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Abstract: The environmental importance of humic acid (HA) is mainly related
to soil fertility, but it can also develop some human diseases by its intake
as well as prevent calcium assimilation. Physicochemical characterisations of a
montmorillonite (Mt) and its thermal treated product (Mt550), to which HA,
Ca'? or both were added, will help to better understand the surface behaviour of
the binary or ternary systems. Calcium or HA adsorption produces a decrease
of the Mt and Mt550 specific surface area (SSA). X-ray diffraction indicates
calcium presence and no entrance of humic acid in the interlayer of Mt, while
in the ternary systems (calcium-HA-Mt) a hindrance to the calcium entrance
was observed. The opposite behaviour produces the adsorption of HA or
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calcium on electric charge of both samples. The mean pore diameter (MPD) for
Mt increases with Ca'* adsorption while no change was found after HA
adsorption, in contrast to that found for Mt550.

Keywords: montmorillonite; thermal treated montmorillonite; porosity;
specific surface area; humic acid.
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1 Introduction

Humic acid (HA) is the major component of humic substances (HS) which are the most
important organic constituents of soil (humus), peat, coal, many upland streams,
dystrophic lakes and ocean water (Stevenson, 1982). HA is produced by biodegradation
of dead organic matter during subsurface humidification (Kar et al., 2011).
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Some recent works reveal that HA can act as xenobiotic chemicals (Bittner et al.,
20006). Prolonged exposure to water containing HA damages tissues and endothelial cells
(Ting et al., 2010; Hseu et al., 2008) with subsequent chronic health problems (Hur et al.,
2011; Kihara et al., 2014). Also, high concentration of HA present in artesian well water
was suggested as one of the contributing factors for the development of blackfoot disease
(BFD) (Hseu et al., 2008) or Kashin-Beck disease (KBD) (Liang et al., 1999). BFD is an
endemic peripheral vascular disease found on the southwest coast of Taiwan while KBD
is a chronic, endemic osteochondropathy (disease of the bone).

Pharmacological properties of HA, anti-inflammatory, anti-neoplastic and anti-
proliferative effects (Yang et al., 2004), in the presence of As,0Os;, generate growth-
inhibition effects in human cervical adenocarcinoma cell lines in vitro.

HA are polyelectrolyte acids containing various types of carboxylic and phenolic
functional groups as aliphatic and aromatic moieties. The first type of functional groups
confers hydrophilic properties, while the latter imparts hydrophobic properties to these
substances.

HA tend to accumulate at the solid—water interface due to these hydrophilic and
hydrophobic properties. The different chemical functional groups present in the molecule
participate in chemical reactions of adsorption and complexation of a variety of metals,
metallic oxides, salts, clay minerals and some other non-metallic elements. In this sense,
HA can act as a complexing agent on the human body, preventing calcium assimilation.

The presence in water and soil of heavy metals generates an important concern about
the environment and health, which has led to the development of large number of
investigations to remove these pollutant agents. The HA capacity of heavy metals
complexation had been largely studied in order to understand their environmental
behaviour in surface waters and soils (Park et al, 2012 and references therein).

It was pointed out that the association of HA with water colloids or clay particles
revealed important increase of adsorption of heavy metals, in respect of any of them
alone (Wang et al., 2012 and references therein). Also, in anaerobic environments,
HA are utilised as electron acceptors or electron shuttles by a variety of bacteria
(Vacca et al., 2005; Kappler et al., 2004). With aerobes, exposure to humic materials has
been shown to have various effects on metabolic activity in general and on the
biodegradation of organic pollutant compounds in particular.

The adsorption of HA by clays has been largely studied, particularly, in binary
systems consisting of montmorillonite (Mt) and HA, where an increase in the adsorption
capacity of heavy metals was observed, assigned to the bridge bonds generated between
divalent metal ions and the surface formed by the system (Liu and Gonzalez, 1999).
Recently an increase of around 15% of the maximum adsorption capacity of Cr, Cu and
Cd was also indicated, by the use of ternary systems composed of Ca—Mt and HA (Wu et
al., 2011).

The associations between HA and clays were also studied in soil chemistry in order to
determine their contribution to soil fertility by affecting aggregation, dispersivity and
expandability by modifying the surface area, cationic exchange capacity (CEC) and
charge density (Tiller and Smith, 1990). Particularly, the interaction and aggregation
of clays with soil organic matter are affected by soil pH, CEC and presence of cations
(Na®, Ca®*, Mg”"), which also modifies the transport and bioavailability of nutrients and
pollutants (Young and Smith, 2000; An et al., 2015). The amount and type of clays
present in soils (Amezkieta, 1999) can act together to form intra-particle interactions
influencing soil dispersivity (Nelson et al., 1999). The high specific surface area (SSA)
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and the chemical reactivity developed by clays modify soil properties when the soil’s
clay content is higher than 30-35%.

