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Molecular weight (Mw) is a fundamental property of humic acids (HAs), which considerably
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affect the mobility and speciation of heavy metals in the environment. In this study, soil
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humic acid (HA) extracted from Jinyun Mountain, Chongqing was ultra-filtered into four
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fractions according to the molecular weight, and their properties were characterized.
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Complexation of cadmium was investigated by titration experiments. For the first time,
Langmuir and non-ideal competitive adsorption-Donna (NICA-Donnan) models combined
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with fluorescence excitation-emission matrix (EEM) quenching were employed to elucidate

Humic acid

the binding characteristics of individual Mw fractions of HA. The results showed that the

Molecular weight

concentration of acidic functional groups decreased with increasing Mw, especially the

NICA-Donnan

phenolic groups. The humification degree and aliphaticity increased with increasing Mw as

Fluorescence excitation-emission

indicated by elemental composition analysis and FT-IR spectra. The binding capacity of

matrix quenching

Cd2+ to Mw fractions of HA followed the order UF1 (<5 kDa) > UF2 (5–10 kDa) > UF4

Cadmium

(> 30 kDa) > UF3 (10–30 kDa). Moreover, the distribution of cadmium speciation indicated
that the phenolic groups were responsible for the variations in binding of Cd2+ among
different Mw fractions. The results of fluorescence quenching illustrated that the binding
capacity of Cd2+ to Mw fractions was controlled by the content of functional groups, while
the binding affinity was largely influenced by structural factors. The results provide a better
understanding of the roles that different HA Mw fractions play in heavy metal binding,
which has important implications in the control of heavy metal migration and bio-toxicity.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Heavy metal pollution is one of the main environmental issues
worldwide (Zhang et al., 2010; Soleimani et al., 2010; Gusiatin
and Klimiuk, 2012). As heavy metals are widespread and nonbiodegradable, the fate of heavy metals in the environment is of
considerable public concern (Adrees et al., 2015; Mukwaturi and
Lin, 2015; Rosestolato et al., 2015; Domínguez et al., 2016).
Cadmium is a non-essential trace element for organisms (Wang

