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dramatically with adsorption up to adsorption values of 0.7 pmol/g on montmorillonite and 1.0 umol/g
on kaolinite, but the decrease was attenuated at higher adsorption. The high exothermic molar enthalpy
of HA binding to the clays was ascribed to ligand exchange and electrostatic binding, which are enthalpy-
driven. At high adsorption values, JGHA adsorption by hydrophobic attraction and H-bonding also occurs.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Humic acid (HA) is an important component of humic sub-
stances, which are dominant organic components in soils, sedi-
ments and aquatic media. HA strongly binds to clays and metal
oxides [1-6], which affects the properties of these minerals signif-
icantly [7-9]. The interaction also affects the transport and reactiv-
ity of HA in natural systems [10]. The adsorption of HA may
prevent HA from being washed away and decrease the rate of its
decomposition, which is important for the conservation of soil
organic matter and carbon sequestration [11,12]. To understand
the fate of HA in soils, sediments and aquatic media, it is important
to know the mechanisms/modes of the adsorption of HA on min-
eral surfaces.

Due to the heterogeneity of HA, complexity of its composition
and conformation, and the differences in its interactions with dif-
ferent minerals, various adsorption mechanisms have been
observed for HA-mineral interactions, such as ligand exchange,
cation bridging, electrostatic attraction, H-bonding and hydropho-
bic interaction [2,3,13]. Although a number of studies have been
performed on the adsorption of HA on minerals, it has not been
well elucidated how differences mineral properties affect the
adsorption mechanisms of HA.

Among minerals, clays (alumino-silicate minerals) hold a spe-
cial position due to (i) the presence of basal and edge faces with
different properties, and (ii) strong structural differences among
different clays. Kaolinite and montmorillonite have distinct struc-
tural differences and are widely used in adsorption studies
[14,15]. Kaolinite (1:1) is a clay composed of layers of one tetrahe-
dral silica sheet (T) fused to one octahedral alumina sheet (O),
whereas montmorillonite (2:1) is composed of layers of one octa-
hedral (O) and two tetrahedral (T) sheets [16]. Both montmoril-
lonite and kaolinite have negative sites on the basal faces owing
to isomorphic substitution and amphoteric sites on the edge faces
[16]. The amphoteric sites are conditionally charged and pH depen-
dent because either a net positive or net negative charge can
develop due to proton adsorption. Compared with montmoril-
lonite, which has a high permanent layer charge, kaolinite has a
low permanent charge and a significant variable charge [17]. These
differences lead to different charging behaviors of the two clays
[17,18]. A recent study on kaolinite has revealed that the O basal
planes are also amphoteric with a clear variation of charge with
pH and an isoelectric point between pH 6 and 8 [19].

The adsorption of humic substances on clay minerals is influ-
enced by solution chemistry. In general, strong adsorption has
been observed at low pH [20,21]. For example, ligand exchange
and/or electrostatic interactions (attraction/repulsion) have been
proved to be responsible for the pH dependence [2,13]. Adsorp-
tions via ligand exchange and electrostatic attraction are believed
to be dominant mechanisms for the binding of humic substances
on the edges of clay minerals, especially at low pH [2]. Nonetheless,
significant adsorption can still be observed under electrostatically
unfavorable conditions. For instance, a maximum adsorption
capacity of about 37% was observed for HA adsorption on kaolinite
at pH 9.0 [22], which may be due to hydrophobic attraction [21]
and/or hydrogen bonding. At high pH, some hydrophobic interac-
tion may still occur although HA has both hydrophobic and hydro-

philic parts and it becomes increasingly hydrophobic at low pH
when the acidic groups are more protonated [23].

Further investigations are required to fully understand the
mechanisms of HA adsorption on clay minerals. Thus, this study
was aimed to investigate the effect of pH on the adsorption of
HA on kaolinite and montmorillonite and to specify the contribu-
tions of various adsorption mechanisms. To this end, analytical
techniques including adsorption measurements, isothermal titra-
tion calorimetry (ITC) and attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectroscopy were combined to
investigate the adsorption of HA on montmorillonite and kaolinite
at different pH values. ATR-FTIR can provide information about the
clay surface groups that play roles in the adsorption. ITC is a micro-
calorimetric technique to study chemical binding processes at a
constant temperature [24,25] and enables the identification of
the energetics associated with the adsorption process. By combin-
ing the adsorption isotherms results with the ITC results, the molar
Gibbs energy of adsorption can be separated into enthalpy and
entropy contribution, which provide further insights into the
adsorption mechanisms of HA on the two clay minerals.

2. Materials and methods
2.1. Materials

2.1.1. Water and chemicals

Tap water was purified using an Aquapro water system (AJY-
1001-U) to provide pure water with a resistivity of 18.45 MQ cm.
All reagents used were of analytical grade.

2.1.2. Humic acid

Soil HA was extracted from the upper horizon of meadow soil of
Jiugong Mountain at an altitude of 1665 m in Hubei (N 29°27', E
114°42’), China (Acid Udic Cambosols according to Chinese Soil
Taxonomy [26]). The soil HA, which was denoted as JGHA, was iso-
lated and purified according to the method of the International
Humic Substances Society (IHSS) [27]. The sample in acid form
was dialyzed for about three months until the pH reached 6.0, then
freeze-dried and stored in a desiccator with silica gel. The weight
average molar mass of JGHA determined by size exclusion chro-
matography was around 38 kDa. The elemental analysis (on an
ash-free basis) showed 55.8% C, 38.9% O, 4.6% H, and 0.6% N (wet
weight) [28]. The charge densities of JGHA in 0.1 mol/L KCl at pH
4.0, 6.0 and 8.0 were —0.9, —2.3 and —3.0 mmol/g, respectively
[29].