The study of the addition of Ca*™ and HA to Mt could represent what occurs in soils
and also in the uptake of Ca™ in human bodies. The reproduction of some of the most
important components with heavy metals adsorption capacity in soil and their
characterisation could allow predicting the fate of contaminants in different
environmental compartments with the effect of physicochemical changes in the
environment.

The importance of interactions of clays and HA had been widely studied, in order to
understand the aggregation and sedimentation properties of clays in surface waters and
particle transport phenomena, (Majzik and Tombdacz, 2007a, and references therein).
Six mechanisms have been suggested to be involved in the adsorption of organic matter
to mineral surfaces: ligand exchange, cation bridges, anion exchange, cation exchange,
van der Waals interactions and hydrophobic effects (Arnarson and Keil, 2000).

The layers of clay particles have permanent negative charges on basal planes and
pH-dependent charges develop on the surface hydroxyls at the edges. This surface charge
heterogeneity of Mt governs the particle interactions in suspension. Although the overall
particle charge is always negative, the edges are positively charged under acidic
conditions and edge-to-face aggregates can form at and below pH ~6.5 (Majzik and
Tombacz, 2007a, 2007b). Also, specific mesopore surface area is relevant for adsorption
of organic ligands onto Mt, in fact, this mesopore area is increased by calcinations,
promoted by the exposure of the aluminium ions at the surface edges (Bojemueller et al.,
2001).

The aim of this work is to determine the influence of the presence of Ca™ and HA on
some surface properties of swelling clays. To attain this objective, Mt and thermal treated
Mt samples were employed, to which HA, Ca™ or both were added to modify their
surface characteristics. Particle effective diameter, specific surface (by water adsorption),
interlayer space, zeta potential curves and porosity (by Hg intrusion) were measured to
determine changes in Mt aggregation and surface electric charge behaviour. Thermal
treated Mt was used to point out the influence of clay’s internal surface in the parameters
studied.

2 Materials and methods

2.1 Materials

The fraction <2 um of Mt (99 % purity) was isolated by dispersion in water and further
centrifugation at 14,000 rpm, from a bentonite sample collected from Lago Pellegrini
deposit (Rio Negro, North Patagonia; Argentine).

A fraction of Mt was treated thermally at 550°C for 12 h and identified as Mt550.

Humic acid AR (Na humate 99% purity) and CaCO; were supplied by Aldrich.
The humic acid (HA) was purified following the Vermeer et al. method (1998)
and identified as HA. The HA molar absorption coefficient ratio (measured at A= 465
and 665 nm) was 3.57 indicating AH characteristics (Stevenson, 1982). The analysis
of HA obtained by XRD (figure not shown) evidenced the absence of crystalline
inorganic compounds as quartz, clays and calcite. Also, IR characteristics bands
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(figure not shown) for the HA sample were found at 3370—69 cm ™' corresponding to OH
groups stretching of the various carbonyl groups and at 171918 and 1225-23 cm ™' to
carboxyl, at 2929 and 2850 cm™' corresponding to the aliphatic CH stretch, at
1624-1619 cm™" assigned to structural vibrations of aromatic groups C=C and at
1404—1419 cm ™' belonging to phenols (Barancikova et al., 1997). Both analysis indicated
a good purification of the HA.

2.2 Adsorptiosn of Ca™ and humic acid.

For Mt or Mt550 dispersions (20% w/v), CaCO; 0.09 g/g clay, HA 0.06 g/g clay or both
were added and maintained in continuous stirring for 48 h at room temperature. The
amount of CaCO; added corresponds to three times the 65-70% CEC. The dispersions
were centrifuged (14,000 rpm) and solids were identified with a sub-index indicating the
presence of Ca®", humic acid (HA) or both adsorbates (Mtc,, Mtys and Mtcana,
respectively).

The HA and Ca*" adsorption amounts were determined as the difference between
initial concentration and that of the supernatant in equilibrium. HA in the supernatant
solution (equilibrium concentration) was analysed by UV spectrophotometry (maximum
absorption A=465nm) using a Hewlett-Packard 8453 UV-visible spectrophotometer.
The Ca®" equilibrium concentrations were determined using a Shimadzu 6800 atomic
absorption spectrophotometer.

2.3 Characterisation methods

X-ray diffraction analyses were carried out on powder samples to determine the basal
spaces with a Philips 3710 diffractometer using Cu K, radiation 40 kV, 20mA and Ni
filter, samples were stored 12h at 0.47 relative humidity (rh) before X-ray analysis.