et al., 2016a, 2016b). The presence of Cd in natural waters and
soils poses a serious threat to human health and environmental
ecosystems (Akcil et al., 2015). Consequently, its mobility and
speciation as well as their influencing factors are of great
concern regarding its bioavailability and toxicity.
Humic acids (HAs), the predominant constituent of natural
organic matter (NOM), are ubiquitous in soils, sediments and
waters, where they account for more than 50% of NOM (Prado et
al., 2006; Ning et al., 2009), and control the transport,
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bioavailability and toxicity of heavy metals in nature (Furukawa
and Takahashi, 2008). It is widely known that the binding of
metal ions by HAs is complicated due to their diverse properties
(Gondar et al., 2006; Fujili et al., 2014; Xiong et al., 2013).
Functional groups are the dominant factors which influence
the sorption of metal ions on HAs (Koukal et al., 2003; Lee et al.,
2008; Marsac et al., 2017). Recent studies have suggested that the
carboxylic and phenolic groups in several humic acid fractions
extracted from a single soil are predominantly responsible for
Cu2+ sorption, and it has become clear that this sorption
behavior is strongly impacted by pH and ionic strength (Yang
et al., 2015; He et al., 2016). In addition, positive relationships
were also found between the sorption capacity of Cd2+ and the
amounts of carboxylic groups in humic acids sequentially
extracted from landfill leachate (Wu et al., 2011). Moreover,
nitrogen- and sulfur-containing groups in HAs also play
important roles in binding and/or reducing heavy metals (Jiang
et al., 2014). Therefore, knowledge about the relative importance
of these types of functional groups for the complexation of metal
ions is essential for exploring the influences of HA properties on
Cd2+ complexation.
Humic substance is a mixture of different molecular weight
(Mw) fractions ranging on average from 0.3–30 kDa, with diverse
chemical compositions (North et al., 2017). The fractions of
humic acids are traditionally divided into humic acid (HA),
fulvic acid (FA) and humin, respectively, on the basis of
solubility at different pH. The sorption behaviors of contaminants by these fractions have been extensively studied. It is
believed that FAs, the lower molecular weight and more soluble
fraction, generally increase the mobility of heavy metals; while
HAs, the higher molecular weight fraction, usually inhibit the
mobility and bioavailability of heavy metals by forming
hydrophobic complexes (Jordan et al., 1997; Chotpantarat et
al., 2015; Bahemmat et al., 2016). Consequently, investigating
the interactions between heavy metals and HAs with different
molecular weight is helpful in gaining a deeper understanding
of the effects of various HA components on the fate of heavy
metals in water and soils. Several studies have demonstrated
that the mobility and bioavailability of metal ions in the
environment are closely correlated with the molecular weight
of HA (Ren et al., 2015), and significant differences were
observed in binding capacities among various Mw fractions
(Milne et al., 2003; Baun and Christensen, 2004; Ren et al., 2017).
However, the results are sometimes contradictory. In general,
HAs with Mw higher than 10 kDa have higher affinities toward
heavy metal ions including Cd2+ (Al-Reasi and Smith, 2012;
Kozyatnyk et al., 2016). On the contrary, Ni et al. (2017) found
that the binding capacity of Cd2+ to lower Mw HA fractions
derived from sediment, with higher degrees of aromaticity, was
greater than that toward larger Mw fractions. These results
indicate that the different Mw fractions of HAs could notably
affect the complexation of heavy metals. Due to the differences
in heavy metal binding by HAs, various speciation models have
been applied to illustrate the binding mechanisms.
Several models, such as the Langmuir model, have been
widely applied to describing metal binding by HA and FA, and
the corresponding binding mechanism (Shaker and Albishri,
2014). However, whether these models can explain the differences in Cd2+ binding capacity for different Mw fractions of HA is
still unclear. In addition, the non-ideal competitive adsorption-
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Donnan (NICA-Donnan) model has been used in order to
illustrate the role of carboxylic and phenolic groups in the
complexation of heavy metals (Kinniburgh et al., 1999; Tipping,
1998; Zhu and Guéguen, 2016). The NICA-Donnan model is a
semi-empirical model, which explicitly takes the heterogeneity
of functional group affinities and non-ideality of metal ion
binding into account (Plaza et al., 2005; Xu et al., 2016). According
to previous studies, this model could perfectly stimulate the
complexation of heavy metal ions to Dissolved organic matter
from different origins. (Ren et al., 2015; Janot et al., 2017).
However, whether this model can accurately stimulate the
complexation of Cd2+ to HAs with different molecular weights
from a single soil is less discussed.
In addition to modeling approaches, fluorescence and UV–
visible spectroscopy are classical methods used for investigating the spectral properties of HAs, including the effects of
different origins and the interactions between HAs and metal
ions as well (Müller et al., 2004; Wang et al., 2016a, 2016b).
Numerous studies have indicated that the fluorescence and
ultraviolet absorption properties of HAs such as excitation
wavelengths, fluorescence index, humification index and the
position of fluorescence peaks differed significantly as a
function of Mw (Richard et al., 2011; Mclntyre and Guéguen,
2013). Meanwhile, fluorescence quenching has been extensively applied to reveal the detailed binding information
between fluorescent substances and metal ions (Hernández
et al., 2006; Henderson et al., 2009). Wu et al. (2011) have found
marked fluorescence quenching effects for Pb2+ and Cu2+
binding to different Mw fractions of HAs, indicating significant interactions between heavy metals and humic-like
components in HAs. In addition, Sánchez-Marín et al. (2010)
pointed out that there was a significant correlation between
the fluorescence of humic-like substances and Cu2+ complexation capacity. By contrast, almost no such effect was
observed for Cd2+ (Wu et al., 2012). Therefore, the changes in
fluorescence signatures are unable to indicate metal binding
mechanisms adequately, especially for Cd2+. We believe that
the combination of fluorescence quenching and modeling can
be applied to enable a better understanding of the mechanism
of Cd2+ binding by humic acids with different molecular
weights. However, few studies have utilized this combined
method for investigating Cd2+ binding by Mw fractions of HA.
The present study aims at achieving a better understanding
of the binding of cadmium on different Mw fractions. Furthermore, the role of functional groups for each molecular weight
fraction in binding Cd2+ was investigated by using several
models combined with fluorescence quenching. The objects of
this study were (i) to investigate the differences in chemical
characteristics of HA with different Mw. (ii) to investigate the
binding mechanism of Cd2+ to individual HA molecular weight
fractions at different Cd2+ concentrations by correlating the
modeling outputs to fluorescence quenching results.

1. Materials and methods
1.1. Preparation of HA
The HA samples were extracted from the surface layer (0–10 cm)
of a forest soil in Jinyun mountain, Chongqing, China (N 29°48′,
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E 106°23′). Before extraction, the soil samples were air-dried and
sieved to 2 mm. The HA was isolated and purified following the
standard procedure of the International Humic Substances
Society (Janoš, 2003). In order to fractionate the HA into different
molecular weights, a dissolved HA solution was prepared by
dissolving 1 g of HA in 1 L sodium hydroxide (0.1 mol/L). After
that, the pH was adjusted to 7.0. Then the solution was filtered
through a 0.45-μm filtration membrane to remove the suspended
particles.

1.2. HA fractionation by the TFU technique
Tangential flow ultrafiltration (TFU) was used for the Mw
fractionation of HA in this study. The HA sample was ultrafiltered into four fractions with different molecular weights by an
Amicon Ultrafiltration Stirred Cell 8400 (Beverley, MA, USA). The
hydrophilic ultrafiltration membranes (regenerated cellulose;
diameter of 76 mm; Millipore Corporation, Billerica, MA, USA)
had MW cutoffs of 30, 10 and 5 kDa, respectively. Before
ultrafiltration, the membranes were washed with 250 mL
flowing sodium hydroxide (0.1 mol/L) and 500 mL de-ionized
water, respectively. The ultrafiltration was performed at a
tangential flow rate of 4–5 mL/min with a peristaltic pump
providing driving pressure. The membranes were cleaned with
de-ionized water every 30 min in order to minimize concentration polarization effects. We performed the ultrafiltration
sequence from low Mw (5 kDa) to high Mw (30 kDa). The
concentration factor, which is the ratio of the bulk volume
of the HA sample before ultrafiltration and the residual volume
of HA on the membrane after ultrafiltration, were set as 2:1.
The four HA fractions obtained from the fractionation were
UF1 (<5 kDa), UF2 (5–10 kDa), UF3 (10–30 kDa) and UF4 (>30 kDa).
In order to ensure that the DOM was not lost during fractionation, a material balance was calculated.