A stock solution of 4.0 g/L JGHA in 0.1 mol/L KCI was prepared
in a volumetric flask by dissolving JGHA under mild shaking for
24 h and at pH 10 to ensure full dissolution [30].

2.1.3. Clay minerals

Kaolinite (KGa-2) and montmorillonite (SWy-2) used in this
study were purchased from the Clay Minerals Society Source Clays
Repository (University of Colorado, USA) with purities of 95-100%
and 90-100%, respectively. The cation exchange capacities (CECs)
quoted by the supplier were 3.3 (KGa-2) and 76.4 meq/100¢g
(SWy-2). The samples were oxidized with H,0, to remove any
residual organic matter and the fractions < 2 pm were separated
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by wet sedimentation. Then the fractions < 2 pm of montmoril-
lonite (MON) and kaolinite (KAO) were washed five times with
0.1 mol/L KCI solution to bring the clays in K* form. To remove
the excess KCl, the samples were washed with deionized water
until no chloride could be detected by AgNOs solution. Then, the
treated clays were freeze-dried and ground to pass through a
100-mesh sieve and stored. The specific surface areas of the dried
and ground MON and KAO, obtained by N, gas adsorption and
using the BET-method, were 19.7 m?/g for KAO and 23.3 m?/g for
MON. The t-plot analysis using the standard N,-isotherm equation
of de Boer [31] revealed that the external surface area of MON sam-
ple was 16.3 m?/g. The KAO sample was non-porous. More details
of the gas adsorption analysis of MON and KAO were listed in the
SL

Stock suspensions of MON and KAO at pH 4.0, 6.0 and 8.0 in
0.1 mol/L KCl were prepared under continuous stirring (4.0 g/L
for the adsorption isotherm measurements and ATR-FTIR analyses,
and 8.0 g/L for the ITC titrations).

2.2. Methods

2.2.1. Adsorption isotherms

Adsorption isotherms at a given pH were obtained by batch
experiments using the depletion from solution method. Before
the experiment, the clay suspensions and JGHA solution were
purged overnight with N, (g) to remove CO,. Each batch sample
was prepared by transferring to a 50 mL polypropylene centrifuge
tube (1) an aliquot of the stock MON or KAO suspension and (2) an
amount of JGHA stock solution. Then, the pH of the suspensions in
the tubes was measured and adjusted to the target values (4.0, 6.0
and 8.0) by using 0.05 or 0.1 mol/L HCl or KOH when necessary.
The final concentration of MON or KAO in the tubes was 1.0 g/L
and that of JGHA ranged from 50 to 1400 mg/L and the total vol-
ume was 20 mL. The suspensions were equilibrated at 25+ 1 °C
by end-over-end rotation for 24 h. The pH was checked three to
four times and readjusted to the target pH when necessary (the
small volumes of acid or base required were measured and added
to the total volume). Before pH checking the suspensions at pH 6.0
and 8.0 were kept under N, atmosphere for 10 min. After equilibra-
tion, the samples were centrifuged at 8000g for 15 min and the
supernatants were filtered through a 0.45 pm nylon membrane fil-
ter. Each filtrate was analyzed for total organic carbon (TOC) with
an Elementar TOC Select (Germany) apparatus. The JGHA concen-
trations were obtained from the TOC measurements by using a
TOC-JGHAonc calibration line. The adsorption amounts of JGHA
(mg/g) were calculated from the difference between the initial
and final JGHA amounts in the solution and the mass of clay pre-
sent. For the conversion of mg/g to pmol/g, we used the measured
JGHA molar mass of 38 kDa.

2.2.2. ATR-FTIR spectroscopy

All ATR-FTIR spectra were recorded with a Bruker Vertex 70
spectrometer (Bruker Optics, Billerica, MA) using a MIRacle™ ATR
accessory (Pike Technologies Spectroscopic Creativity, Madison,
WI) equipped with a ZnSe ATR crystal at ambient temperature
(25 £ 1 °C). The angle of incidence for the ATR cell was ~45°, which
was far beyond the critical angle. The ATR-FTIR samples were pure
clays and clay-JGHA complexes at pH 4.0, 6.0 and 8.0, and 0.1 mol/L
KCl. The JGHA concentrations in the clay-JGHA complexes were
matched to the maximum adsorption at the given pH. Each sample
suspension (pure clay and clay-JGHA complex) was centrifuged
(8000g for 15 min), and the supernatant was filtered and used for
recording the background spectra prior to sample measurement.
Before the collection of a background spectrum, the ATR crystal
was carefully cleaned with ethanol to remove any residues of the
previous sample. The subsequent sample measurements were car-

ried out with small solid samples taken from the precipitate. At a
randomly selected point of the precipitation with a fixed amount
of precipitate (0.05 g) was removed with a small medicine spoon
and mounted on a round ZnSe crystal to collect the spectrum with
HgCdTe detector. This process was repeated two/three times for
each sample and samples of equal weight were used. The spectra
were obtained using standard spectral collection techniques and
the rapid-scan software in OPUS 6.5. Each measured spectrum
was based on 512 scans at 4cm™' in the range of 700-
4000 cm~ . The spectra were measured in duplicate/triplicate to
verify the reproducibility of the results.