The external SSA was determined by nitrogen adsorption (Sy;) (BET method,
at —196°C) using a Quanta Chrome Autosorb instrument and the total SSA (S,) was
determined by water vapour adsorption at rh 0.56, as described elsewhere (Torres
Sanchez and Falasca, 1997). Internal or interlayer SSA was determined as the difference
of total (Sw) and external (SN2) SSA (Michot and Villieras, 2006).

The values of isoelectric point (IEP) were obtained by determination of the diffusion
potential as described elsewhere (Tschapek et al., 1989). The IEP is the pH when the
transported number of cations (¢') is 0.5 in graph ¢* vs. the sample pH. The transport
number is obtained from the electromotive force, originated by the electrolyte ions
moving within the charged sample between two different concentrations (5 x 10~ and
107 M) of KCI.

The CEC was determined by the Cu—triethylenetetramine method (Czimerova et al.,
2006).

Particle size determination was performed by dynamic light scattering DLS
measurements using a Brookhaven 90 Plus/Bi-MAS Multi Angle Particle Sizing,
operating at A=635nm, 25+0.1°C. Soil particles were measured from 1% w/w
water dispersion. The determination only gives an apparent equivalent sphere diameter

(Dapp).
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Zeta potential (ZP) measurements were carried out with a Zeta Potential Analyser
90Plus/Bi-MAS Multi Angle Particle Sizing (Brookhaven Instruments Corporation)
at constant ionic strength of 10~° M KCI. Samples were prepared at several pH values and
pH was equilibrated over night by addition of concentrated HCI or KOH solutions
dropwise.

Textural analyses were carried out using a Porosimeter 2000 Carlo Erba. This
instrument determines the pore size and pore volume distribution in the range
3.7-7500 nm radius by Hg intrusion. The weighed sample was outgassed and then filled
with Hg. Pore volume was measured by a capacitance system and with an external
pressure range 0.1-200 MPa.

3 Results and discussion

Table 1 indicates the chemical analysis, external SSA (SN,), IEP and CEC of Mt and
Mt550 samples.

Table 1 Chemical analysis and external SSA (Sx;), IEP and CEC of indicated samples

SiO, ALO; Fe,O; CaO TiO, MgO BaO Na,O K,O H,O Sy, IEP CEC
Sample % % % % % % % % % loss (m%g) (pH) (megq/100g)

Mt* 582 199 5.61 046 0.55 2.77 0.01 231 0.07 10.12 559 3.5 98
Mt550 59.6 19.8 448 039 0.16 3.45 0.01 1.77 0.16 1034 06 &3 97

*Data form Lombardi et al. (2003).

No significant differences were found in the elemental compositions of major
components in both samples. Particularly, the constant percentage of aluminium oxide
and silica indicated that thermal treatment did not produce mass loss from Mt550 with
respect to Mt sample.

Decrease of external SSA value (Sy;) with thermal treatment revealed different
textural properties originated in movements of octahedral cations depending on the
presence of interlayer cations (Emmerich et al., 1999) or changes in Al coordination,
within the octahedral sheet (Torres Sanchez et al., 1999). The IEP pH value obtained for
Mt sample was in agreement with data found for other samples from close sampling areas
(Lombardi et al., 2003). The higher IEP pH value obtained for Mt550 sample was
assigned to the structural Al leaching with further edges enrichment of the silicate layers,
as a consequence of the thermal attack to the surface (Torres Sanchez, 1997), and also its
migration to other sites in the octahedral sheet contrarily to Fe** behaviour (Heller-Kallai
and Rozenson, 1980).

The close CEC values obtained for both samples in agreement with studies performed
by Emmerich et al. (1999) indicated that the thermal treatment applied does not affect the
CEC values.

Table 2 indicates HA and Ca®" adsorption values for all studied samples. As the pH
developed by clay dispersions largely conditioned the HA sorption (Feng et al., 2005),
the pH suspension, for the respective samples, was also indicated.
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The Mty, and Mt550y. sample suspensions’ pH values (around pH 5.8 and 8§,
respectively) were in the pH range (pH = 5-10) which corresponded to the range where
HA adsorption by Mt was lower (Feng et al., 2005). Tombacz and Szekeres (2004)
indicated that HA was bound mostly to the reactive surface sites of clays, Al-OH,
prevailing at the edges of clay lamellae, where positive charge could be developed at low
pH. In our results, in agreement with Feng et al. (2005) and Majzik and Tombacz
(2007a), HA adsorption was higher with lower pH.

Table 2 Adsorbed amounts of HA and Ca**on indicated samples

Sample pH HA (mg/g) Ca’* (mg/g)
Mtiis 57 50.0 -
Mtc, 5.8 - 69.6
Mtcana 5.7 58.5 71.7
Mt55044 8.0 27.7 -
Mt550c, 8.1 - 35.8
Mt550cana 8.0 28.2 353

Addition of Ca®" produced a light HA adsorption increase for the Mt sample,
in agreement with results of Feng et al. (2005), remaining constant for Mt550 sample;
while the Ca®" adsorption was not modified significantly by the presence of HA on
any sample.

