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Abstract This work investigated the effect of soil aqui-
fer treatment (SAT) operation on the fluorescence char-
acteristics of dissolved organic matter (DOM) fractions in
soils through laboratory-scale soil columns with a 2-year
operation. The resin adsorption technique (with XAD-
8 and XAD-4 resins) was employed to characterize the
dissolved organic matter in soils into five fractions, i.e.,
hydrophobic acid (HPO-A), hydrophobic neutral (HPO-
N), transphilic acid (TPI-A), transphilic neutral (TPI-N),
and hydrophilic fraction (HPI). The synchronous fluores-
cence spectra revealed the presence of soluble microbial
byproduct- and humic acid-like components and polycy-
clic aromatic compounds in DOM in soils, and SAT
operation resulted in the enrichment of these fluorescent
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materials in all DOM fractions in the surface soil (0—
12.5 cm). More importantly, the quantitative method of
fluorescence regional integration was used in the analysis
of excitation—emission matrix (EEM) spectra of DOM
fractions in soils. The cumulative EEM volume (27, ,,)
results showed that SAT operation led to the enrichment of
more fluorescent components in HPO-A and TPI-A, as
well as the dominance of less fluorescent components in
HPO-N, TPI-N, and HPI in the bottom soil (75-150 cm).
Total @7, , values, which were calculated as @7, x DOC,
suggested an accumulation of fluorescent organic matter
in the upper 75 cm of soil as a consequence of SAT
operation. The distribution of volumetric fluorescence
among five regions (i.e., P; ,) results revealed that SAT
caused the increased content of humic-like fluorophores
as well as the decreased content of protein-like fluoro-
phores in both HPO-A and TPI-A in soils.

Keywords Soil aquifer treatment - Dissolved organic
matter - Fluorescence spectroscopy - Soil -
Fractionation

Abbreviations
CEC Cation exchange capacity
CS1 The soil at depths of 0-12.5 cm in the soil

columns

CS2 The soil at depths of 12.5-25 cm in the soil
columns

CS3 The soil at depths of 25-50 cm in the soil
columns
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CS4 The soil at depths of 50—75 cm in the soil

columns

CS5 The soil at depths of 75—-100 cm in the soil
columns

CS6 The soil at depths of 100—125 cm in the soil
columns

CS7 The soil at depths of 125-150 cm in the soil
columns

DOC Dissolved organic carbon

DOM Dissolved organic matter

EC Electrical conductivity

EEM Excitation-emission matrix

Em Emission wavelength

Ex Excitation wavelength

FRI Fluorescence regional integration

HPI Hydrophilic fraction

HPO-A Hydrophobic acid

HPO-N Hydrophobic neutral

(N The original homogenized soil used to pack
the soil columns

SAT Soil aquifer treatment

SMP Soluble microbial byproduct

SOC Soil organic carbon

TPI-A  Transphilic acid

TPI-N  Transphilic neutral

D, Normalized region-specific EEM volume

bDr, Cumulative EEM volume

P;, Percent fluorescence response

Introduction

Soil aquifer treatment (SAT) represents a wastewater
reclamation technology that can renovate wastewater
effluent to drinking water levels, and hence can be an
important component in an indirect potable reuse sys-
tem (Amy and Drewes 2007). Organic matter is a
major water quality issue during SAT, as organic carbon
present in recovered groundwater can negatively inter-
fere with subsequent treatment operations contributing
to disinfection by-product formation, membrane foul-
ing, or biological regrowth in distribution systems
(Rauch and Drewes 2005). Organic matter present in
wastewater effluent is removed by a combination of
biological, chemical, and physical process in the vadose
zone and subsequently in the aquifer (Quanrud et al.
1996). The majority of organic matter reduction was
attained within meters of the surface soil (Quanrud et
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al. 1996; Westerhoft and Pinney 2000; Quanrud et al.
2003; Xue et al. 2009).

Dissolved organic matter (DOM) in soils is known
to play various ecological roles, because DOM is the
link between the geosphere and the hydrosphere, as
well as the link between the biosphere and the non-
biosphere (Akagi et al. 2007). Therefore, this most
labile and reactive fraction of the multi-component
soil organic matter pool, even though it typically con-
stitutes less than 1 % of total organic matter (Ohno et
al. 2007), may most rapidly reflect changes in the
condition of a soil (Akagi et al. 2007). Although a
number of studies in the past reported the fate and
transport of DOM present in infiltrated water during
SAT, the effect of SAT on organic matter in soils has so
far received much less attention. Fox et al. (2005)
found that the accumulation of organic matter in the
top 8 cm of soil was <20 % of the total organic matter
applied to the columns and soils at depths greater than
8 cm had total organic matter levels less than the
original soils before soil aquifer treatment, through
column and field studies. Quanrud et al. (1996) ob-
served no increase in soil organic carbon (SOC) oc-
curred below a depth of 8 cm in laboratory-scale soil
columns after 11 months of SAT operation. However,
the effect of SAT on DOM in soils remains unclear.