All sample spectra were background subtracted and baseline
corrected with OPUS 6.5 software and then normalized by Origin
8.0 in order to make the band absorbance comparable among the
samples. The spectra of MON and MON-JGHA complexes were nor-
malized using the band area at 915 cm~! and those of KAO and
KAO-JGHA complexes were normalized by using the band area of
the inner hydroxyl group band located at 3620 cm ™.

The normalized ATR-FTIR spectra were further unraveled with
Origin 8.0 using the second derivative method to approximate
the peak positions, followed by deconvolution of the spectra in
Gaussian bands [32]. The peak positions were further refined to
obtain the best fit to the spectra and the band areas of the charac-
teristic absorption bands were calculated. The deconvoluted spec-
tra of the clay minerals and clay-JGHA complexes were shown in
Figs. S2-S4. Thus, the obtained results were used to study the
effects of changes in conditions: (1) the effect of pH on pure clay
spectra, with the clay at pH 4.0 as reference and (2) at each pH,
effect of adsorbed JGHA on KAO and MON with pure clay as refer-
ence. To quantify the spectral changes of band area ratios, R, were
used, where R of a band was the sample normalized deconvoluted
band area at a given wavenumber divided by the reference were
used.

2.2.3. Isothermal titration calorimetry (ITC)

ITC experiments were performed using a TAM III (Thermomet-
ric AB, Sweden) micro-calorimeter equipped with a stainless steel
titration ampoule (1 mL) and Hamilton syringe (250 pL) with a
stainless steel needle (150 um of inner diameter and 1.2 m of
length). The calorimeter was positioned in a temperature-
controlled environment (25.0 £ 0.1 °C) and calibrated by a standard
electric pulse. Prior to each experiment, the sample cell and the
syringe were rinsed with freshly distilled water. Solutions were
thoroughly degassed prior to experiments to avoid air bubbles in
the calorimeter. The clay suspension (0.4 mL, 8.0 g/L in 0.1 mol/L
KCL equilibrated at the desired pH) was brought into the titration
ampoule and stirred at 120 rev/min by a three-blade golden pro-
peller. The ampoule was lowered into the calorimeter step by step,
and allowed to equilibrate for at least 120 min before data collec-
tion. The needle of the syringe with JGHA stock solution (4.0 g/L in
0.1 mol/L KCI at the desired pH) was inserted through the sleeve on
the titration unit till the needle tip submerged into the solution in
ampoule. After a highly stable power value (W) was obtained (sig-
nal deviation < 200 nW in 5 min), the titration was started by the
injection of aliquots of JGHA solution into the ampoule. A total vol-
ume of 120 pL JGHA solution was titrated into the ampoule in 12
injections of 10 puL at a rate of 1 pL/s. The time interval between
two injections was 5 min. The baseline of the calorimeter did not
change significantly within 5 min, and it thus was assumed that
the adsorption reaction was equilibrated [33]. The calorimeter
response of power (W) vs. t (min) was transformed with the cali-
bration pulse (J/W) into a heat flow (J/min). The heat flow resulting
from a sample titration included two contributions: the heat from
the dilution of the stock clay suspension and stock JGHA solution
upon the addition of JGHA solution, and the heat from the interac-
tion between clay and JGHA. In an additional experiment, it was
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verified that JGHA did not lead to the dissolution of the clays under
the given conditions. The two heat flows of dilution were sepa-
rately measured and subtracted from the heat flow measured for
a sample titration. The remaining heat effect was regarded to be
caused by “heat of adsorption” due to the adsorption of JGHA on
the clay.

3. Results and discussion
3.1. Adsorption isotherm analysis

JGHA adsorption isotherms on KAO and MON at 0.1 mol/L KCI
and three pH values are depicted in Fig. 1. All isotherms show a
sharp rise at low JGHA (equilibrium) concentrations and then grad-
ually level off at higher concentrations to a plateau value that is pH
dependent. The shape of the isotherms can be classified as a high
affinity type. The JGHA adsorption on both clays decreased with
increasing pH, which is qualitatively in agreement with the results
of previous studies [4,13]. At pH 4.0, similar maximum adsorptions
(about 9.0 nmol/g) were observed for KAO and MON; but at pH 6.0
and 8.0, the maximum adsorption on MON (8.5 and 7.4 pumol/g,
respectively) was significantly higher than that on KAO (5.5 and
4.5 pmol/g, respectively). Most likely only the external specific sur-
face areas of the two clays are available for JGHA adsorption. By
using these areas, the adsorption amounts can be expressed as
umol/m? (right side Y-axis of Fig. 1). It turned out that at three
pH values, the adsorption amounts (pmol/m?) were only slightly
higher on MON than on KAO, indicating that both the external
basal faces and edge faces contribute to the JGHA adsorption.

The isotherms could be well fitted to the Langmuir equation:
q = qmK.C*[/(1 + K;C*), where q is the amount of JGHA adsorbed
per unit mass, ¢, is the maximum amount of JGHA that can be
adsorbed, C* is the normalized equilibrium concentration based
on a standard state of 1 mol/L, i.e.,, C'[-] = C (mol/L)/1 (mol/L)
and K; is the affinity constant (1 mol/L standard state). The fitting
was carried out using Origin 8.0, and the obtained parameter val-
ues are presented in Table 1. The values of InK; can be converted
to molar Gibbs energies of adsorption AG using the relation
—RTInK; = AG. The calculated AG values are also shown in Table 1.
The simple Langmuir equation fits the results well, indicating that
the molar Gibbs energy of adsorption is not significantly affected
by the adsorption amount in the measured adsorption window.
For a given pH, the K; values follow the order of KAO > MON, indi-
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cating that the molar Gibbs energy of JGHA adsorption (in absolute
value) is higher for KAO than for MON.

