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ABSTRACT: Humic substances (HS) are redox-active organic
compounds with a broad spectrum of molecular sizes and
reducing capacities, that is, number of electrons donated or
accepted. However, it is unknown which role the distribution of
redox-active functional groups in different molecule sizes plays
for HS redox reactions in varying pore sizes microenviron-
ments. We used dialysis experiments to separate bulk humic
acids (HA) into low molecular weight fractions (LMWF) and
retentate, for example, the remaining HA in the dialysis bag.
LMWF accounted for only 2% of the total organic carbon
content of the HA. However, their reducing capacities per gram
of carbon were up to 33 times greater than either those of the
bulk HA or the retentate. For a structural/mechanistic understanding of the high reducing capacity of the LMWF, we used
fluorescence spectroscopy. We found that the LWMF showed significant fluorescence intensities for quinone-like functional
groups, as indicated by the quinoid π−π* transition, that are probably responsible for the high reducing capacities. Therefore,
the small-sized HS fraction can play a major role for redox transformation of metals or pollutants trapped in soil micropores
(<2.5 nm diameter).

■ INTRODUCTION

Humic substances (HS) represent a main fraction of soil organic
matter and are responsible for many chemical reactions in soil.1

A variety of organic compounds (e.g., azo dyes, polyhalogenated
compounds and nitro-substituted aromatic compounds) and
inorganic pollutants (e.g., As(III), Fe(III), C(VI), and U(VI))
are located in soil micropores (<2.5 nm) which limits their
uptake by microbes and which is responsible for their
recalcitrance.2−6 The toxicity and mobility of many elements
and compounds associated with Fe(III) (oxyhydr)oxide
minerals (e.g., arsenic (As), phosphate, etc.) are directly affected
by electron transfer reactions between HS and the Fe(III)
minerals which can lead to reduction, transformation and dis-
solution of the Fe minerals.7−9 Many studies have provided
evidence that HS can be reduced both chemically and
microbially,9−11 and that reduced HS have a higher reducing
capacity than native ones.11 Through their redox activity, HS
influence biogeochemical processes in anoxic environments and
in particular the environmental behavior of metal oxides and
organic compounds.2−5

HS contain various types of functional groups and the reducing
capacities of HS depend on the number of redox-active functional
groups and their redox potentials.3,10,13 Amino compounds
participate in self-condensation reactions of quinones during the
formation progress of humus1,14 with quinone moieties
considered to be the most important electron-accepting groups
for the redox activity of HS.15 Fluorescence spectroscopy is

typically used to characterize and distinguish the fluorophore
structure of dissolved organic matter, including humic-like
fluorophores and protein-like fluorophores.16−20 Quinone
moieties are traditionally considered as the most important
redox-active functional groups in HS, and the fluorescent
structure changes of quinone-like compounds and hydro-
quinones compounds are able to account for the humic-like
redox fluorophore characteristics of HS20−22 before and after
reduction. Protein-like fluorophores consist of two different
structures that show fluorescence, that is, tyrosine-like and
tryptophan-like fluorophores.23,24 A recent study indicated that
absorption bands in the range of 250−300 nm and 330−400 nm
in quinone-like fluorophores are related to the quinonoid and
benzenoid π−π* transition.21 Reduced quinone fluorophores
have a higher intensity of the π−π* transition than native
quinone fluorophores in the visible region.21,25

Until recently, it was commonly assumed that HS are
polymeric complex molecules26 with molecular weights widely
ranging from a few hundred up to several million Daltons
(Da).1 However, new research on the molecular structures of
HS has shown that HS are supramolecular associations27−29 of
self-assembled, relatively small heterogeneous molecules linked
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through hydrogen bridges and hydrophobic bonds instead of
the previously assumed tight coiling in the polymer model. Low
molecular weight components in Suwannee River fulvic acids
(SRFA) have been characterized by using a novel membrane
dialysis method.30 This study confirmed that low molecular
weight components in the SRFA, present either individually or
in loosely bound assemblies, have a more aliphatic composition
relative to bulk SRFA solutions. Although the reactivity of the
low molecular weight fraction (LMWF) of HS is expected to be
relevant for many biogeochemical processes in the environ-
ment, in particular for access to the compounds present in soil
micropores, the reducing capacities of the LMWF of HS
compared to the bulk HS fraction are unknown.
To simulate the releasing process of the HS LMWF through