DOM consists of a continuum of macroscopic par-
ticles, biotic and abiotic colloids, dissolved macromo-
lecules, and specific compounds (Barber et al. 2001).
Owing to the important role played by DOM in mo-
bility and fate of plant nutrients, regulation, and envi-
ronmental contaminants, it is particularly useful to
better characterize them (Chen et al. 2003a). Among
analytical characterization methods, fluorescence
spectroscopy appears to be most useful because of its
ability to provide information on the chemical proper-
ties of the fluorescing fraction of organic matter cou-
pled with its high sensitivity that allows analysis at
low native DOM concentrations (Leenheer and Croué
2003). Fluorescence characteristics are selective for
changing chemical components based on the closely
spaced molecular energy levels unique to each com-
ponent’s chemical structure and its concentration in
solution (Boehme et al. 2004). This sensitivity enables
the characterization of structural changes as the chem-
ical environment changes, as well as the interaction of
the fluorophore with its surrounding components
(Ohno et al. 2007). Various fluorescence spectroscopy
techniques have been used to characterize DOM,
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including emission, excitation—emission matrix
(EEM), and synchronous scan excitation techniques
(Chen et al. 2003b).

EEM fluorescence spectroscopy is well suited to
analyze a mixture of fluorophores of unknown spectral
properties, utilizing multiple excitation and emission
wavelengths with intensity to examine total luminescence
characteristics (Boechme et al. 2004). Fluorescence re-
gional integration (FRI), a quantitative technique that
integrates the volume beneath an EEM, was proposed
by Chen et al. (2003b) to quantify multiple broad-shaped
EEM peaks. EEM spectra were divided in five excitation—
emission regions using consistent excitation and emission
wavelength boundaries, and the quantitative analysis in-
cluded the integration of the volume beneath each region,
which represents the cumulative fluorescence response of
DOM with similar properties (Chen et al. 2003b). The
FRI technique is used to analyze quantitatively all the
wavelength-dependent fluorescence intensity data from
EEM spectra (Marhuenda-Egea et al. 2007).

Synchronous fluorescence spectroscopy offers a
potentiality to reduce overlapping interferences and a
possibility for each fluorescent component to be iden-
tified in a specific spectral range (Peuravuori et al.
2002). Synchronous scan excitation spectra are
obtained by measuring the fluorescence intensity
while simultaneously scanning over both the excita-
tion and emission wavelengths while keeping a con-
stant wavelength interval AA between them (Chen et
al. 2003a; Sierra et al. 2005).

The main purpose of this study was to reveal
changes in the fluorescence characteristics of soil
DOM in SAT systems through laboratory-scale soil
columns with a 2-year operation. Due to its hetero-
geneity, the structural and functional characterization
of DOM is extremely challenging. The fractionation
of the bulk DOM into some well-defined subcompo-
nents has been reported to offer advantages in
characterizing DOM and providing improved under-
standing of the structural and functional properties of
DOM. In this study, DOM, which was extracted
from the original soil used to pack the soil columns
and from soils at different depths in the soil columns
after a 2-year SAT operation, was subjected to DOM
fractionation procedure. The DOM fractionation
method used in this study is based on methods
following Aiken et al. (1992) and Chow et al.
(2006). Accordingly, DOM was separated into five
fractions which are operationally defined as:

hydrophobic acid (HPO-A) reversibly adsorbed onto
XAD-8 resin at pH 2 and dissolved during back
elution of XAD-8 resin with 0.1 mol/L. NaOH, hy-
drophobic neutral (HPO-N) reversibly adsorbed onto
XAD-8 resin at pH 2 and not dissolved during back
elution of XAD-8 resin with 0.1 mol/L NaOH, trans-
philic acid (TPI-A) reversibly adsorbed onto XAD-4
resin at pH 2 and dissolved during back elution of
XAD-4 resin with 0.1 mol/L NaOH, transphilic neu-
tral (TPI-N) reversibly adsorbed onto XAD-4 resin
at pH 2 and not dissolved during back elution of
XAD-4 resin with 0.1 mol/L NaOH, and hydrophilic
fraction (HPI) that passes through both XAD-8 and
XAD-4 resins. And then the EEM and synchronous
scan excitation techniques, as well as the FRI anal-
ysis were employed to examine the fluorescence
properties of DOM fractions. The results of this
study may be important for the operation of SAT
systems and groundwater resources management.
During SAT, sorption to soils followed by microbial
degradation is the most important removal mecha-
nisms for organics present in infiltrated waters.
Especially for those relatively resistant to biodegra-
dation, sorption is most likely a limiting step for
their removal during SAT, as attachment to soil
surfaces may increase their availability for bacteria
(Juhna et al. 2003). DOM in soils has a strong
influence on these reactions and processes during
SAT. Besides its function as substrate for microor-
ganisms, it is well known that solubility and trans-
port of organic contaminants as well as heavy metals
through soils are linked to DOM properties. Also, a
large number of important soil properties and func-
tions are directly linked to the amount and quality of
DOM (Embacher et al. 2007). Furthermore, DOM in
soils forms a potential source of organic matter for
infiltrated waters, which reacts with chlorine to form
carcinogenic disinfection by-products during chlori-
nation for reuses (Westerhoff and Pinney 2000).
These in turn play a significant role in the perfor-
mance of SAT systems and water quality of SAT
product waters. Hence, a better understanding of the
structural and functional properties of DOM in soils
resulted from the DOM fractionation technique and
fluorescence spectroscopy in this study may greatly
improve our understanding of the underlying mech-
anisms responsible for the complexation, reduction,
and mobilization or immobilization of heavy metals
and toxic organic contaminants with DOM (Chen et
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al. 2003a). This may improve our predictive capa-
bilities of the behavior of DOM and environmental
pollutants in SAT systems, and, in turn, may facili-
tate the pretreatment and posttreatment choices as
well as water quality control for SAT systems.

Materials and methods
Soil sampling and characterization

In order to study changes of DOM in soils during SAT, a
laboratory-scale SAT system which consisted of three
soil columns was developed and operated for a period of
2 years. The operation of the SAT system and character-
istics of SAT-applied wastewater effluents were de-
scribed in detail in Xue et al. (2007). After operation
of this system was terminated, soil was obtained from
the columns and divided into seven subsamples (CS1—
CS7) of 12.5/25 cm increments. The sample of the
original homogenized soil (OS) used to pack the col-
umns was also analyzed to determine the effects of SAT.
Soil samples were air-dried, manually ground, and
sieved to <2 mm before analysis. Soil pH and electrical
conductivity (EC) were measured on a 1:1 soil/water
mixture, according to US Environmental Protection
Agency (EPA) Methods 9045C and 9050, respectively.
Soil cation exchange capacity (CEC) was determined
according to EPA method 9081. SOC was measured by
K,Cr,0O7 digestion (Method of Soil Analysis, 1989).
Chemical characteristics of these soil samples are shown
in Table 1.

Table 1 Chemical characteristics of soil samples used in this

study
Soil  Depth pH EC CEC SOC
(cm) (uS/em)  (cmol/kg)  (mg/g)

(6N - 82 1915 7.3 29.3
CS1 0-125 72 955 8.9 36.7
CS2  12.5-25 6.7 1,000 13.1 26.9
CS3 25-50 7.1 990 6.9 25.5
CSs4 50-75 6.9 952 9.2 26.2
CS5 75-100 7.0 1,072 7.8 254
CS6 100-125 6.8 1,390 104 25.1
CSs7 125-150 69 1,133 11.6 252
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DOM extraction

One hundred grams of dry soil were mixed with
1,000 ml of ultra-pure water (Milli-Q) in a 2-L glass
container to prepare a 1:10 (w/v) extraction. The soil
suspension was stirred for 2 h at about 20 °C.
Afterwards, the suspension was transferred to a glass
centrifuge tube and centrifuged at 250xg relative cen-
trifugal force for 20 min. The supernatant was with-
drawn and filtered using 0.45-pum cellulose nitrate
membrane filter on a vacuum system. The water
extracts were stored in a freezer until further analyses.