The fact that pH strongly affects the adsorption indicates that
electrostatic interactions play a significant role in JGHA adsorption
on the two clays, especially for KAO. The permanent negative
charges on the basal T-face of MON and KAO are pH independent
[6,34] and are mainly compensated by specific adsorption of K*
ions. Therefore, pH only has modest effects (K" exchange by H")
on the state of the T-face. The pH variable charge on the small
edge-face of MON and of KAO and on the basal O-face of KAO
[19] is due to the reaction of O-containing surface sites with H*
or OH™ in solution. This leads to positive (AIOH3) or negative (AlO~
and SiO™) surface charges depending on the pH, and this charge is
largely compensated in the diffuse layer in the presence of KCI. The
state of variable charge groups is therefore important for JGHA
adsorption.

In general, the role of the pH on the adsorption of JGHA is two-
fold; both the JGHA interaction with the surface and the lateral
interaction between the adsorbed JGHA particles are affected. As
for the surface-JGHA interaction, increasing of pH leads to a
decrease of the positive charge or an increase of the negative
charge of the edge-face of the two clays as well as on the O-face
of KAO. Thus, the electrostatic interaction of JGHA with the clay
surface is also affected: with increasing pH, the attraction
decreases or the electrostatic repulsion increases, which tends to
decrease the JGHA adsorption for all JGHA concentrations. The
effect is stronger for KAO than for MON because the edge area frac-
tion of KAO is larger than that of MON [17] and the O-face of KAO
also contributes to the effect [19]. The effects of pH and clay types
on the surface-JGHA attraction are quantified by K; values, which
are higher for KAO than for MON at given pH and decrease with
increasing pH for a given clay.

The second effect of pH is on the lateral interaction. Increasing
of pH elevates the charge density of JGHA, which leads to increase
of lateral electrostatic repulsion between the adsorbed JGHA parti-
cles and two types of surfaces. Moreover, the lateral repulsion
becomes stronger with increasing JGHA adsorption and is therefore
most relevant at high adsorption values. The plateau adsorption of
JGHA and the fact that these plateaus decrease with increasing pH
are therefore primarily due to the increasing lateral repulsion
between adsorbed JGHA particles. It should be noted that the Lang-
muir equation does not account for lateral interactions. The mea-
sured effective affinity constant (K;) of JGHA adsorption to
quantify the JGHA-surface attraction by together with a pseudo
maximum adsorption value (g,,) that is largely due to the lateral
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Fig. 1. Adsorption isotherms of JGHA on MON and KAO at 0.1 mol/L KCI and pH 4.0, 6.0 and 8.0; panel a: JGHA adsorption on MON, panel b: JGHA adsorption on KAO.
Symbols: experimental results, the error bars indicate the standard deviation; solid lines: fitted Langmuir equation.
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Table 1
Parameters of the Langmuir equation used to describe the JGHA adsorption on MON and KAO at three pH values.
pH qm (umol/g) K; x 10° InK; AG (kJ/mol) R?
Montmorillonite
4.0 9.0+0.5 0.98 +0.24 13.8 —34.2 0.95
JGHA 6.0 85+04 0.44 +0.08 13.0 -32.2 0.97
8.0 74+04 0.24 +0.09 12.4 -30.7 0.92
Kaolinite
4.0 9.5+03 242 +0.26 14.7 -36.4 0.97
JGHA 6.0 55+0.2 2.19+0.29 14.6 —36.2 0.96
8.0 45+0.2 0.89 +0.05 13.7 -33.9 0.94

qm is maximum adsorption capacity, K; is adsorption affinity constant and R? indicates the goodness of fit.

repulsion between JGHA and only partly due to surface saturation.
The InK; value, or for that matter AG;, therefore does not fully
account for the interactions that govern the JGHA adsorption, the
lateral repulsion is hidden in the g, value.

The pH of zero net proton charge (pHznpc) of the edge-face on
MON is around 4.5 [17] and that on KAO is 6-7 [35] and the iso-
electric point of O-face of KAO is 6-8 [19]. Thus, for the edges
and the O-face of KAO, both the lateral and surface electrostatic
interactions are repulsive at pH 8.0. Also, the T-face of the clays
is negatively charged, but as this charge is largely compensated
by specific adsorption of K" ions, the electrostatic repulsion
between the T-face and JGHA is small. Therefore, the considerable
adsorption at pH 8.0 is primarily due to adsorption on the T-face of
KAO and MON, implying that besides electrostatic interaction,
other interactions are important as well.