a soil environment with a variety of micro- and nanopores,
we carried out dialysis experiments in order to separate different
molecular weight fractions from the bulk HS. The appropriate
dialysis membrane pore sizes were chosen due to their relevance
for the soil pore sizes where it has been suggested that both
3500 Da molecules and 14 000 Da molecules, with a diameter of
1.25 and 2.5 nm respectively, could flow into and/or out of the
micropores.31 This study first aims to determine the reducing
capacities of the different molecular weight fractions of HA.
To this end, the LMWF was collected using both 3500 Da and
14 000 Da membrane dialysis and a selection of International
Humic Substances Society (IHSS) standard humic acids (HA),
that is, Pahokee Peat humic acids (PPHA), Elliott Soil humic
acids (ESHA), and Leonardite humic acids (LHA). The second
aim of the study was to characterize the redox-active functional
groups of the LMWF, the bulk HA and the retentate of HA,
using three-dimensional excitation−emission matrix (3DEEM)
fluorescence spectroscopy in order to examine the redox-active
functional groups distribution of the different molecular weight
fractions.

■ MATERIALS AND METHODS
Source and Preparation of HS. PPHA, ESHA, and LHA

were purchased from the IHSS. All HA samples were dissolved
in a phosphate buffer solution (PP buffer; 50 mM, pH 7) at a
concentration of 0.5 mg/mL. The total organic carbon (TOC)
contents of the HA samples were determined by TOC-Vcsn
analyzer (SHIMADZU).
Dialysis Experiments. MD34−3500 (pore size 1.25 nm)

and MD34−14 000 (pore size 2.5 nm) dialysis bags were chosen
to simulate the size of soil micropores.32 Dialysis bags (MD34−
3500, MD34−14 000) from MWCO Regenerate (VISKASE,
U.S.) were soaked in deionized water for 24 h before experi-
ments. The dialysis bags containing bulk HA were entirely
submerged in a 500 mL PP buffer and the whole device was
wrapped in aluminum foil to prevent photochemical reactions.
The stirring rate was set to 400 rpm. LMWF was released into
the PP buffer, and the retentate remained in the dialysis bags.
After 72 h, the retentates in the bags were collected. Samples of
LMWF were collected every 24 h.
Determination of the Redox Capacities of HA. HA

were chemically reduced by H2 in the presence of a Pd catalyst
(palladium-coated alumina pellets, 0.5% Pd, Merck) and the
redox capacities of native (nonreduced) and reduced HA
were determined as previously reported by Benz et al.33 and
Kappler et al.34

3DEEM. Fluorescence-active functional groups of HA were
characterized by the excitation/emission (Ex/Em) wavelengths
and fluorescence intensity.20 The fluorescence spectra of HA

were measured in a standard 10 mm quartz cell using a
spectrofluorometer (F7000) equipped with 1500 W Xe lamp
(Ushio Inc. Japan). 3DEEM were generated at 23 ± 2 °C and
at excitation (Ex) and emission (Em) slit intervals of 5.0 nm in
each band-pass. Bulk HA and retentate fluorescence spectra
were collected under an Ex range from 300 to 500 at 5 nm
intervals and an Em range from 400 to 600 at 5 nm intervals.
LMWF fluorescence spectra were collected under an Ex range
from 200 to 400 at 5 nm intervals and an Em range from 220 to
600 at 5 nm intervals. Ex and Em were then corrected using
the PP buffer sample 3DEEM. Intensities were normalized to
the area under the PP buffer to obtain relative fluorescence
intensities. All HA samples were diluted with a PP buffer to
avoid pH changes. The total organic carbon (TOC) contents of
all diluted solutions were determined by TOC-Vcsn analyzer
(SHIMADZU). 3DEEM of diluted bulk HA with the same
TOC content as the LMWF solution were compared to those
of the LMWF to exclude concentration effects.35

Control Experiments. Control experiments were carried
out using pure PP buffer (45 mL) instead of bulk HA solutions
in the dialysis bags. Dialysate from the dialysis bags was
collected every 24 h and analyzed to determine the potential
contribution of organic compounds released from the dialysis
bags (Figure S1). Dialysate and PP buffer retentate were then
reacted with ferricyanide to determine their reducing capacities
(Figure S2). The 3DEEM fluorescence spectra for the PP
buffer, PP buffer retentate and dialysate solution are shown in
Figure S3.