1.3. Characterization
The C, H, N, and S contents in each molecular weight fraction
were determined by an elemental analyzer (Elementar, Vario
EL cube, Germany); O content was calculated by the mass
difference method. The total acidity of the functional groups
of each fraction was measured by Ba(OH)2 titration; the
carboxyl group content was determined by calcium acetate
titration, and the phenolic group content was calculated by
subtracting the carboxyl contents from the total acidity
(Schnitzer and Gupta, 1965). Fluorescence EEMs and UV–
visible spectroscopy of HA samples were measured on an
Aqualog fluorescence spectrophotometer (Varian Inc., USA) in
EEMs plus Absorption mode. The excitation wavelength (Ex)
varied from 230 to 450 nm at 5 nm increments, and the
emission wavelength (Em) was varied from 250 to 620 nm; the
integration time for the scanned signal was 3 sec. The
humification index (HIX) and fluorescence intensities (I) of
each molecular weight fraction were calculated according to
the EEMs data. The specific ultraviolet absorbance at 254 nm
(SUVA254) was calculated as the ultraviolet absorption at
254 nm divided by the dissolved organic carbon (DOC)
concentration (mg/L) and ratio of E4/E6. The DOC concentration was analyzed by a Laboratory TOC analyzer (GE InnovOx,
American). A Fourier transform infrared spectrometer (FT-IR,

BRUKER, TENSOR 27, Germany) was employed to characterize
the functional groups in each fraction.

1.4. Cadmium binding to HAs
The binding of cadmium to different Mw fractions was
measured at two pH values (4.0 and 6.0), in order to avoid the
effect of precipitation, and two ionic strengths (0.01 and 0.1 mol/L
KNO3). All experiments were performed at room temperature at
25 ± 0.1 °C using a stepwise Cd titration method. The titrants
were 0.001 mol/L CdCl2. After each step the equilibrium Cd2+
concentration was measured with a Cd ion-selective electrode
(Cd-ISE) combined with an ion densimeter (BPX-931, Bell, China).
Each experiment was started with a 50 mL solution containing
0.01 mol/L or 0.1 mol/L KNO3, and DOC concentrations were
approximately 20 mg/L of different molecular weights. Before
starting metal titration, the pH was kept constant at a desirable
value for 12 hr. During the titrations, the solutions were stirred
for 3 min after each addition of titrant. After metal addition, the
pH was readjusted to the desired pH value by adding 0.01 mol/L
NaOH and HNO3, and then kept constant. The doses of CdCl2
were gradually increased during the titration. Furthermore, in
order to cover a relatively large concentration range in one
experiment without exceeding the limit of precipitation, 20 mL of
CdCl2 was added stepwise in total. After each step of titration the
concentration of free metal was read by the ISE and equilibrated
at least for 10 min. The amount of Cd2+ bound to HAs was
calculated by subtracting the sum of aqueous cadmium species
from the known total amount of Cd2+ in solution.

1.5. Binding isotherm models
The Langmuir model (Gezici et al., 2007) has been widely used to
fit the sorption isotherms of heavy metal ions, and thus was
employed to fit the experimental data.
Langmuir model:
Qe ¼

Q m kL Ce
1 þ kL Ce

ð1Þ

where, Ce (mmol/L) is the equilibrium Cd2 + concentration;
Qe (mmol/g) is the adsorbed amount of Cd2+. Qm (mmol/g) and
kL is the sorption capacity parameter and sorption affinity
constant of the Langmuir model.
The NICA-Donnan model was also employed to model the
experimental data and investigate the distribution of cadmium
speciation.
NICA-Donnan model:
h 
 ip


~ i;1 ci ni;1 1
∑i K
~ i;1 ci ni;1
K
ni;1
Q
Qi ¼
h


 ip
~ i;1 ci ni;1 1 þ ∑ K
nH;1 max1;H ∑i K
~ i;1 ci ni;1 1
i
h 
ð2Þ
 ip


~ i;2 ci ni;2 2
∑i K
~ i;2 ci ni;2
K
ni;2
þ
Q
h


 ip
~ i;2 ci ni;2 1 þ ∑ K
nH;2 max2;H ∑i K
~ i;2 ci ni;2 2
i
where subscripts refer to the modal distribution (1: carboxylic
(low affinity) and 2: phenolic (strong affinity); ci is the
concentration of the species i; Qi (mol/kg) is the amount of
ion i bound by HAs; the full NICA description of metal binding
by HAs includes four parameters for describing the intrinsic
heterogeneity of HAs (Q max1,H, Q max2,H, p1, p2) and four ion
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~ i;1 , K
~ i;2 , ni,1, ni,2) for describing ion binding.
specific parameters (K
Q max1,H (mmol/g), Q max2,H (mmol/g), are the maximum proton
binding capacity of HAs within each distribution, p1 and p2 are
the widths of the affinity distributions and encapsulate the
~ i;2 are the median values of
~ i;1 , K
intrinsic heterogeneity of HS. K
the affinity distributions for ion i, ni,1 and ni,2 are used to
describe the non-idealities of the ion-binding to each distribution. The ratio ni,j/nH,j with j = 1 or 2 reflects the average
stoichiometry of ion binding (van Riemsdijk et al., 2006).
In this study, Visual MINTEQ 3.0 (http://visual-minteq.
software.informer.com/) including the NICA-Donnan model was
used to predict the amount of Cd2+ bound by HA fractions and
calculate the distribution of Cd speciation. The input data were
total concentration of Cd2+ (mmol/L); ionic strength (mol/L); pH;
and the total concentration of the individual molecular fraction of
HA (mg/L). In order to keep the DOC concentration for each Mw
fraction at the same level (15 mg/L), the total concentrations of
HA used for modeling were 0.9 g/L for UF1; 0.5 g/L for UF2;
0.12 g/L for UF3 and 0.11 g/L for UF4. The generic parameters for
HA-Cd were used (Milne et al., 2003). In addition, based on the
content of carboxylic and phenolic functional groups of each
Mw fraction, the generic parameters for the carboxylic group
(Q max1,H) were set as default values, while the parameters for
the phenolic group (Q max2,H) were adjusted manually to
improve the predictions.