The significant HA adsorption on clays observed at alkaline pH
has often been taken as an indirect evidence for hydrophobic inter-
action [36,37]. Also for JGHA this is plausible, because of the large
amount of hydrophobic groups indicated by the relatively high car-
bon content of JGHA (55.8%). The clay edges are generally consid-
ered as quite hydrophilic, so the edge face hydrophobic
interaction will not play a role. The two basal planes of MON are
T-faces and these faces are basically hydrophobic, but the
hydrophobicity is decreased by the negative charge density due
to the isomorphic substitution [38,39]. KAO has only one partially
hydrophobic basal plane (T-face), and the basal O-face is gibbsite-
like with OH groups and is highly hydrophilic [40]. Based on these
facts, the much higher adsorption of JGHA on the surface of MON
than on KAO at pH 8.0 can be explained at least partly by
hydrophobic interaction and, vice versa, hydrophobic interaction
is important for JGHA adsorption on the T-faces. H-bonding is also
a possible interaction mechanism next to hydrophobic attraction
[41,42]. H-bonding can occur between the functional groups of
JGHA and the partially hydrated and specifically adsorbed cations
that compensate the isomorphic substitution charge of the T-
face. At relatively high KCI concentration (0.1 mol/L), the state of
T-face is hardly affected by pH, but the state of the JGHA functional
groups is pH dependent. Therefore, it can be speculated that both
H-bonding and the hydrophobic interaction are somewhat pH
dependent.

3.2. Analysis of the ATR-FTIR spectra

The ATR-FTIR spectra of KAO and KAO-JGHA are depicted in
Fig. 2 and those of MON and MON-JGHA in Fig. 3. Due to the low
JGHA amounts present, the equipment could not detect the adsorp-
tion bands of JGHA. Therefore, the clay-JGHA spectra only show the
bands of the two clays. To identify the absorption bands, the char-
acteristic frequencies and their chemical identification as tabulated
by Madejova and Komadel [43] were used (Table S1, SI).

In the 850-1150 cm™! range, the spectra of pure KAO and MON
show Si-O stretching and bending as well as OH bending absorp-

tions (Figs. 2a and 3). The differences between KAO and MON
(1:1 versus 2:1) are reflected by the shapes and positions of the
bands. The band at about 913 cm™! corresponds to the Al-OH
deformation of inner hydroxyl groups and is present in the spectra
of both clays. This inner hydroxyl group were used to normalize
the spectra of MON. The band near 915 cm™! of KAQ is significantly
larger than that of MON, which is related to the higher AI-OH con-
tent in KAO [44]. The OH bending band of KAO near 939 cm™!
arises from the vibrations of inner-surface OH groups, but this
band is absent in the MON spectra. The two sharp absorption
bands at 1005 and 1030 cm™! of KAO are characteristic of in-
plane Si-O stretching; as for MON, these Si-O stretching bands
are shifted to 1023 and 1043 cm~! and the bands are considerably
overlapping. The bands near 1085 and 1115 cm™! are assigned to
Si-O stretching and are present in the spectra of both KAO and
MON.

KAO, which has mostly Al in the octahedral positions, has four
absorption bands in the OH stretching region from 3570 to
3730 cm~! (Fig. 2b). The inner hydroxyl groups that link the T
and O sheets give the absorption band near 3620 cm~'. This OH
group was used to normalize the KAO spectra. The strong band
at 3693 cm™! corresponds to the in-phase coupled vibration of
perpendicular-interlayer-OH, whereas the bands at 3653 and
3674cm~! are due to out-of-phase coupled vibrations of these
groups. These three interlayer groups are also exposed at the
edge-face and the octahedral basal plate. In contrast to KAO spec-
tra, the spectra of MON do not show clear OH stretching bands in
the 3570-3730 cm™! region.

To evaluate the pH sensitivity of the spectra of pure MON and
KAO, the band areas of the deconvoluted spectra were calculated.
When the peaks were close, it was difficult to resolve the individ-
ual bands unambiguously, and in such cases the areas of the bands
that correspond to the same chemistry were added to obtain a total
area. The characteristic bands and their peak frequencies are col-
lected in Table 2, together with the calculated normalized areas
and area ratios R. For each pure clay, the calculated ratios (R;) indi-
cate the band changes at the given pH relative to pH 4.0. For MON,
the normalized areas of the combined Si-O bands near 1023 &
1043 cm™! are slightly pH dependent, and at pH 6.0 the area is
reduced by 5% and at pH 8.0 by 11% as compared with at pH 4.0.
The total areas of the Si-O bands of KAO near 1005 & 1030 cm™!
show a similar tendency. R, is reduced by 21% at pH 6.0 and by
14% at pH 8.0. These results are in agreement with the fact that
the Si-O bands of the basal planes are not affected by pH but some
Si-0 bands exposed at the edges are affected [43]. The area ratios of
the combined bands of KAO near 913 & 939 cm~' (Al-OH deforma-
tions) are decreased by about 20% from pH 4.0 to pH 6.0 or pH 8.0,
indicating the presence of adsorption at the edges and O-face. The
areas of OH bands near 3693 cm~' at pH 6.0 and 8.0 fluctuate
around that at pH 4.0. Clearly, those bands are insensitive to pH
and thus may be attributed to basal plate groups.
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Fig. 3. ATR-FTIR spectra of MON and MON-JGHA complexes at pH 4.0, 6.0 and 8.0;
the absorbance values range from 850 to 1150 cm™'. Solid curves represent pure
MON samples and the dotted curves stand for MON-JGHA complexes.