■ RESULTS AND DISCUSSION
Dialysis Process and Redox Properties of the LMWF

of HA. Dialysis experiments were conducted to separate the
different molecular weight fractions of PPHA, ESHA and LHA.
The TOC contents for the bulk HA, as well as for the LWMF
that was able to pass through pores with a diameter of 1.25 or
2.5 nm (e.g., MW < 3500 Da; MW < 14 000 Da), are listed in
Table 1. For all three HA samples, a positive linearity was found

for the TOC contents of the LMWF against the dialysis time
(Figure 1). The TOC for the different LMWF samples ranged
from 4.0 to 4.7 mg C/L. Both the 3500-LMWF and 14 000-
LMWF not only showed similar dialysis rates during the dialysis
process, but almost the same TOC content of 5 mg C/L at
the end of the dialysis process. Constant release rates for the
LMWF suggest a continuous disaggregation of the LMWF
clusters from the bulk HA. This is consistent with previous
studies showing that the molecules of the LMWF either link to
the retentate fraction as loosely bound structures30or link to
each other by hydrogen bonds and hydrophobic interactions.27

To investigate the contribution of the LMWF to the redox
properties of the entire HA bulk material, an Fe(III)-complex,
that is, ferricyanide, was chosen to react with native and reduced
LMWF to determine their reducing capacities, that is, the
number of electrons that can be transferred from the HS11,34 to

Table 1. TOC of bulk PPHA, ESHA, and LHA Solutions/
Suspensions and Percentage of Two Different Molecular
Weight Fractions (in % of the bulk HA TOC)

HA
samples

TOC of bulk HA
[mg C/L]

14 000-LMWF/
Bulk [%]

3500-LMWF/
Bulk [%]

PPHA 215.0 2.2 1.9
ESHA 196.4 2.2 2.1
LHA 229.3 1.8 1.8
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the Fe(III). For all HA samples, significant reducing capacities
were measured, i.e. high numbers of electrons transferred from
the reduced HA molecules to the Fe (III) complex (Figure 2).
This result is consistent with previous studies documenting the
redox activities of HS.3,9,11,12 Most importantly, we were able to
show here for the first time that the LMWF in particular exhibits
very large reducing capacities. The reducing capacities per liter
for bulk PPHA, HA 3500-retentate, and HA 14 000-retentate
(Figure 2A) were 0.3 mequiv/L, 0.3 mequiv/L, and 0.3 mequiv/L,
respectively. However, considering that the LMWF content
accounts for only 2% of the TOC content in the bulk HA
molecules, reducing capacities were normalized to the TOC of
the HA samples. It was found that the reducing capacities per
gram carbon of bulk PPHA, 3500-retentate, and 14 000-retentate
were 1.3 mequiv/g C, 1.8 mequiv/g C, and 1.7 mequiv/g C,
respectively (Figure 2B). In contrast, the reducing capacities
per gram carbon for PPHA 3500-LMWF and PPHA 14 000-
LMWF were much higher with values of 42.6 mequiv/g C and
16.8 mequiv/g C, respectively (Figure 2B). This shows that
the LMWF reducing capacities of PPHA were approximately
13−33 times higher than that of bulk PPHA and the retentate.
Figure 2D and 2F show that the reducing capacities per gram
carbon of ESHA and LHA in both the 3500-LMWF and 14 000-
LMWF were also far higher than that of the bulk HA and the

retentate, similar to PPHA. These results demonstrate that
LMWF of HA in particular has a significant reducing capacity,
implying that a large number of redox-active functional groups
exists in the LMWF, possibly of different types.
The electron accepting capacity is defined as the difference in