1.6. Fluorescence titration
Prior to titration, the DOC concentrations of HAs in different MW
fractions were diluted to a low level (10 ± 0.82 mg/L) in order to
minimize the inner filtering effects (Ohno, 2002; Baker and Curry,
2004). 10 mL of 0.001 mol/L CdCl2 was titrated in 50 mL brown
sealed vials. The metal concentrations in the final solutions
varied from 0 to 0.13 mmol/L. The titration experiment was
performed at two pH values (4.0 and 6.0). During the titration
process, 1 mL of the metal titrant was added. All titrated
solutions were shaken for 24 hr to ensure complexation equilibrium at 25 ± 0.1 °C. The titration experiments were conducted in
duplicate. A modified Stern-Volmer model (Hays et al., 2004) was
used to investigate the fluorescence quenching ability of
different Mw HA fractions, and calculating the conditional
stability constants. The algorithm is given by Eq. (3).
F0
1
1
¼
þ
F0−F f k½Cd f

ð3Þ

where F0 and F are the fluorescence intensity before and after the
titration, and k is a conditional constant; f is the percentage of
fluorophores participating in the complexation.

2. Results and discussion
2.1. Characterization
The total DOC concentration for bulk HA is 56.32 mg/L, and
the DOC concentration for each Mw fraction is presented in
Table 1. The recovery rate was nearly 96%, which indicated
that the DOM was not lost during fractionation.
The results of elemental composition analysis and acid
functional group contents of HA Mw fractions showed that
the contents of C, H, N increased with increasing molecular
weight, with significantly higher values for UF4 (>30 kDa). By
contrast, a decreasing trend was observed for O, and the
content of UF1 (< 5 kDa) was apparently higher than that of
the larger Mw HA fractions, indicating that the lower Mw
fractions had more oxygen-containing functional groups and
high polarity. The content of S in UF4 was 1.36–2.36 times
higher than that in other fractions. The C/H atomic ratio
decreased from UF1 to UF4, from 1.44 to 0.92, which suggests
that the HA fractions become more aliphatic with higher Mw;
the same tendency has been reported by Baken et al. (2011).
The polarity of HA fractions, defined as the (O + N)/C atomic
ratio, also decreased from 2.35 for UF1 to 0.46 for UF4
(>30 kDa). The contents of total acidic functional groups,
particularly phenolic groups, decreased with increasing Mw.
Therefore, the decrease in acid functional groups can largely
be attributed to a decrease in phenolic groups.
The UV–visible spectroscopic analyses can provide a deeper
understanding of the HA fractions. As shown in Fig. 1, the
SUVA254 increased gradually with increasing Mw. Generally,
SUVA254 represents unsaturated compounds in HA with a C_C
bond, including aromatic compounds, which are difficult to
decompose (Nishijima and Speitel, 2004), and the increasing
value of SUVA254 indicated more aromatic carbon in higher Mw
fractions, and a higher degree of conjugation of unsaturated
systems (Müller et al., 2004; Guéguen et al., 2012). A positive
correlation between the SUVA254 and HIX has been reported by
previous studies (Li et al., 2017). In this study, the HIX ranged
from 6.63 to 30.22 as the Mw of HA increased from UF1 to UF3,
which is in line with the increase of SUVA254. However, when
the Mw was above 30 kDa (UF4), the HIX showed a tendency to
decrease, which is similar to the result of Ren et al. (2017).
Therefore, the correlation between the SUVA254 and HIX of HA
could be influenced by the molecular weight. The E4/E6 value, an
indicator of humification, decreased from 12.10 to 5.33 with the
increase of Mw except for UF1, suggesting that the higher Mw
fractions of HA became more aliphatic and experienced a
deeper degree of decomposition.