The effect of JGHA adsorption was investigated in a similar way
by comparing the summed normalized band areas of the deconvo-
luted bands in the absence and presence of JGHA. At given pH, the
area ratios R, represent the effect of adsorbed JGHA on the band
areas. In general, the band areas of groups are affected by JGHA
include Si-O bands of MON and KAO and OH stretching of inner-
surface hydroxyl groups on the surface of KAO, and the ratios
become smaller due to JGHA adsorption (R, < 1.0). These results
imply a strong attraction between these groups and JGHA groups.
The ratios R, of the Si-O bands at 1081 & 1116 cm~! of MON
(0.67-1.09) and at 1088 & 1113 cm~! and 3653 & 3674cm™! of
KAO (0.36-1.04) increase with increasing pH, which is consistent
with the decreasing adsorption with increasing pH (Fig. 1). For
KAO, the R, values of these bands indicate that the main difference
is between pH 4.0 and pH 6.0 (1088 & 1116 cm™': 0.36-0.88; 3653
& 3674 cm™': 0.50-0.94). As for MON, the increase of R, is gradual.
Based on the fact that all bands are affected by the presence of
JGHA, it may be concluded again that both the edge and basal faces
contribute to JGHA adsorption.

1

The decrease in band areas of hydroxyl groups on the surface of
KAO near 3653 & 3674 cm~! most likely implies the formation of
surface complexes at the edge and O-face via ligand exchange.
Arnarson and Keil [13], Zhang et al. [21] and Parfitt et al. [45] have
spectroscopically proven that ligand exchange (carboxyl and
hydroxyl groups of humic substances versus surface hydroxyl
groups of clay minerals) is a major mechanism for HA adsorption
on clays. Ligand exchange is affected by the charged state of the
surface groups and thus by pH. The ligand exchange is also partly
responsible for the adsorption of JGHA on MON, but the edge OH
groups of MON could not be detected due to the small edge surface.
It can be concluded that the contribution of ligand exchange to
JGHA adsorption is larger for KAO than for MON.

3.3. ITC results and thermodynamic analysis of JGHA adsorption

The calorimeter responses of the JGHA titrations of MON and
KAO suspensions are depicted in Fig. 4 (Power in UW vs. t in
min). The positive peaks reflect exothermic heats of adsorption.
After transformation to mJ/min with the calibration pulse and cor-
rection for the heats of dissolution, heats of adsorption (mJ/min)
were calculated, and by integrating the area under the peaks, the
heat of adsorption per JGHA addition (Q in m]J/g) was obtained.

Using the measured adsorption isotherms, the total JGHA addi-
tion (1mol/g) at time t can be separated into adsorbed JGHA (pmol/
g) and JGHA in solution (pmol/g). The cumulative heat of adsorp-
tion, 2Q (m]J/g), can then be plotted vs. the adsorbed amount of
JGHA (umol/g). The results are depicted in Fig. 5 (solid symbols,
panels at the top) for both MON and KAO. By comparing the X-
axis of Fig. 5 with the adsorption values in Fig. 1, it can be seen
from the ITC results that adsorption values are from low to modest.
The comparison of the plots for MON and KAO reveals that released
heat of adsorption on MON is larger than that on KAO at all three
pH values. The slope of a XQ curve provides the molar enthalpy
of adsorption AH (kJ/mol), and a constant slope for a range of
adsorption values implies constant AH. By way of example, in
the plots of MON and KAO at pH 4.0, two linear regions indicated
that approximate the XQ curve reasonably well. The same can be
done for the other pH values. Before continuing this line of reason-
ing, it is instructive to calculate discrete values of AH. This can be
done by taking for each measured point the ratio AXQ (m]/g)/Aads
(umol/g), and the results are depicted in the lower panels of Fig. 5
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Table 2
Characteristics and peaks area of the bands of the ATR-FTIR spectra of the pure clays and the clay-JGHA complexes.

pH Bands Peak (cm™1) Area, Ry? Peak (cm™1) Area, R,
MON MON-JGHA
OH 915 0.10 1.00 915 0.10 1.00

4.0 Si-0 1023 & 1043 2.77 1.00 1023 & 1044 1.38 0.50
Si-0 1081 & 1116 1.28 1.00 1081 & 1116 0.86 0.67
OH 915 0.10 1.00 915 0.10 1.00

6.0 Si-0 1022 & 1044 2.62 0.95 1022 & 1044 1.72 0.66
Si-0 1082 & 1116 137 1.07 1082 & 1116 1.21 0.88
OH 914 0.10 1.00 915 0.10 1.00

8.0 Si-0 1021 & 1045 233 0.89 1022 & 1043 1.91 0.82
Si-0 1084 & 1116 1.04 0.76 1081 & 1116 113 1.09
KAO KAO-JGHA
Inner OH 3620 0.70 1.00 3620 0.70 1.00
OH 913 & 939 17.23 1.00 912 & 938 8.66 0.50
Si-0 1005 & 1030 38.46 1.00 1003 & 1030 23.83 0.62

4.0 Si-0 1088 & 1113 13.60 1.00 1088 & 1113 494 0.36
OH 3653 & 3674 2.14 1.00 3653 & 3672 1.07 0.50
OH 3693 1.85 1.00 3693 1.78 0.96
Inner OH 3620 0.70 1.00 3620 0.70 1.00
OH 913 & 939 13.86 0.80 913 & 940 12.72 0.92
Si-0 1006 & 1030 30.29 0.79 1007 & 1031 27.20 0.90

6.0 Si-0 1090 & 1113 11.51 0.85 1088 & 1113 10.16 0.88
OH 3652 & 3674 1.74 0.81 3653 & 3674 1.64 0.94
OH 3695 2.05 1.11 3695 1.92 0.94
Inner OH 3620 0.70 1.00 3620 0.70 1.00
OH 913 & 939 13.46 0.78 914 & 940 11.35 0.84
Si-0 1006 & 1030 32.91 0.86 1007 & 1030 28.85 0.88

8.0 Si-0 1090 & 1113 10.67 0.78 1091 & 1113 11.14 1.04
OH 3650 & 3674 1.59 0.74 3651 & 3674 1.38 0.87
OH 3694 1.74 0.94 3695 1.84 1.06

@ R; is the ratio of the band area at the indicated pH with respect to the band area at pH 4.0 for pure clays.
b R, is ratio of band area of a clay-JGHA complex with respect to the band area of the pure clay at same pH condition.