reducing capacities between reduced and native HA samples.
The electron accepting capacity of quinone moieties is
28 mequiv/g C when quinone moieties are reduced and then
turn into hydroquinones. The LMWF studied here were shown
to have significant electron accepting capacity values ranging
from 0.6 to 28.9 mequiv/g C relative to bulk HA with values
ranging from 0.9 to 2.5 mequiv/g C (Table 2). With an
assumption that quinone moieties are the only/main redox-active
functional groups in these HA and all of these quinone moieties
can be reduced, we can calculate that the quinone contents
(quinone C/g C) of 14000-LMWF (<2.5 nm diameter) range
from 27.1 to 103.1%. This is significantly higher than that
of bulk HA which ranges from 3.3 to 9.1%. However, it has to
be considered that this calculation slightly overestimates the
quinone content because there could also be other nonquinone
redox-active functional groups present, e.g. redox-active amide
groups or redox-active metal ions.36 Compared with native 3500-
LMWF, the reduced 3500-LMWF showed no obvious increase
in reducing capacities suggesting that no more redox-active
functional groups in the 3500-LMWF could be additionally
reduced by H2. However, reduced 14 000-LMWF exhibited an
obvious increase in reducing capacities compared to native
14 000-LMWF. This suggests that the number and chemical
identity of redox active functional groups of the molecules in the
LMWF are heterogeneously distributed.

Redox Properties of Bulk HA and Retentate. For all
three types of bulk HA and retentate, reduced HA were found
to have higher reducing capacities than native HA (Figure 2).
This result is also in accordance with previous studies
describing the redox properties of HS.11 Notably, the reducing
capacities of the retentate were closer to those of the bulk HA,
while LMWF showed a higher reducing capacity per gram
carbon than the bulk HA. This finding clearly indicates that
the distribution of the types and the number of redox-active
functional groups in the bulk HA and in the LMWF of the
HA varies. The slow release of the LMWF from the bulk HA
fraction during dialysis does not influence the number and/or
the identity of redox-active functional groups in the retentate
HA, suggesting that the reducing capacities of bulk HA and
retentate are similar.
At the end of the dialysis experiment two different fractions

of HA, one with 45 mL of retentate in the dialysis bags and
one with 500 mL of LMWF dialysis solution, were remaining.
In order to verify whether the sum of the reducing capacities
of the individual fractions balances the value of the reducing
capacity of the bulk HA, we calculated the total reducing
capacities (TRC, in meq) of each fraction, by multiplying the
values for the reducing capacity (meq/L) times the volume (L),
to obtain a total electron balance (Figure 3). For all three HA
samples, the TRC for the 3500-LMWF was nearly ten times
higher than that of the 3500-retentate. The TRC of the bulk
HA was nearly the same as the TRC for the retentate. Further-
more, we calculated that the sum of the TRC retentate and
TRC LMWF was more than two or six times higher than the
TRC bulk HA.
These results suggest that after the release of the LMWF

from the bulk HA fraction, the retentate HA showed similar redox
properties (e.g., reducing capacity and electron accepting capacity)

Figure 1. TOC contents of low-molecular weight fractions (LMWF,
molecules <3500 Da and <14 000 Da) released over time from bulk
HA suspensions ((A) PPHA. (B) ESHA. (C) LHA). Dialysate from
dialysis bags was collected every 24 h and analyzed for organic carbon
content.
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as the bulk HA. Therefore, the retentate and bulk HA probably
possess a comparable number and distribution of redox-active
functional groups. However, it also suggests that the LMWF
undergoes a major structural/conformational change28 during
separation from the bulk HA and that these changes lead to a
significant increase in redox-activity probably by new exposure

of previously inaccessible redox-active functional groups, i.e.
these functional groups are then accessible for electron transfer
to Fe(III).

Characteristic Fluorescence Properties of LMWF of
HA samples. Fluorescence spectroscopy is typically used to
characterize and distinguish the fluorophore structure. The
typical fluorophores in HS include humic-like fluorophores and
protein-like fluorophores. Characteristic fluorescence properties,
including excitation wavelength/emission wavelength data and

Figure 2. Comparison of reducing capacities of different molecular weight fractions of HA in their native and reduced state. Reduced HA were
prepared by chemical reduction by H2 in the presence of a Pd catalyst. Native and reduced HA samples reacted with ferricyanide to determine their
reducing capacity. The error bars represent the standard deviation of three independent reactors. (A) (C) (E) Reducing capacities per liter volume of
native and reduced bulk HA, retentate and LWMF of PPHA ESHA and LHA. (B) (D) (F) Reducing capacities per gram carbon, normalized to
TOC contents of HA fractions, of native and reduced bulk HA, retentate and LWMF of PPHA ESHA and LHA.