Table 1 – Elemental compositions and acidic functional groups of humic acid (HA) fractions.
Fraction C (%) H (%) N (%) O (%) S (%) O/C C/H (O + N)/C Total acid group Carboxyl group Phenolic group
(mmol/g)
(mmol/g)
(mmol/g)
UF1
UF2
UF3
UF4

23.55
28.25
40.85
55.65

1.42
1.64
2.98
5.02

1.02
1.04
1.09
3.34

72.51
66.46
51.11
34.26

1.51
2.61
1.73
3.57

2.31
1.76
0.93
0.46

1.44
1.38
1.14
0.92

2.35
1.79
0.97
0.51

6.20
5.54
4.14
4.07

±
±
±
±

0.10
0.02
0.01
0.03

3.19
3.10
3.06
2.96

±
±
±
±

0.03
0.01
0.03
0.02

3.01
2.44
1.08
1.18

±
±
±
±

0.08
0.01
0.02
0.02

DOC
(mg/L)
11.13
13.32
13.92
15.25

±
±
±
±

0.5
0.1
0.4
0.2

O/C: atomic ratio of oxygen to carbon. C/H: atomic ratio of carbon to proton. (O + N)/C: atomic ratio of nitrogen and oxygen to carbon; DOC:
dissolved organic carbon.
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considerably more intense than those in UF2 and UF3,
suggesting that the UF1 fraction contains more carboxylic
groups. The symmetric stretching vibration peak at 1380 cm−1
assigned to COO− was only found in UF1. The C\O stretching
vibration peak appeared at 1038–1117 cm−1. Conclusively,
considerable differences in chemical properties were found
among the four Mw fractions, and the diversities in elemental
compositions and chemical structures of HA Mw fractions
were mainly attributed to their different origins and decomposition degree.

2.2. Binding isotherm

Fig. 1 – Specific ultraviolet absorbance at 254 nm (SUVA254),
the ratio of absorbance at 465 nm (E4) and 665 nm (E6), the
humification index (HIX). UF1: <5 kDa; UF2: 5–10 kDa; UF3:
10–30 kDa; UF4: > 30 kDa. Means labeled with different
letters are significantly different (p < 0.05).

Fourier transform infrared spectroscopy (FT-IR) may provide information on the composition and arrangement of
functional groups in HAs. As shown in Fig. 2, the FT-IR spectra
for the four Mw fractions of HA exhibited similar characteristics in general. Specifically, a broad peak at around 3400–
3360 cm−1 is assigned to the O-H stretching of various
hydroxyl functional groups, and the intensity in lower Mw
fractions is higher than that in higher MW fractions. This
trend is consistent with the decrease in the fluorescence
intensity of Peak A. Similar to previous studies, increasing
intensities were observed for peaks assigned to the C\H
stretch in methyl groups of aliphatic molecules occurring at
2934 cm−1 (He et al., 2016). The antisymmetric stretching peak
intensities of C_C and COO− at 1638 cm−1 in UF1 were

Fig. 2 – Fourier transform infrared spectroscopy (FT-IR)
spectra of molecular weight (Mw) fractions of HA UF1:
< 5 kDa; UF2:5–10 kDa; UF3: 10–30 kDa; UF4: >30 kDa.

The binding isotherms of Cd2+ on Mw fractions of HA are
presented in Fig. 3. Generally, the Cd2+ binding amount
increased with increasing equilibrium Cd2+ concentration and
gradually slowed down at higher Cd2+ concentrations, suggesting that binding saturation was approached gradually.
As revealed by the fitting results for the Langmuir model,
the binding capacities (Qm) of Cd2+ at a given pH and ionic
strength decreased in the order UF1 > UF2 > UF4 > UF3
(Table 2). This suggested that the binding capacity of the
lower Mw fraction was higher than that of the high Mw
fraction. However, inconsistent with previous studies, the
binding affinity (kL) of UF4 was higher than that of lower Mw
fractions (Table 2), indicating a stronger attraction on HA with
Mw higher than 30 kDa. The dimensionless separation factor,
RL, which is defined in terms of the equilibrium constant and
initial concentration, indicates that a binding process is either
unfavorable (RL > 1), linear (RL = 1) or favorable (0 < RL < 1). In
this study, the value of RL for each fraction was less than 1 in
all cases, which revealed that the binding processes were
favorable.
The binding capacity of the lower Mw fractions for Cd2+ was
greater than the higher Mw ones; this could be due to the
carboxylic and phenolic groups being less numerous in higher
Mw HA fractions, which matched the previous results shown in
Table 1. Other studies have agreed that high contents of acid
functional groups in HA made a positive contribution for the
binding of metals (He et al., 2016). In this study, the variation of
Cd2+ capacity from UF1 to UF4 may be attributable to the decrease
in phenolic groups. Furthermore, the binding capacity for UF4
was greater than that of UF3 (Table 2) although the concentration
of acidic functional groups in UF3 was higher than that of UF4.
The FTIR spectra of Mw fractions in our work demonstrated a
strong antisymmetric stretching peak at 1400 cm−1 in UF3,
representing aliphatic COO− groups (Abdulla et al., 2010).
Although the absorption magnitudes of FT-IR spectra cannot be
compared directly (Bai et al., 2015), significantly higher intensity
at 1400 cm−1 was observed for UF3 when compared with UF4
(Fig. 2), indicating that UF4 had a higher proportion of adjacent
aromatic functional groups capable of forming strong complexes
with Cd2+. In addition, the binding of Cd2+ by HA can also be
attributed to N- and S-containing acidic functional groups (SolerRovira et al., 2010). As shown in Table 1, the content of nitrogen in
UF4 was notably higher than that in UF3, and this could also be
reflected by the presence of N-H bands at 1550 cm−1, implying
the role of nitrogen-containing functional groups in Cd2+ binding
on UF4. Additionally, the NICA-Donnan model was used to
separate the contributions of specific binding to functional
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Fig. 3 – Langmuir model fitted isotherm of Cd2+ on Mw fractions at pH 4.0 and 6.0 in 0.01 and 0.1 mol/L of KNO3.
(a), (b) represents pH at 6.0 in 0.01 and 0.1 mol/L KNO3; (c), (d), represents pH at 4.0 in 0.01 and 0.1 mol/L KNO3. UF1:<5 kDa; UF2:
5–10 kDa; UF3: 10–30 kDa; UF4: > 30 kDa.

groups and non-specific binding due to electrostatic effects. This
knowledge is important for understanding and predicting metal
ion mobility and bioavailability in the natural environment. In
this study, the generic parameter for carboxylic groups (Qmax2,H)
and adjusted parameters for phenolic group content (Qmax2,H) in
each fraction are presented in Table 3, and the variations of
Qmax2,H were in accordance with the binding isotherm.