(open symbols). From these figures, it can be seen that AH
decreases dramatically with increasing adsorption of JGHA up to
about 0.71, 0.62 and 0.48 pmol/g for MON and about 1.0, 0.87
and 0.74 pmol/g for KAO at pH 4.0, 6.0 and 8.0, respectively. For
higher adsorbed amounts, the molar heats decrease only slightly.
Both analyses point to two main regions for AH, but especially in
region-1, the exothermic value of AH decreases with increasing
adsorption. For both MON and KAO, initially preferential adsorp-
tion of JGHA occurs at the sites with high molar enthalpies and that
at higher adsorption values, the sites with a lower and about con-
stant molar enthalpy of adsorption become occupied.

Even in region-1, the experimental points of the XQ curves do
not deviate much from a straight line. This indicates that the
enthalpy of JGHA adsorption in region-1 can be described to a rea-
sonably good approximation by an average AH in this region. The
enthalpy-wise JGHA adsorption can then be described in the mea-
sured adsorption window as adsorption to two roughly homoge-
neous site types: site type 1 with a relatively high average molar
enthalpy (region-1) and site type 2 with a relatively low average
molar enthalpy (region-2). The average AH values of the two site
types can be obtained from the slopes of the straight lines covering
region-1 and region-2 of the XQ curves for the two clays at three
pH values. The results are collected in Table 3. The adsorption at
the intersection point of the curves approximately corresponds
with the maximum adsorption on site type 1. This value is also
included in Table 3.

The following observations can be made by comparing the
results of MON and KAO. (1) At a given pH and adsorbed amount,
the AH values of MON-JGHA are higher than those of KAO-JGHA.
(2) Region-1 covers a larger adsorption range for KAO (roughly
1.0 umol/g) than for MON (roughly 0.7 pmol/g). (3) In region-2,
AH is closer to being constant for MON than for KAO. These differ-

ences are most likely due to the different structures of MON and
KAO, since MON has two equal basal-faces (T) and a relatively
small edge-face and KAO has two different basal-faces (T and O)
and an edge-face with an area similar to that of the basal faces
[17,46]. The more complex surface of KAO than of MON leads to
stronger site heterogeneity of KAO.

For the calculation of AS, the molar entropy of adsorption, on
the basis of the obtained values AG (adsorption isotherms) and
AH (calorimetry) the relation: AG=AH — TAS applies. It should
be noted that the lowest adsorption values measured with the iso-
therms (Fig. 1) are close to the adsorbed amount at the end of
region-1, implying that for the thermodynamic analysis the iso-
therms have to be extrapolated to lower adsorption values. The
adsorption isotherms could be fitted well to the Langmuir equation
(Fig. 1 and Table 1); therefore, it can be also assumed that at
adsorption values lower than the measured values, the adsorption
can be described with the fitted Langmuir equation. The measured
isotherms then indicated that K;, and hence AG, are independent of
the adsorbed amount at the given pH. The heterogeneity observed
for AH (region-1 and region-2) is thus not reflected in AG but only
in AS. The calculated values of TAS for region-1 and region-2 are
also collected in Table 3. For site type 2, a maximum adsorption
with the ITC measurements is also indicated. The larger exothermic
AH values in region-1 than region-2 are reflected in the more neg-
ative values of TAS for region-1 than in region-2.

The high average exothermic enthalpy and large average
entropy loss in region-1 indicate that the JGHA segments are
strongly bound to the surface sites by enthalpic attraction and
exclude hydrophobic attraction. In view of the small adsorbed
amounts, this is most likely due to the strong heterogeneity of
JGHA and the reaction of specific functional groups of JGHA with
clay surface groups leading inner-sphere complexes. The decrease



464 H. Chen et al./Journal of Colloid and Interface Science 504 (2017) 457-467
pH4.0MONHIGHA [ [ pH 4.0 KAO+JGHA
281 A 1l A
16
241 L
14
20 sl
5 16 | 10
= L
2l 08 |-
0.6 |
08k L
04
04k_/ KJ \ \\1 L 02}’
0.0 0.0
pH 6.0 MON+IGHA| [ pH 6.0 KAO+JGHA
28 | B 1 E
16
241 L
14
20 2l
2 16} 101
2
-9
2l 08 |-
06 |
08| L
04}
04 02
0.0 0.0 ~~
pH8.0 MON+JGHA | [ PH 8.0 KAO+JGHA
281 c ’ F
16
241 L
14
20 al
o 16k o
z I
2
By 08
06|
04}
02} \ L
0.0 [ . Y
0 10 20 30 40 50 60

Time (min)

Time (min)
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of the exothermic AH with increasing pH (and no clear trend in
TAS) indicates that the variable charge groups of the clay surface
are involved in the binding. Therefore, ligand exchange and elec-
trostatic binding are the main adsorption mechanisms in region-
1, which were emphasized before in [2].

