0.45 pm) were 80, 53 and 38%, respectively. In
a municipal wastewater treatment plant, Hargreaves et al. [16] reported the HMW DOM
(1 kDa-0.45 um) averaged 74% for Cu. Hsieh et al. [9] separated soil AEOM into HMW
(1 kDa-0.45 um) and LMW (<1 kDa) solutions. The OC mass percentage of HMW AWOM
was 44%. Dali et al. [48] separated seawater into HMW DOM (1 kDa-0.45 um) and LMW
AEOM (< 1 kDa) solutions. The masses for OC and Cu were 8.2-30.4 and 20.5-39.2%,
respectively. The mass percentages of high and low molecular weights in water DOM
and water-extracted organic matter varied. The percentages depended on organic matter
sources, biogeochemical process, type of metal, the matrix, extraction solvent and method,
solid/liquid ratio, and separation method and conditions [15,53,54].
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3.4. Cu and AEOM Binding Affinity [Cu]/[DOC] Ratio

The copper and organic matter binding affinity, [Cu]/[DOC] ratio, was used to un-
derstand the variation in the binding ability of copper to DOM/WEOM [10,11,16,29-33].
Table 4 lists the [Cu]/[DOC] ratios of bulk and size-fractioned AEOM solutions for each
site. The [Cu]/[DOC] ratios of bulk AEOM ranged from 13.2 to 56.2 pmol g-C’l and the
average ratios for the ten sites averaged 31.1 + 13.3 umol g-C~!. The ratios were varied
and were higher than 250 soil leachate, ranging from 3.7 to 20.2 umol g-C~! [11]. The ratios
in the present study were also higher than the [Cu]/[DOC] ratio for soil pore water, soil
organic matter extracted with water and CaCl, ranging from below the detection limit to
37.0 umol g-C~! [7,10]. The alkaline had a higher ability to extract Cu from soil organic
substances than water and CaCl, solutions.

Table 4. The [Cu]/[DOC] ratios (umol/g-C) of bulk and size-fractioned AEOM solutions at each site.

Site M-O M-A M-B M-C M-D M-E p-Value
S-1 31.2+23° 32,5+ 4.7b¢ 41.6 + 8.7 < 172 +75b¢ 214 +525¢ 163 +35 0.015
S-2 50.5 4 5.32 494 +592 82.0 +£9.82P 39.7+562 39.8+£532 192+ 8.6 0.011
S-3 18.5 4 5.8 b¢ 214 4+47°¢ 38.1 +£3.7b¢ 247 + 8.6 2P 34.6 +5.12P 11.34+25 0.013
S-4 169+19¢ 20.6 £6.1¢ 183+1.0¢ 16.7 + 6.5 ¢ 17.9 + 4.5b¢ 10.6 £ 0.5 0.120
S5 51.9 £632 50.5+392 112.8 +£1092 19.3 + 5.6 ¢ 147 +4.1° 68437 0.007
S-6 19.6 4 4.7 b¢ 21.7 £43°¢ 31.1+104°¢ 136+ 1.8¢ 21.0 £22b¢ 128+ 1.7 0.019
S-7 20.3 £0.2b¢ 202 +1.8¢ 85.2 +892P 15.6 2.2 b< 3214 0.6 89+43 0.006
S-8 348 +62° 36.6 = 8.12P 67.5 & 34.0 2P 3834432 233 42.1b¢ 105+19 0.016
S-9 329+81° 38.3 £10.5b 91.8 + 31.0 2P 26.1 £11.2b 424 +12.8° 114435 0.020
S-10 342 +129° 37.3 +14.62° 66.5+9.82P 304 +£7.92b 33.1 4882 16.8 + 13.6 0.095
Total 31.1+133 32.8 +£12.8 63.5+ 323 242 +10.7 28.0 +10.5 12.5 4+ 6.0
Range 13.2-56.2 16.7-54.9 17.5-127.6 11.1-44.0 12.2-50.9 3.1-31.9
p value 0.003 0.005 0.005 0.017 0.006 0.134