Table 2. Quinone Content of HA and Low Molecular Weight
Fractions of HA Calculated from Their Electron Accepting
Capacities

HA
samples

electron accepting
capacities
(meq/g C)

quinone contents
(quinone C/g C)

in (%)

PPHA bulk HA 0.93 3.3
3500-LMWF 0.64 2.3
14 000-LMWF 24.87 88.8

ESHA bulk HA 2.54 9.1
3500-LMWF 1.24 4.4
14 000-LMWF 7.59 27.1

LHA bulk HA 1.44 5.1
3500-LMWF 12.26 43.8
14 000-LMWF 28.86 103.1

Figure 3. Total reducing capacity (TRC, meq) calculated for bulk HA,
retentate and LMWF of PPHA, ESHA, and LHA in their native and
reduced redox state.
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fluorescence intensity of LMWF, for the retentate and bulk
HA were detected using 3DEEM in order to determine the
distribution of redox-active functional groups. Quinone moieties
are considered as the most important redox-active functional
groups in HS. The fluorescent structure characteristics of
quinone-like compounds and hydroquinone-like compounds
are responsible for the humic-like fluorophore characteristics
of HS20−22 in native and reduced state, respectively. Reducing
capacities of the different molecular weight fractions of HA are
related to the characteristics of quinone-like/hydroquinone-
like fluorophores and they in particular to explain the signifi-
cant difference in reducing capacity of the LMWF of the HA

compared to bulk HA and retentate. The characteristic fluores-
cence spectra for LMWF of PPHA, ESHA, and LHA are shown
in Figure 4 and fluorescence peak positions and relative fluores-
cence intensities are listed in Table 3. LMWF fluorescence
spectra showed two distinct types of fluorescence groups
including humic-like fluorophores (Em > 400 nm) and protein-
like fluorophores.17,19 The protein-like fluorophores had a
tryptophan-like peak (Ex 270−280 or <240 nm; Em 330−
368 nm) and a tyrosine-like peak (Ex 270−275 nm; Em
304−312 nm). The fluorescence intensities of LMWF were
5.30−10.54 au for the tryptophan-like peak and 6.50−9.80 au
for the tyrosine-like peak. In the control experiment (i.e., only

Figure 4. 3DEEM fluorescence spectra of different LMWF of PPHA, ESHA, and LHA in their native and reduced redox state. Ex and Em represent
the excitation and emission wavelengths, respectively, indicating the main fluorophore peak positions.
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PP buffer in the dialysis bags without HA), neither protein-like
fluorophores nor humic-like fluorophores were be detected
(Figure S3) demonstrating that protein-like fluorescence peaks
resulted from the LMWF and not from dialysis bag impurities.
The humic-like fluorophore (Em > 400 nm) properties are

related to quinone-like fluorophores, which have absorption wave-
lengths (Ex wavelengths) at 250−300 nm and 330−400 nm
due to quinone and benzenoid π−π* transitions.21 Quinone-
like moieties are generally considered as the main redox-active
functional groups of HS and the distribution of quinone-like
fluorophores contribute to the gradients of oxidized and reduced
functional groups within the HS molecules. The peak positions
(Ex/Em) of quinone-like fluorophores for all LMWF HA
samples were located at 270−275/450−495 nm and 345−365/
445−490 nm due to quinone π−π* transitions, and fluorescence
intensities of quinone-like fluorophores ranged between 18.0
and 35.53 au and 7.94−16.69 au. The number of quinone-like
fluorophores was greater than the number of protein-like
fluorophores for LMWF HA (Figure S4), that is, LHA 3500-
LMWF, and the fluorescence intensities of the quinone-like and
protein-like fluorophore are 47.54 au and 10.8 au, respectively.
This result implies that quinone-like fluorophores dominate the
main fluorophore type of LMWF, which accounts for the higher
reducing capacities of LMWF HA than that of bulk HA and
retentate.
After reduction, taking LHA as example, the Ex/Em peak