DOM fractionation

DOM fractionation was performed in duplicate for
each sample. The steps were as follows: (1) acidify
0.45-um filter-filtered water extracts to pH 2 with
6 mol/L HCI, pass the acidified sample through two
columns in series containing XAD-8 and XAD-4 res-
ins using a peristaltic pump with Tygon tubing at a
flow rate of about 1 mL/min, then rinse the columns
with 1 bed volumes of 0.01 mol/L HCI. HPI is the
carbon in the XAD-4 effluent; (2) elute each column
separately in the reverse direction with 3 bed volumes
of 0.1 mol/L NaOH, followed by 3 bed volumes of
Milli-Q water, at a flow rate not exceeding 0.5 mL/min.
The eluate from XAD-8 is defined as HPO-A and the
eluate from XAD-4 is defined as TPI-A. Both HPO-A
and TPI-A were desalted using cation exchange resin;
and (3) elute each column separately with 3 bed vol-
umes of 75 % acetonitrile/25 % Milli-Q water solution
at a flow rate of about 1 mL/min. The eluates from
XAD-8 and from XAD-4 are defined as HPO-N and
TPI-N, respectively. Acetonitrile was subsequently re-
moved using rotary-evaporation.

Analysis

Dissolved organic carbon (DOC) concentration for
DOM fractions was analyzed using a Shimadzu
TOC-5000 Total Organic Carbon Analyzer with
auto-sampler.

Fluorescence spectra were obtained with a JASCO
FP-6500 spectrofluorometer. The spectrofluorometer
used a Xenon excitation source, and slits were set to
5 nm for both excitation and emission. Filtered water
extracts were diluted to 1 mg/L of DOC with
0.01 mol/L KCl, and acidified to pH 3 with HCI to
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minimize complexation of metals with DOC (Drewes
et al. 2006). The emission wavelength (Em) range was
fixed from 290 to 550 nm (1-nm intervals), whereas
the excitation wavelength (Ex) was increased from
220 to 400 nm (5-nm intervals). Scan speed was set
at 1,000 nm/min, generating an EEM in about 15 min.
Synchronous scan excitation spectra were recorded
with the excitation monochromator scanned from
260 to 550 nm and AA=60 nm. The wavelength step
size was | nm. Blank sample (0.01 mol/L KCl at pH 3)
fluorescence was subtracted form all spectra.
Statistical analyses were conducted using SPSS
version 13.0 (SPSS Inc., Chicago, IL, USA), with p
<0.05 used as the criterion for statistical significance.

Results and discussion
FRI parameters

EEM spectra for DOM fractions extracted from the orig-
inal soil used to pack the soil columns and from soils at
different depths in the soil columns after a 2-year SAT
operation are shown in Fig. 1. To analyze quantitatively
EEM spectra, EEM spectra were divided into five regions
using consistent excitation and emission wavelength
boundaries (Fig. 1). The five regions were as follows:
regions I (Ex 220-250 nm—Em 290-330 nm) and II (Ex
220-250 nm—Em 330-380 nm) recognized as belonging
to aromatic protein-like fluorescence; region III (Ex 220—
250 nm—Em 380-550 nm) associated with fulvic acid-
like fluorescence; region IV (Ex 250-400 nm—Em 290-
380 nm) related to soluble microbial byproduct-like
(SMP-like) florescence; and regionV (Ex 250-400 nm-—
Em 380-550 nm) assigned to humic acid-like fluores-
cence (Chen et al. 2003b; Marhuenda-Egea et al. 2007).

The quantitative analysis of EEMs was conducted
following the FRI technique proposed by Chen et al.
(2003b), which integrate the volume beneath EEM
spectra. According to Chen et al. (2003b), normalized
region-specific EEM volume (&; ,), cumulative EEM
volume (P7, ,), and percent fluorescence response (P;, ,,)
were calculated as follows:

b; , = MF;di (1)

@T,n = Zéi,n (2)

Pi,n:‘pi,n/ér_nX100% (3)

Where @; is the volume beneath region “7” of the
EEM and MF, is the multiplication factor for each
region, which was equal to the inverse of the fractional
projected excitation—emission area (Table 2).

In this study, the blank-subtraction procedure, i.c.,
subtracting the EEM of Milli-Q water blank from that
of the water sample, was used to eliminate the Raman
scattering interference. However, this procedure was
unable to completely eliminated Rayleigh scattering,
which can be problematic when analyzing water sam-
ples with low-colored dissolved organic matter con-
centrations (Zepp et al. 2004). To eliminate the
Rayleigh scattering interference, the intensity values
at points where the emission wavelength was the same
as or twice the excitation wavelength, as well as those
adjacent to them (£10 nm emission wavelength at the
same excitation wavelength), were excised from the
scan data and the excised values were replaced with
zero (Xiao et al. 2010). In addition, this procedure was
also applied to the data points in EEMs with an emis-
sion wavelength < the excitation wavelength or >
twice the excitation wavelength. All data points whose
value had been replaced with zero were excluded
when counting the number of EEM data points per
region and subsequently calculating projected excita-
tion—emission area and MF, (Table 2).