According to previous studies, the uncertainty of NICADonnan model prediction was mainly due to variations in the
DOM composition (Groenenberg et al., 2010; Xiong et al., 2013). In
our study, HA was the only component of DOM for Cd2+ binding
to different Mw fractions when initiating the modeling program,
and the values of pH and ionic strength were set as experimental
components.

Table 2 – Fitting results for the Cd2+ binding isotherm at different pH and ionic strength by Langmuir model.
kL

Qm
(mmol/L)
0.01 mol/L
pH 6.0

pH 4.0

UF1
UF2
UF3
UF4
UF1
UF2
UF3
UF4

0.50 ± 0.02
0.26 ± 0.01
0.29 ± 0.01
0.32 ± 0.006
0.084 ± 0.003
0.068 ± 0.005
0.051 ± 0.012
0.059 ± 0.009

0.1 mol/L
0.096
0.095
0.073
0.085
0.096
0.093
0.062
0.072

±
±
±
±
±
±
±
±

0.002
0.007
0.004
0.002
0.001
0.007
0.007
0.004

R2

RL

0.01 mol/L

0.1 mol/L

0.01 mol/L

0.1 mol/L

0.01 mol/L

0.1 mol/L

10.13 ± 1.46
10.79 ± 1.08
7.93 ± 1.053
15.87 ± 0.66
8.31 ± 1.49
4.88 ± 0.53
3.09 ± 0.47
8.59 ± 1.18

11.25 ± 1.07
9.01 ± 1.13
6.86 ± 0.78
12.35 ± 1.15
11.15 ± 1.07
9.03 ± 1.13
2.82 ± 0.79
13.09 ± 119

0.62
0.63
0.70
0.60
0.84
0.88
0.86
0.80

0.72
0.74
0.75
0.73
0.87
0.83
0.82
0.78

0.98
0.98
0.98
0.98
0.98
0.99
0.99
0.97

0.98
0.99
0.97
0.98
0.99
0.98
0.98
0.98
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Table 3 – Specific parameter of non-ideal competitive
adsorption (NICA)-Donna model for Mw fractions of HA.
Fraction

Qmax,H1
(mmol/g)

Qmax,H2
(mmol/g)

UF1
UF2
UF3
UF4

3.01
3.01
3.01
3.01

2.55
2.22
1.99
2.03

The results of the model prediction for Cd2+ and comparison
with measured results are shown in Fig. 4. A double logarithmic
plot was used to evaluate the goodness of fit. Generally, the use
of adjusted parameters led the NICA-Donnan model calculations (red lines) to agree well with the experimental data (black
lines) for Cd binding at each experimental condition, indicating
that the NICA-Donnan model could reflect the effect of pH and
ionic strength on Cd binding to different Mw fractions.

2.3. Cadmium speciation
The NICA-Donnan model can not only explicitly describe the
total amount of Cd2+ bound to HA, but also distinguish the

speciation of Cd present in HA. The speciation of Cd2+ is
composed of the total dissolved Cd2+, Cd2+ bound to carboxylic type sites (Q1), Cd2+ bound to the phenolic type sites (Q2)
and non-specific binding due to the negative charge of
dissociated carboxylic and phenolic groups and the positive
charge of Cd2+ (Ponthieu et al., 2016).
The ratios of estimated Cd speciation to total bound
amounts in the presence of each HA Mw fraction at pH 6.0 and
4.0 in 0.01 and 0.1 mol/L KNO3 are shown in Fig. 5. The amount
of Cd2+ bound to carboxylic type sites plus phenolic type sites
was 50% to 38% of the total bound amount for UF1, 49% to 40%
for UF2, 44% to 32% for UF3 and 44% to 34% for UF4 at pH 4.0 to
6.0 in 0.01 mol/L KNO3. These results indicated that the
contribution of specific binding to carboxylic and phenolic
sites was less than that of non-specific binding. This result was
in line with the research of Gondar et al. (2006). On the contrary,
the specific binding was 61% to 82% for UF1, 53% to 76% for UF2,
54% to 76% for UF3 and 56% to 69% for UF4 from pH 4.0 to 6.0 in
0.1 mol/L KNO3. Such differences will be relevant in the
environment because ions bound in the Donnan phase behave
quite differently with respect to competition with cations
(protons and potassium), than ions specifically bound to HA.