Data: mean =+ standard deviation; Range: minimum, maximum; abc gre the differences of [Cu]/[DOC] ratios
among the ten sites.
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The ratios for total size-fractioned AEOMs ranged from 3.1 to 127.6 umol g-C 1.
Amery et al. [10] reported soil pore water and soil water-extracted solution had [Cu]/[DOC]
ratios with a 10-fold variation. Amery et al. [11] reported soil leachate [Cu]/[DOC] ratios
had a 5-fold variation. In the present study, the bulk AEOM had a 4-fold variation, and the
size-fractioned samples had a 41-fold variation. The highly varied [Cu]/[DOC] ratios in the
present study were due to different molecular weight AEOMs with significantly different
binding affinities to Cu. Furthermore, the chemical properties of size-fractioned AEOM
at the sites had significant differences (Table S1). The quantity order of mean ratios was
63.5 £ 32.3 (M-B) > 32.8 -+ 12.8 (M-A) > 28.0 & 10.5 (M-D) > 24.2 + 10.7 (M-C) > 12.5 + 6.0
(M-E) umol g-C~1. The fractioned size ranging from 3 to 100 kDa had the highest ratio
for Cu binding affinity to AEOM ranging from 17.5 to 127.6 umol g-C~!. The optical
indicators showed that fractioned M-B had higher aromaticity (SUVAjs4), terrestrial (FI),
and allochthonous (BIX) sources (Table 1) than the other AEOM fractions. In addition, the
molecular weight of 3 to 100 kDa may be richer in humic substances comprising humic acid-
and fulvic acid-like substances containing phenolic, carboxylic, and hydroxyl functional
groups [8,55]. These functional groups have a strong metal binding ability, which resulted
in high [Cu]/[DOC] ratios.

The lowest ratio was fractioned M-E (< 0.3 kDa), ranging from 3.1 to 31.9 umol g-C !
with a 10-fold variation. The size M-D and M-E (<1.0 kDa) generally was considered
as the truly dissolved phase of DOM with low metal binding ability [20]. However,
previous studies have reported that the truly dissolved phase had a binding ability with
heavy metals [14,16,34]. In this study, fractioned M-D (0.3-1.0 kDa) had a binding affinity
comparable with fractioned M-A (>100 kDa) and M-C (1-3 kDa), which suggested that
the AEOM molecular weight at sub kDa may contain humic substances and have a strong
copper binding ability. In addition, the mass percentage of fractioned M-E (<0.3 kDa)
was 38.4% for OC and 14.1% for Cu. This suggested that, with the exception of free Cu
ions, the AEOM contained a low molecular weight organic acid, which had an ability to
bind to Cu. The mass percentage of fractioned M-B was 40.3% for OC and 66.7% for Cu.
The high binding ability of Cu in the soil environment could reduce Cu biotoxicity and
bioavailability.

Li et al. [34] calculated [Me]/[DOC] ratios of a wastewater treatment process for aged and
young municipal solid waste leachate. The wastewater was separated into four MW ranges,
<1 kDa, 1-10 kDa, 10-100 kDa, and 100 kDa—0.45 pm. For young leachate wastewater, the
MW ranging from 1-10 kDa had the highest [Cu]/[DOC] ratios of 37.8, and 189.0 pmol g—C’l
for anoxic—oxic and coagulation—flocculation treatment processes, respectively. The results
were similar to the present study where the fractions of 3-100 kDa had the highest ratios.
For storage tank and anaerobic processes, the highest ratios were MW > 100 kDa ratios that
were 6.14 and 29.9 umol g-C~!, respectively. For aged leachate wastewater the highest ratios
were MW > 100 kDa, ranging from 7.24 to 299.2 umol g-C~!. In another study of the final
effluent of a wastewater treatment plant, Hargreaves et al. [16] reported that [Cu]/[DOC] ratios
were 8.42 and 31.58 umol g—C’l for LMW (<1kDa) and HMW (1 kDa—-0.45 pm), respectively.
The metal and organic matter binding affinity, [Me]/[DOC] ratio, could depend on the metal
concentration, the DOM chemical composition and structure, and the DOM molecular weight.

3.5. [Cul/[DOC] Ratios and Optical Indicators Correlation Analysis

The [Cu]/[DOC] ratios varied depending on the fractioned AEOM and sites, which
was attributed to the complex chemical composition and structure of AEOM and Cu
concentrations. The AEOM optical characteristics affecting the [Cu]/[DOC] ratios used the
Pearson correlation analysis method. For each of the ten size-fractioned AEOM combined
sites, the [Cu]/[DOC] ratios and the selected AEOM optical characteristics had a weak-to-
median correlation. Each fractioned AEOM in the ten sites had a significantly different
chemical composition and structure that resulted in AEOM optical indicators not being
good surrogates for [Cu]/[DOC] ratios.
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The correlations of [Cu]/[DOC] ratios with optical characteristics for total and indi-
vidual site combined size-fractioned AEOM solutions are listed in Table 5. For total AEOM
solutions, the optical indicators SUVA»s4, FI, and BIX had a significant correlation with
the [Cu]/[DOC] ratios (p < 0.001). The indicators also had a significant correlation with
the [Cu]/[DOC] ratio for most of the sites. Some indicators in an individual site did not
show significant correlation with the [Cu]/[DOC] ratio, and the correlation tendency was
the same with the significant indicators. The SUVA;s4 had a positive correlation, but FI
and BIX had a negative correlation with the [Cu]/[DOC] ratios. The SUVAs54 value is a
surrogate of aromaticity. The high FI value is attributed to the low terrestrial source, and
the high BIX value indicates high autochthonous sources. The correlation suggested that
the [Cu]/[DOC] ratios were enhanced by high aromaticity. However, the high content
of autochthonous source and low terrestrial source of AEOM decreased the Cu binding
affinity with AEOM solutions.