positions of tryptophan-like and tyrosine-like fluorophores were
located at 220/315 nm and 275/305 nm for LHA 3500-LMWF
reduced, and 225/335 nm and 280/340 nm for LHA 14 000-
LMWF reduced (Table 3). Ex/Em positions for the reduced
quinone-like fluorophores were located at 240/420 nm due to
benzenoid π−π* transitions and at 295/415 nm due to quinone
π−π* transitions for LHA 3500-LMWF. For LHA 14 000-
LMWF, these Ex/Em peaks were located at 245/420 nm due to
benzenoid π−π* transitions and 300/415 nm due to quinone
π−π* transitions. For all reduced LMWF HA samples,
compared to the native LMWF HA, the fluorescence intensity
increased for both the reduced protein-like and reduced
quinone-like fluorophores, which indicates that the number
of redox-active functional groups increased. Moreover, the peak
positions of the reduced quinone-like fluorophores shifted to
significantly shorter wavelengths to 65 nm for Ex wavelengths
and 80 nm for Em wavelengths. The reduction of protein-
like fluorophore also resulted in peaks shifting to shorter
wavelengths, by 5 nm for both Ex and Em wavelengths. These
results suggest that the quinone-like groups are responsible
for the redox reactions of LMWF, and produce small levels of
conjugated chromophores in the quinone-like groups.20

Relative to 3500-LMWF, the 14 000-LMWF had a higher
fluorescence intensity for the quinone-like fluorophores.
This means that, compared to the 3500-LMWF, the number
of quinone-like groups of 14 000-LMWF is higher, indicating
a more intense π electron system of the quinone-like groups
for the 14 000-LMWF. The quinone contents of 14 000-LMWF
(27−103% quinone C/g C) are higher than those of 3500-
LMWF (2.3−43.8% quinone C/g C). More quinone-like groups
and a more complex π-electron-system for 14 000-LMWF relative
to 3500-LMWF has contributed to the high electron accepting
capacity of the LMWF (Table 2).
Additionally, in order to show that the dilution of HA

solutions does not lead to conformational/structural changes
of HA and thus higher amounts of redox fluorophores and a
higher reducing capacity, the fluorescence data is shown in
Figure 5 and Table 3 for diluted bulk PPHA, ESHA, and LHA,
all with the same TOC content as the analyzed LMWF. Relative
to the dialyzed LMWF HA samples, the fluorescence intensities
(both protein and quinone-fluorophores) of the diluted HA
samples were lower and the fluorescence peak positions of
the LMWF HA samples showed a red shift, i.e. a shift to
longer wavelengths (Table 4). Furthermore, LMWF HA had a

2−4 times higher per gram carbon reducing capacity relative
to the diluted HA samples (Figure S6). These results suggest
that simply diluting HA solutions does not explain the higher
reducing capacities observed in the LMWF that was separated
from the bulk HA by dialysis.

Figure 5. 3DEEM fluorescence spectra of diluted PPHA, diluted ESHA and diluted LHA. The diluted HA (TOC = 4.2 mg C/L) have the same
TOC contents as the HA LMWF.

Table 4. Fluorescence Parameters of Diluted HA (TOC
4.2 mg C/L)

Ex/Ema [nm] Intensityb [a.u] peak type

PPHA 225/340 4.02 tryptophan-like
275/485 4.96 quinone-like
280/310 5.41 other types

ESHA 225/340 2.99 tryptophan-like
270/490 5.31 quinone-like
310/350 2.97 other types

LHA 225/335 3.96 tryptophan-like
270/450 8.32 quinone-like
315/355 2.72 other types

aEx/Em represents the excitation/emission, which indicating the main
fluorophore peak positions. bThe fluorescence intensities refer to
the relative fluorescence intensities. Intensities were normalized to the
area under the peak (Ex) at 355 nm determined in PP buffer (50 mM,
pH 7).

Environmental Science & Technology Article

DOI: 10.1021/acs.est.6b02645
Environ. Sci. Technol. 2016, 50, 12105−12113

12111

http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b02645/suppl_file/es6b02645_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b02645/suppl_file/es6b02645_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b02645/suppl_file/es6b02645_si_001.pdf
http://dx.doi.org/10.1021/acs.est.6b02645