FRI analysis of DOM fractions in soils in SAT

The &, ,~Pv, ,, and Py, , values for HPO-A, HPO-N,
TPI-A, TPI-N, and HPI in the pre-SAT soil and seven
post-SAT soil layer samples were present in Fig. 2. All
&b, , and Py, values shown in Fig. 2 were normalized
to a DOC concentration of 1 mg/L for comparison of
EEMs of these DOM fractions. For each DOM frac-
tion, @; , was significantly different (»p<0.05) among
these five fluorescence regions. Also, the ®; , for each
region, as well as @7 ,, was different (»p<0.05) among
DOM fractions. The increase in @7 , value is an
indication for the enrichment of more fluorescent com-
ponents in soil DOM fractions as a result of SAT
operation. Such increase was observed for both
HPO-A and TPI-A, showing an increase of 6—173 %
and 6-218 % for all soil samples obtained from the
laboratory-scale SAT columns (CS1-CS7) relative to
the original soil before SAT (OS), respectively. In
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Fig. 1 EEM spectra for DOM fractions extracted from soil
samples. OS represents the original soil used to pack the col-
umns. CS1, CS2, CS3, CS4, CS5, CS6, and CS7 indicate the soil
layer of 0-12.5, 12.5-25, 25-50, 50-75, 75-100, 100-125, and
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125-150 cm in the soil-column system, respectively. HPO-A,
HPO-N, TPI-A, TPI-N, and HPI are abbreviations of hydropho-
bic acid, hydrophobic neutral, transphilic acid, transphilic neu-
tral and hydrophilic fraction, respectively
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Table 2 FRI parameters for operationally defined EEM regions

EEM No. of EEM  Projected Fractional ~MF;
region data points excitation—  projected

per region emission area per

N) area (nm®)  region
I 287 1,435 0.039 25.64
I 350 1,750 0.048 20.83
I 553 2,765 0.075 13.33
v 1,310 6,550 0.179 5.59
A% 4,839 24,195 0.659 1.52
Summation 7,339 36,695 1.000 —

addition, TPI-N and HPI in CS1-CS4 also showed an
increase in Pz , value. These increases were signifi-
cant (p<0.05). On the other hand, the decrease in &7,
value may indicate the dominance of less fluorescent
components in soil DOM fractions resulted from in-
filtration of wastewater effluents in SAT. Such de-
crease was seen for HPO-N, TPI-N, and HPI in
CS5-CS7 (p<0.05). As for HPO-N in CS1-CS4, @1
, values were close to that for the OS HPO-N. The
changes in @7 ,, value for soil DOM fractions in SAT
might be attributed to biomass formation and organics
absorption onto the soils resulted from SAT-applied
wastewater effluents, as well as to dissolution of orig-
inal soil organic matter (SOM), which enters the infil-
trated waters.

As shown in Fig. 2, the &; , behavior was distinct
and different for these five fractions. HPO-A in CS1—
CS7 showed significantly higher values for @; ,—®y ,
than that in OS (p<0.05), with the exception of @; ,,
Dy n, and @y, in CSS and CS6. On the contrary, only
&; , in CS1-CS4 HPO-N was higher than the
corresponding value in OS HPO-N (p<0.05). Except
for &;; , and &y, , in CSS5, &4 ,~Py; , values for TPI-
A in CS1-CS7 were significantly higher in compari-
son with that in OS (p<0.05). For TPI-N, @;; n in
CS1-CS6 had higher values whereas @y ,, in CS2—
CS7 had lower values, as compared to that in OS (p<
0.05). @;; ,~Pp; , for HPI in CS1-CS4 increased in
values relative to that for OS HPI, while &; , and ¢;; ,,
for CS5—-CS7 HPI behaved contrarily (p<0.05).