In region-2, the behavior is more homogeneous (AG and AH are
constant at the given pH) and also the pH effects on AH and TAS
are more random. The average molar entropy loss in this region
is lower than in region-1, which is likely due to the presence of

hydrophobic binding next to surface complexation and electro-
static binding. The molar entropy of hydrophobic attraction is pos-
itive and this lowers the overall entropy loss. This indicates that in
region-2, adsorption on the basal faces is also important. On the
basal plates, H-bonding via specifically adsorbed hydrated cations
might also be important (as concluded in Section 3.1). These
results observed for region-1 and region-2 are consistent with
the conclusion of a previous study [47] that strong adsorption sites
exist at the edges of KAO and weak sites at the basal plates.
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Table 3
Thermodynamic parameters of JGHA adsorption on MON and KAO at T = 25 °C.

Receptors pH Site types AdSmax InK; AH (kJ/mol) AG (kJ/mol) TAS (kJ/mol)
4.0 Site I 0.70 12.7 -136.6 -31.6 -105.0
Site I 2.68 13.6 -98.4 -33.9 —64.5
MON 6.0 Site [ 0.63 12.7 -125.1 -31.2 -93.9
Site II 2.45 13.1 -103.4 -32.6 -70.8
8.0 Site 0.48 12.4 -97.0 -30.8 —66.2
Site II 2.19 129 -77.3 -31.9 —454
4.0 Site I 1.01 129 —88.5 -32.0 —-56.5
Site II 3.90 13.8 —42.3 -34.4 -7.9
KAO 6.0 Site I 0.89 12.9 -69.4 -31.9 -375
Site Il 2.72 13.4 -32.6 -33.0 0.4
8.0 Site [ 0.78 12.4 -76.8 -31.1 -45.7
Site 11 247 14.3 -49.3 -355 -13.8

The (average) molar enthalpies, AH, are determined by ITC, the molar Gibbs energies, AG, are derived from the adsorption isotherms using the Langmuir model and TAS is

obtained using AG = AH — TAS.

Adsma represents the maximum adsorption amount of region-1 and region-2 corresponds to Fig. 5.

Based on the maximum adsorption amounts at the end of
region-1 (mainly on variable charge edge sites) and region-2 (total
adsorption on edge sites and basal planes) (Table 3), the contribu-
tion of the edge-face (ligand exchange and electrostatic attraction)
to the total adsorption was calculated, and the estimated contribu-
tion is 26-32% for KAO and 22-26% for MON. These results are
somewhat similar to those of Feng et al. [2], who reported that
ligand exchange accounted for 32% of peat humic acid adsorption

on montmorillonite and kaolinite. However, the estimated contri-
bution of mechanisms only apply to the maximum adsorption of
region-2.

At high adsorption values, when the lateral interactions become
important, no experimental AH values are available. Moreover, as
discussed above, the lateral interaction is not included in AG, but
rather in the values of the plateau adsorption. Therefore, it is not
feasible to extrapolate the thermodynamic parameters AH and
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AS due to adsorption values higher than those indicated for region-
2.

4. Conclusions

The adsorption of JGHA on KAO and MON occurs at the external
surface of the clays and the adsorption decreases with increasing
pH. The effect of pH is stronger for KAO than for MON. The pH
dependent plateau values of the isotherms are largely due to lat-
eral electrostatic repulsion. The isotherms at given pH can be
described with a simple Langmuir equation, indicating that the
affinity constant and hence the molar Gibbs energy of adsorption
is independent of the adsorbed amount. However, the lateral elec-
trostatic repulsion leads to the plateau values of the adsorption is
not included in the (apparent) affinity by fitting the Langmuir
equation to the measured isotherms, but in the maximum adsorp-
tion value.

Detailed analysis of the adsorption and ATR-FTIR results indi-
cates that the adsorption on the edges of both clays as well as that
at the O-basal plane of KAO are largely due to ligand exchange and
electrostatic attraction. The pH dependence of JGHA adsorption
plateaus for both clays is largely due to lateral electrostatic repul-
sion between the adsorbed JGHA particles. The JGHA adsorption on
the T-basal faces is likely due to a combination of H-bonding and
hydrophobic interaction.

At low adsorption amounts, a relatively high (heterogeneous)
exothermic molar enthalpy and a relatively high negative molar
entropy of adsorption are observed both for MON and KAO, which
supports the binding of specific JGHA groups and the variable
charge surface sites by ligand exchange and electrostatic attraction
in the form of inner-sphere complexes. At moderate adsorption
values, the molar enthalpy (negative) and entropy (negative) are
smaller and not systematically dependent on pH, indicating that
the basal T-planes are also involved in the adsorption. For KAO
(1:1, different basal faces), the enthalpic heterogeneity in this
region is larger than that of MON (2:1, same basal faces). The lower
negative molar entropy might be due to a combination of ligand
exchange plus H-bonding (entropy losses) and hydrophobic attrac-
tion (entropy gain).

The quantification of the contributions of different adsorption
processes of soil HA on clay minerals improves our understanding
on the formation of organic-inorganic nanocomposites. The results
suggest that soils with different types of clays may be different in
soil carbon pools and retention ability of organic contaminants.
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