Table 5. The correlations of [Cu]/[DOC] ratios with optical characteristics for total and individual
site combined size-fractioned AEOM solutions.

Site SUVAjs54 FI BIX
S-1 0.57 * —0.67 *** —0.61 **
S-2 0.39 —0.63 ** —-0.57 *
S-3 0.37 —0.65 ** —0.46
S-4 0.83 *** —0.48* —0.50 *
S5 0.28 —0.64 ** —0.77 ***
S-6 0.87 *** —0.65 ** —0.34
S-7 0.77 *** —0.59 * —0.47
S8 0.83 *** —0.78 *** —0.69 ***
S-9 0.92 *** -0.47 —0.88 ***
5-10 0.88 *** —0.82 *** —0.74 ***

Total 0.26 *** —0.30 *** —0.27 ***

* indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001.

In each site, the soil organic substances have experienced the same biological and
geochemical processes in the field that each fractioned AEOM had developed, with similar
chemical composition and structure. Consequently, the [Cu]/[DOC] ratios significantly
correlated with the selected optical characteristics in each site. The relationships suggested
that the chemical properties of soil organic substances were an important factor that affected
the [Cu]/[DOC] ratios. It is noteworthy to see that the dominant factors were different in each
site. For example, in site S-5, the average [Cu]/[DOC] ratios were 112.8 and 6.8 pmol g-C’1
for fractioned M-B and M-E solutions, respectively, with a 16-fold variation. The optical
indicators FI and BIX had a significant correlation with the [Cu]/[DOC] ratios. This suggested
that the AEOM chemical composition was the dominant factor. In site S-4, the [Cu]/[DOC]
ratios were 18.3 and 10.6 umol g—C’l for fractioned M-B and M-E, respectively, with a 2-fold
variation. The SUVAjs4 indicator had a significant correlation with the [Cu]/[DOC] ratio.
The AEOM aromaticity was the dominant factor for the [Cu]/[DOC] ratios in site S-4. In
a different site, the [Cu]/[DOC] ratios were varied; however, the [Cu]/[DOC] ratios had
a strong correlation with the selected optical indicators. This study demonstrated that the
indicators were good surrogates to represent Cu-AEOM binding affinity. However, the
relationship was limited in some conditions, such as the soil organic matter experiencing the
same geochemical and biological processes.

In the aqueous solution and soil solutions we studied the correlation between the
[Cu]/[DOC] ratio and the optical indicators. The [Cu]/[DOC] ratios in soil leachate and
water-extracted soil organic matter had a significant positive correlation with SUVAs4 [10,11].
In natural water DOM, [Cu]/[DOC] ratios correlated significantly positively with the SUVAs5,4
values. However, in river water DOM impacted by the WTP effluent [32] and anthropogenic
input [29], the [Cu]/[DOC] ratios did not show significant correlations with SUVAys4.
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4. Conclusions

The size-fractioned soil AEOM analyzed with the spectral methodology allowed un-
derstanding of the different chemical structure and composition of AEOM. The Cu and OC
were not evenly distributed in the fractioned AEOM, in which molecular weights between 3
and 100 kDa were significantly higher than in other molecular weight AEOM. Optical char-
acteristics showed that size-fractioned M-B had a high aromaticity and terrestrial resources,
but fewer autochthonous sources. However, low molecular weight AEOM (<1 kDa) had
optical characteristics in contrast to high molecular weight AEOM. The binding affinity be-
tween size-fractioned Cu and AEOM demonstrated that M-B had the highest [Cu]/[DOC]
ratios but M-E had the lowest [Cu]/[DOC] ratio. The [Cu]/[DOC] ratio had a significant
correlation with SUVAjsy4, FI, and BIX that suggested Cu and AEOM binding affinity pos-
itively affected the aromaticity and the content of terrestrial and autochthonous sources.
The optical indices distinguished the chemical composition and structure of size-fractioned
AEOM and investigated the binding affinity of Cu-AEOM.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/agronomy12071689/s1, Table S1: The optical indicators and fluorescence
intensities for bulk and size-fractioned AEOM at each site.
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