For OS, the highest cuamulative EEM volume in OS
(@7 ,=9.0x 108 AUnm?L/mg) was observed in HPO-
N, followed by TPI-N (&7 ,=6.0x 107 AUnm’L/mg).
In comparison, @ , values for HPO-A, TPI-A, and
HPI were significantly lower (p<0.05), at 2.8x108,

E— HPO-A 2224 HPO-N XX TPI-A ] TPI-N [XXX] HPI
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Fig.2 &, ,(a), Py, (b), Ppyy, 1 (€), Pry; (), Py, (€), and Pr ,
(f) values for DOM fractions extracted from soil samples. OS
represents the original soil used to pack the columns. CS/,
CS2, CS3, CS4, CS5, CS6, and CS7 indicate the soil layer of
0-12.5, 12.5-25, 25-50, 50-75, 75-100, 100-125, and 125-
150 cm in the soil-column system, respectively. HPO-A4,
HPO-N, TPI-4, TPI-N, and HPI are abbreviations of hydro-
phobic acid, hydrophobic neutral, transphilic acid, transphilic
neutral and hydrophilic fraction, respectively. ¢, , represents
normalized region-specific EEM volume, which is obtained
by normalizing the volume beneath region “i” of the EEM to
the fractional projected excitation—emission area. ¢z , indi-
cates cumulative EEM volume, which is equal to the sum of
@I, nf@V, n

1.9x108, and 2.0x108 AUnm”L/mg, respectively.
The results suggested that HPO-N and TPI-N were
remarkably more fluorescent than the other three frac-
tions in OS. Interestingly, @7 , values for DOM frac-
tions in CS1-CS7 could be ranked as follows: HPO-N
and TPI-N > HPO-A > TPI-A and HPI (p<0.05). For
all DOM fractions, the &; ,—~®y, , and @7 , values in
CS1-CS3 were higher than the corresponding values
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in CS5-CS7, with the exception of &y, ,, for CS7 HPO-
N, &; , for CS6 TPI-A, and &, , for CS6 TPI-N,
indicating that the upper soils were enriched in more
fluorescent DOM. The DOM in top soil of 0-12.5 cm
was characterized by highly efficient SMP-like fluo-
rophores, as the highest ®IV, n value for these five
fractions in all soil samples occurred in CSI.
Additionally, HPO-N and TPI-N in each soil sample
exhibited significantly higher ¢; ,, @, ,, and @, ,
values than the other three fractions (p<0.05), which
implied that neutral fractions (i.e., HPO-N and TPI-N)
in soils contained more protein-like fluorescent
materials.

The distribution of volumetric fluorescence among
five regions (i.e., P; ,) was presented in Fig. 3. Both
HPO-A and TPI-A in all soil samples used in this
study exhibited a common general relationship with
respect to P; ,: Pyp > Py > Py w> Py > Pr oy,
with the exception of HPO-A in OS, in which Py ,
showed the second highest value. In each sol sample,
P; , values for combined regions III and V were
higher than that for combined regions I, II, and IV,
indicating the dominance of humic-like fluorophores
over protein-like fluorophores in these two fractions. A
2-year SAT operation seemed to cause increases in
content of humic-like fluorophores as well as decreases

Fig. 3 Distribution of volu- = Region |  mmm Region n = Region n — Region v mm Region v
metric fluorescence among 100%
five regions in HPO-A (a), (a) 111412@_ Jmﬂ J%%J hzwﬂ J\Z\O\ﬁ 28% 28%
HPO-N (b), TPL-A (c), TPI- 750 [12% ] L U(L/ ‘9‘07 111 \ I
N (d), and HPI (e) extracted 40% — 2 vt - 9% 77%7
from soil samples. OS rep- = 50%- 6% 39% 42% 9% 45%) 46%
resents the original soil used o
to pack the columns. CS1, ~ 25% - 4% 0%
€S2, CS3, CS4, CS3, CS6, - — 196; 17% 5 13%
;md CSf7 indicate the soil 100% TN v AN -“4615//2& _M;Z/ZLL _MgZ/ZLL 110%]
ayer of 0-12.5, 12.5-25, (b) 15% 16% 15% 14% 21% 19% p
25-50, 50-75, 75-100 75% 4 = 15%
) , ) o 209% 16%
100-125, and 125-150 cm Sea % 23% 28%
in the soil-column system, = 50%- 6% 26%
respectively. HPO, TPI, and & o 337 357 359
HPI are abbreviations of 259% 329 36%
hydrophobic acid and neu- 18% "
tral fraction, transphilic acid 100% 2 12%
and neutral fraction, and (c ik R il I i
hydrophilic fraction, respec- 75% A 7 HH ‘1‘416171 2% 17% 3%
tively. P; , indicates the Ve %) © < o7
' 39 Va5 40% o
percent fluorescence re- = 50%- 43% y
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in content of protein-like fluorophores in both HPO-A
and TPI-A in soils, as the sum of P;; ,+P), , increased
whereas that of P; ,+Py ,+Py , decreased in CS1—
CS7 relative to OS. These increases as well as decreases
were significant (»p<0.05). Aromatic protein-like fluo-
rophores were the predominant fluorescent materials in
both HPO-N and TPI-N in all soil samples, as indicated
by the significantly higher P; , values for combined
regions I and II in comparison with Py ,, Py ., and
Py, (p<0.05). Protein-like fluorophores, in stead of
humic-like fluorophores, contributed more to the fluo-
rescence in both HPO-N and TPI-N in each soil sample,
and this was in contrary to the fluorescence results of
HPO-A and TPI-A. As for HPI, however, there was not
a general relationship with respect to P; ,, observed.