Fig. 4 – Comparison of measured and modeled Cd2+ complexed by different HA MW fractions. The blank line corresponds to
the regression line, and the red line corresponds to 1:1 line. (a), (b) represent the pH at 6 in 0.01 mol/L and 0.1 mol/L KNO3;
(c), (d) represent pH at 4 in 0.01 mol/L and 0.1 mol/L KNO3.
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Fig. 5 – Cadmium speciation in the presence of HA Mw fractions and calculated based on the generic NICA-Donnan parameter
at pH 6.0 and 4.0 in 0.01 and 0.1 mol/L KNO3. Points fill with different color: Cd2+ bound to carboxylic sites (Q1); Points doesn't
fill with color: Cd2 + bound to phenolic sites (Q2).

For specific binding, the amounts of carboxylic-Cd were
1.2–4.5 times higher than phenolic-Cd due to the larger
abundance of carboxylic groups (Table 1). However, it is
worth noting that the ratios of carboxylic-Cd to total bound
Cd kept relatively constant among different Mw fractions. On
the contrary, considerable differences were observed for
phenolic-Cd among the four fractions, especially at pH 6.0
and 4.0 in 0.01 mol/L KNO3. These results indicated that the
phenolic sites should make an important contribution to the
variation in binding behavior among different Mw fractions.

2.4. Spectroscopic study
Three-dimensional EEM fluorescence spectroscopy has been
successfully used to identify fluorescent compounds in HA
and directly demonstrate the interaction between metal ions
and fluorescent substances in HAs (Wang et al., 2016a, 2016b).
The EEM spectra of the bulk and four Mw fractions of HA in
the present of Cd2+ are illustrated in Fig. 6.
As only one fluorescence peak was found in each Mw fraction,
the differences in EEM spectra mainly represent the variation in
the fluorescence intensity of humic-like substances in HA. As

presented in Table 4, the value of fluorescence intensity (FI/DOC)
decreased in the order of UF2 > UF1 > UF3 > UF4, suggesting the
fluorescent substances were more concentrated in lower Mw
fractions per unit of DOC, which is in line with the results of HA
derived from aged leachate (Wu et al., 2012). These results
demonstrated that UF combined with EEM spectra could provide
additional information regarding the fluorescent substances in
humic substances, which may be useful for the evaluation of the
binding affinities of each fraction toward Cd2+. By comparing the
fluorescence spectra between bulk HA, different Mw fractions
and those treated with Cd2+, the addition of Cd2+ induced a
notable decrease in peak A (humic-like) fluorescence intensities
in UF4 (51.9%–72.9%), which is in line with the results for
sediment DOM (Ni et al., 2017). However, the significant decrease
in the fluorescence intensity for the high Mw fraction (UF4)
showed great contradistinction to the results for commercial
humic acid (Divya et al., 2009) but was similar to those for HA
derived from aged leachate (Wu et al., 2011). These variations
indicate that fluorescence quenching occurred in the reaction
systems because of the complexation reaction between humiclike substances and Cd2+. Interestingly, there was no obvious
decrease of fluorescence intensity for UF1 (21%–26%), UF2 (17%–
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Bulk

pH 6.0

pH 4.0

UF1

UF2

UF3

UF4

Fig. 6 – Fluorescence excitation-emission matrix spectra of HA Mw fractions with or without titration of Cd2 + at pH 6.0 and 4.0.

19%) and UF3 (22%–35%) with decreasing pH. As illustrated by the
distribution of cadmium speciation in carboxylic and phenolic
type sites (Fig. 5), the proportions of specific binding for UF1–UF3
were lower than for UF4. Furthermore, the significant decrease in
the fluorescence intensity for UF4 indicated the high binding
affinity of Cd2+ to the high Mw fraction of HA (>30 kDa), which
was consistent with the results in Table 2. However, the less
obvious fluorescence quenching effect of Cd2+ on the lower Mw
fractions, especially UF1, indicated that the binding affinity of
Cd2+ to low Mw fractions was weaker than that to high Mw
fractions, although the amount of Cd2+ bound by UF1 was larger
than the higher Mw fractions (Fig. 3). These results further
suggested that the fluorescence quenching of Cd2+ toward HA

Mw fractions was mainly influenced by the structural configuration of binding sites.
In order to further investigate the binding affinity of Cd2+ to
fluorescent groups in HA Mw fractions in detail, the modified
Sterm–Volmer model was used to determine the conditional
stability constants (logK) and the percentage of fluorophores
participating in the complexation between Cd2+ and humic-like
substances (f). These indexes provided quantitative information
to improve our knowledge on the different quenching effects
between Cd2+ and the four Mw fractions. As shown in Table 4,
the value of the conditional stability constants and the
percentage of fluorophores participating in complexation
showed a decreasing tendency with increasing Mw under
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Table 4 – Change of fluorescence intensity per unit DOC in
response to addition of Cd2 + log K, f and R2 values of HA
Mw fractions with Cd determined by Sterm–Volmer
model at different pH values.
Fluorescence
intensity
(FI/DOC)
Bulk
UF1
UF2
UF3
UF4