Characteristic Fluorescence Properties of bulk and
retentate HA. The characteristic fluorescence spectra for all
bulk HA and retentate were in the range of Ex 480−490/Em
545−560 nm, and relative fluorescence intensities range from
0.64 au to 3.03 au (Figure S4, Table S1). The fluorescence spectra
of bulk HA were very similar to those of the retentate, both
with regard to fluorescence peak position and relative fluores-
cence intensities. For example, we determined Ex/Em peaks at
490/554 nm for the bulk PPHA and 485/555 nm for PPHA
14 000-retentate and 485/555 nm for PPHA 3500-retentate as well
as relative fluorescence intensities of 0.77, 0.69, and 0.68 au for this
excitation/emission peak for the three fractions, respectively.
We also observed a characteristic change of fluorescence

spectra during reduction that was similar between retentate and
initial HA. For reduced bulk PPHA, PPHA 14 000-retentate
and PPHA 3500-retentate the Ex/Em peak positions were located
at 480/550 nm, 480/550 nm and 480/555 nm, respectively, and
the relative fluorescence intensities were 0.61 au, 0.54 au, and
0.51 au, respectively. Compared with native bulk PPHA, PPHA
14 000-retentate and PPHA 3500-retentate, peak positions for all
reduced samples showed a blue shift, that is, a shift to shorter
wavelengths, of the peak positions by 5−10 nm for the excitation
wavelength and 5 nm for the emission wavelength. The decrease
in fluorescence intensity and the blue shift of the fluorescence
peak positions after reduction for bulk and retentate HA cor-
responded to a significant increase in reducing capacities after
reduction. The characteristic fluorescence changes during
reduction indicate that reduced HA samples have an increased
π-electron system relative to native bulk and retentate. These
results demonstrated compared with the native state, a lower
degree of conjugated system effect within the (aromatic ring)
structures20 for reduced bulk HA and retentate. The reason for
this is probably that during the reduction, some double bonds
of conjugated structures become reduced to single bonds. These
single bonds interrupt the conjugation thus explaining why we
see a decreasing number of conjugated bonds in the reduced state
of the HA molecules structure.36

In Figure 6, the relationship between the reducing capacity
and the fluorophore positions is shown. The quinone-like
fluorophores were found to be the main contributing moieties

of fluorophores to the reducing capacities of the LMWF.
Relative to the bulk HA and retentate, the LMWF owes
their high reducing capacity to shorter Ex/Em wavelengths.
Furthermore, the Ex/Em positions of reduced LMWF shift
to shorter wavelengths correlating with an increased reducing
capacity compared to native LMWF. Such a release of LMWF
is probably of particular relevance in fresh humic substances as
they are present in wetlands or biologically/microbially active
sediments and groundwater aquifers with fresh organic matter
input and/or production.

Environmental Implications. In porous geological media
(soils, sediments and aquifer materials) nanoscale pores
account for over 90% of the total mineral surface area,37 and
micropores (<2 nm) in soil account for 10% of the macropore
volume of soil.31 It has been debated whether mineral and
organic compounds hidden in soil micropores, inhibiting their
uptake by microbes and enhancing their recalcitrance, can be
transformed or degraded. Based on the results shown here,
it seems likely that LMWFboth 3500 Da molecules and
14 000 Da molecules with only 1.25 and 2.5 nm diameters,
respectivelycould flow into and/or out of the micropores.
We found that the distribution of redox-active functional
groups is different for small and large HA molecules, with a
much higher number of quinone-like fluorophores present in
small molecules. This suggests that in particular the small HA
molecules can significantly influence the electron transfer to
Fe compounds and other redox reactions in soil. Based on our
data the bulk HA fraction can function as a stock for small HA
molecules that can be released under appropriate environment
conditions (e.g., by traveling through soil micropores).
Furthermore, the development of a relationship between the

reducing capacity and the fluorescence peak positions as shown
here (Figure 6) offers a simple alternative to complex chemical
analyses, to predict the relative reducing capacities of HS in
aqueous environments, based simply on the Ex/Em positions.
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PP buffer dialysate was collected every 24 h to eliminate
the disturbance produced from dialysis bags (Figure S1).
PP buffer dialysate and retentate in dialysis bags were
reacted with ferricyanide to determine the reducing
capacities (Figure S2). 3DEEM fluorescence spectra of
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are shown in figure S3. Fluorescence information for
the bulk HA and retentate is shown in Figure S4 and
Table S1. Comparison of the fluorescence intensity of
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diluted PPHA are shown in Figure S6 (PDF)
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