DOC and total fluorescence of DOM fractions in soils
in SAT

Based on the DOC concentration for DOM fractions
extracted from soil samples used in this study shown
in Fig. 4a, it could be stated that SAT operation
resulted in the significantly increased amount of
HPO-N, TPI-N, and HPI, as well as the significantly
decreased amount of HPO-A and TPI-A in soils (p<
0.05). Additionally, the highest DOC concentration for
HPO-N, TPI-N, and HPI was observed to occur in
CS1. Fox et al. (2005) reported an accumulation of

Fig. 4 DOC (a) and total

biomass and associated organic matter in the surface
soil in SAT. Thus, it was concluded that the accumu-
lation of organics in the surface soil was mainly at-
tributed to enrichment of HPO-N, TPI-N, and HPI
resulted from infiltration of wastewater effluent in
SAT.

Total @7 ,, values for DOM fractions in OS and
CS1-CS7 shown in Fig. 4b, which was calculated as
&7 , (DOC-normalized cumulative EEM volume in
Fig. 2)xDOC, representing the amount of fluorescent
materials in these fractions. HPO-A, HPO-N, TPI-A,
TPI-N, and HPI in OS had a total @7 , value of 1.4%
10°, 1.5x10% 6.8x10°, 6.9x10% and 3.8x10°AU
nm?, respectively. After a 2-year SAT operation, total
&7, values for these five fractions in CS1 increased
by 42, 100, 116, 249, and 297 %, respectively. By
comparison of both DOC-normalized ¢, , and DOC
for DOM fractions in OS and CS1, it was suggested
that the remarkable increased total &7 , values for
HPO-A and TPI-A in CS1 was primarily attributed
to the increase in DOC-normalized @7 ,, which rep-
resented the efficiency of fluorophores, while that for
HPO-N, TPI-N, and HPI in CS1 was mainly due to the
increase in DOC concentration. Although HPO-A,
HPO-N, TPI-A, TPI-N, and HPI in CS2-CS4
exhibited increases of 17-67, 11-36, 46-82, 65-115,
and 170-356 % in total &7 , relative to those in OS,
the total @7 , values for each fraction in CS5-CS7
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were significantly lower than those in CS1-CS4 (p<
0.05), suggesting an accumulation of fluorescent or-
ganic matter in the upper 75 cm of soil as a conse-
quence of SAT operation.

As shown in Fig. 5a, HPO-A was found to be the
most abundant fraction in OS, constituting 37 % of the
DOC. TPI-A was the second most dominant fraction,
accounting for 27 %. These two fractions collectively
accounted for more than 64 % of their DOM as DOC.
Thus, DOM in OS is primarily acidic. On the other
hand, HPO-N, TPI-N, and HPI in this soil sample
were found in minority, with a percentage of 13, 9,
and 14 %, respectively. After a 2-year SAT operation,
the post-SAT soil increased in the relative contents of
HPO-N, TPI-N, and HPI and decreased in the relative
contents of HPO-A and TPI-A as compared with the
pre-SAT soil, as indicated by the percentages of 20—
27, 16-21, 16-25, 11-17, and 22-17 % made up by
HPO-A, HPO-N, TPI-A, TPI-N, and HPI in CS1-
CS7, respectively. These increases in the relative con-
tents of HPO-N, TPI-N, and HPI, as well as decreases
in the relative contents of HPO-A and TPI-A were
significant (p<0.05).