9105.92
9584.61
8240.01
2148.59

pH 6.0

pH 6.0 pH 4.0 logK
7193.66
7955.23
6427.21
1052.81

6738.38
7763.53
5356.01
580.12

2.52
2.42
2.58
3.47

pH 4.0

f%

R2

logK

f%

R2

21.2
18.8
22.5
72.9

0.99
0.97
0.99
0.98

2.01
1.76
2.03
2.56

20.8
15.8
35.6
51.9

0.99
0.99
0.98
0.98

different pH conditions. The value of logK for UF4 was on
average 1.38 and 1.32 times larger than those of the lower Mw
fractions at pH 6.0 and 4.0, the relatively high value of logK for
UF4 may be attributable to the structure, characterized by more
polycondensation, which caused stronger attraction and higher
sorption energy to occur in the specific binding process
(carboxylic and phenolic) than in the non-specific process
(Donnan phases), supporting our aforementioned EEM fluorescence spectroscopy results (Fig. 6). Furthermore, it should be
noted that the f values in high Mw fractions were larger than
those of low Mw fractions (except for UF2), illustrating that
more humic-like substances participated in the complexation
of Cd2+ in higher Mw fractions of HA.
According to the results, though larger amounts of Cd2+
were bound on smaller Mw fractions, the binding affinities
were relatively lower than for the larger Mw fractions.
Therefore, the HA fraction with molecular weight smaller
than 30 kDa has higher environmental risks, because it could
release more Cd2+ into the environment and enhance the
mobility and bioavailability of Cd2+. More importantly, recognizing the environmental effects of different Mw fractions,
several strategies could be adopted for risk control of heavy
metal migration. For instance, metal immobilization processes with higher metal binding affinities on HA should be
encouraged; while HA with molecular weight smaller than
5 kDa could be helpful in heavy metal binding remediation
through phytoremediation.

2.5. Effect of pH and ionic strength
The binding of Cd2+ was pH-dependent, as it affects the proton
states and the dissociation of functional groups of HA fractions.
Significantly higher binding capacities were observed at pH 6.0
than 4.0 for each HA fraction (Table 2), which could be attributed
to the higher content of dissociated functional groups in the HA
fractions at higher pH. As illustrated by Table 4, the percentages
of fluorophores participating in complexation at pH 6.0 were
higher than at pH 4.0, which also indicated that with the
increasing pH, more dissociated species were available. Furthermore, the electrostatic attraction of Cd2+ was more favorable due to the binding surface becoming more deprotonated at
higher pH (Ren et al., 2016). Besides, a previous study demonstrated that the structure of humic substances exhibits a
characteristic threadiness at pH ≤ 3.5, while becoming more
net- or sphere-like at pH 4.0–7.0 (He et al., 2016). Thus, more
binding sites were available at higher pH. Moreover, the
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competition between Cd2+ and protons to bind on surface sites
and the negative charge of HAs was also an important factor in
the effect of pH on Cd2+ sorption.
The effects of electrolyte (KNO3) concentration on Cd2+
binding by different Mw fractions were investigated at pH 6.0
and 4.0. The amounts of Cd2+ binding at 0.01 mol/L ionic strength
were higher than at 0.1 mol/L ionic strength. Furthermore, we
found that at pH 4.0, the increase in electrolyte concentration
had less impact on Cd2+ adsorption; while at pH 6.0 the increase
in electrolyte concentration significantly decreased the binding
capacities of Cd for each Mw fraction. This could be explained by
high electrolyte concentration changing the surface potential of
the adsorbent and increasing the electrostatic repulsion (Zhao et
al., 2011), which diminished the electrostatic attraction between
Cd2+ and functional groups of HA. Further, a strong dependence
on ionic strength is typical for non-specific rather than specific
complexation, which could be confirmed by the relatively higher
contributions of specific binding at 0.1 mol/L KNO3. However, at
high electrolyte concentrations, Cd2+ binding on HA still leads to
the formation of specific complexes (Fig. 4), whose negative
surface charge is neutralized by the co-adsorbed electrolyte
cations (e.g., K+, Na+). Overall, these observations seem to indicate
that the variations of non-specific complexes are greatly
influenced by ionic strength.

3. Conclusions
HA Mw fractions derived by sequential ultrafiltration from a
forest soil were heterogeneous with diverse chemical compositions, and it is interesting that the decrease in the concentration
of acidic functional groups with increasing Mw can be attributed to a decrease in phenolic groups. As the lower Mw fractions
of HA contained more functional groups, the binding capacity of
Cd2+ to HA tended to decrease with increasing Mw.
The binding of Cd2+ to the four HA fractions were pHdependent, and it is worth noting that the increase of ionic
strength has a strong influence on non-specific binding. Furthermore, the binding characteristics of Cd2+ to the four HA fractions
were well described by Langmuir and NICA-Donnan models, and
the outputs of the NICA-Donnan model were used to calculate
the distributions of Cd speciation. The results showed that nonspecific binding was relatively important. In addition, although
carboxylic and phenolic groups are both responsible for the
binding of Cd to different Mw fractions of HA, phenolic groups
made more important contributions to the variation in binding
capacities among different Mw fractions.
The variations observed in fluorescence spectra clearly
demonstrated a significant decrease of fluorescence intensity
in UF4 (Mw > 30 kDa); this result was also consistent with the
variation of calculated values of LogK and f. As illustrated by the
results of this study, the different effects of Mw on Cd2+ binding
were attributed to the functional group content (carboxylic and
phenolic groups) and structural properties. The HA with Mw
below 5 kDa (UF1) could bind large amounts of Cd2+, but the
binding affinity was lower than for UF4 (>30 kDa). These
findings could be applied in controlling heavy metal migration
when treating with HA, and the use of HA with Mw larger than
30 kDa should be encouraged in the process of immobilization
of heavy metals in soil and aquatic systems.
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