HPO-N was the major contributor to the total fluo-
rescence in OS (33 %), while HPO-A was the second
(29 %; Fig. 5b). TPI-A, TPI-N, and HPI were relative-
ly minor, contributing 15, 15, and 8 % of the total
fluorescence in this soil sample, respectively. For CS1,

Fig. 5 Distribution of DOC

HPO-N, and TPI-N accounted for 30 and 24 % of the
total fluorescence, respectively; the percentages of the
total fluorescence in CS1 corresponding to HPO-A,
TPI-A, and HPI were comparable at 17, 15, and 15 %,
respectively. The distribution of total fluorescence
among five DOM fractions in CS2—-CS7 was similar
to that in OS: HPO-A and HPO-N were the two major
fractions that contributed fluorescence, corresponding
to 23-36 % and 23-34 % of the total fluorescence; the
other three fractions were responsible for the remain-
ing 42-52 % of the total fluorescence and each
accounted for less than 20 %. It was noticed that the
percentages of DOC made up by HPO-N and TPI-N
were lower than the corresponding portions of the total
fluorescence in almost all soil samples, and this was
contrary to the results of TPI-A and HPI, suggesting
that HPO-N and TPI-N were more fluorescent and
TPI-A and HPI were less fluorescent than organics
(on average) that comprise DOC in soils.

Synchronous fluorescence spectra of DOM fractions
in soils in SAT

The synchronous fluorescence spectra generated for
DOM fractions extracted from eight soil samples were
presented in Fig. 6. Based on these maps, three main
synchronous fluorescence peaks, not necessarily
occurring in all spectra, were identified. Peak 1 at
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290-300 nm and peak 2 at 330-340 nm were located
in the shoulder ranges of SMP- and humic acid-like
fluorophores, respectively, as compared with EEM
spectra. Peak 3 at 395-415 nm might be indicative
of the presence of polycyclic aromatic structures like
flavone and coumarine (with Ex/Em of 400—420/460—
480 nm) (Zhang et al. 2008). Thus, the existence of

SMP- and humic acid-like components and polycyclic
aromatic compounds in SOM in SAT, which were
“hidden” in EEM spectra, was illustrated by synchro-
nous fluorescence spectra.

For each soil sample, HPO-N and TPI-N exhibited
significantly stronger peaks of 1 and 2 than the other three
fractions thus indicating higher content of fluorescent
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materials corresponding to peaks of 1 and 2 in these two
fractions (Fig. 6). On the other hand, the strongest peak
3 corresponded to HPO-A in all soil samples of CS1—
CS7. Moreover, the peak 3 of HPO-A was always red-
shifted relative with the other fractions, suggesting a
higher degree of polycondensation and humification of
fluorophores responsible for peak 3 in this fraction.

As shown in Fig. 6, each fraction in CS1 had an
increased intensity for peaks of 1-3 relative to that in
OS. In addition, it was also noticed that both peaks 1
and 2 in each fraction in CS1, with the exception of
peak 1 in TPI-N, exhibited higher intensity than those
in all the other soil samples. The results implied that
SAT operation resulted in the enrichment of fluores-
cent materials corresponding to these three synchro-
nous peaks in the surface soil (0—12.5 cm), which were
probably related to an accumulation of biomass and
associated organic matter (Fox et al. 2005).

Conclusions

The aim of this work was to investigate changes in the
fluorescence characteristics of soil DOM fractions
during SAT. The following conclusions are drawn on
the basis of the experimental results:

1 &7 , values for DOM fractions in all soil samples
could be ranked as follows: HPO-N and TPI-N >
HPO-A > TPI-A and HPIL. A 2-year SAT operation
resulted in the enrichment of more fluorescent com-
ponents in HPO-A and TPI-A in soils, as well as the
dominance of less fluorescent components in HPO-
N, TPI-N, and HPI in the bottom soil (75-150 cm).

2 The change trend of @, ,, was distinct and different
for DOM fractions along the soil profile in the soil
columns.

3 Total &7 , values for DOM fractions in soils sug-
gested an accumulation of fluorescent organic mat-
ter in the upper 75 cm of soil as a consequence of
SAT operation.

4 The synchronous fluorescence spectra revealed the
presence of SMP- and humic acid-like components
and polycyclic aromatic compounds in SOM in
SAT, and SAT operation led to the enrichment of
fluorescent materials corresponding to synchro-
nous peaks exhibiting fluorescence signals at
290-300, 330-340, and 395-415 in all DOM frac-
tions in the surface soil (0—12.5 cm).
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