The decrease in HA and Ca®" adsorption for Mt550 sample (half in quantity with
respect to that obtained for the Mt sample) was affected by the suspension pH.
To determine whether the interlayer space provides adsorption sites, XRD spectra of all
samples were analysed. Figure 1 shows the d 001 reflection peaks of Mt and Mt550
samples, without and with adsorption of Ca®*, HA or both.

Adsorption of HA, or Ca’" alone, in sample Mt, generates an increase of interlayer
space from 1.18 to 1.26 and 1.47 nm (Mt, Mty, and Mtc, samples, respectively),
indicating a weak or non-HA entrance (Koyama, 1995), and the formation of classical
water bilayer associated with Ca®" in the Mt interlayer space (Cases et al., 1997).
Meanwhile the d 001 reflection peak found for Mtc,ya Was close to that of Mt sample,
confirming the HA—Ca*? complex formations at the edge surfaces (Majzik and Tombacz,
2007a).

The interlayer collapse of Mt550 sample generated a shift of the interlayer space to
0.95 nm (Ormerod and Newman, 1983). The presence of different adsorbates does not
modify the d 001 reflection value found, within the XRD error.

A higher intensity of d 001 reflection peaks was found for samples with humic acid,
irrespective of thermal treatment, with respect to samples with Ca®* and Ca—HA, which
would indicate a higher degree of crystallinity attained by changes in aggregation of the
HA-Mt complexes formed (Majzik and Tombéacz, 2007a).

Table 3 reports the total SSA values found and the Dapp for all samples.

The decrease of total SSA value (S,) in all thermal treated samples was mainly
originated by the internal SSA (interlayer) decrease discussed in previous paragraphs.
A similar water loss values obtained for Mt and Mt550 samples (Table 1) indicated a
reversible rehydration of sample Mt550 with time (Emmerich et al., 1999).
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Figure 1 (a) and (b) XRD peaks for d (001) reflection for the indicated samples
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Table 3 Total SSA and apparent diameter (D,,,) for all samples

Sample Total SSA (m*/g) D,,, (nm)
Mt 670 £ 10 774 £23
Mtya 566+ 7 598+ 19
Mtc, 656 =10 637 +£27
Mtcana 5727 754 £27
Mt550 140+ 2 773 £ 28
Mt550p, 901 850+32
Mt550c, 86+ 1 814 £ 31

Mt550¢,1a 91+1 778 £26
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The decrease of SSA values in the following order Mtc, = Mt > Mty > Mtc,ua showed
no correspondence with the d 001 reflection peak values and consequently with the
interlayer capacity of water retention alone. The decrease of total SSA value for Mtc,ya
with respect to Mtc, sample could be assigned to the calcium ions complexation with AH,
where these complexes could cause an increase in the hydrophobicity of the surfaces
(Nennemann et al., 2001).

The lower SSA values found for Mt550 with respect to Mt samples point out the
collapse of the interlayer space (internal SSA) with thermal treatment (Torres Sanchez et
al., 2011), maintaining a similar behaviour to that found for Mt samples. Particularly, the
decrease of SSA values with addition of Ca*" and HA could be explained partly by
electrostatic interactions, besides the cation exchange mechanism, as it was indicated for
hematite oxide. Vermeer et al. (1998) point out that at high pH, where the surface charge
of hematite oxide is negative, and in presence of low salt concentration, the humic acid
molecules are adsorbed relatively flat on the oxide surface. The similarity of surface
charge developed by Mt550 sample (Table 1, IEP,y = 8.3) to those of hematite oxide
(IEP,y = 8.5, Parks, 1968) would also allow to expect similar association, which in turn
generates similar specific surface values among the samples with HA adsorbed.

The addition of Ca*" or HA produced a decrease in Dapp values for Mt samples. This
decrease is reverted in the case of Mtc,ya, reaching values similar to those found for Mt.
For Mt550¢, and Mt550y, samples, Dapp values were higher than those for Mt550, and
this value was also reverted (as in the case of Mt) near to the original value of Mt550 in
the case of Mt550c.ua- Results for Mt were coincident with the study presented by Majzik
and Tombacz (2007b), where in the absence of both HA and Ca®*', clay lamellae are
aggregated in edge-to-face form, which can be effectively dispersed by HA addition due
to edge coating. In the presence of Ca®’, the HA-coated lamellae are bridged with Ca**
and higher aggregates can be formed.

In the case of thermal treated samples, the different configuration of Al in the Mt
structure could originate different interactions, modifying the aggregates formation with
respect to Mt samples (Fernandez et al., 2013).

The low correlation between Dapp and SSA values would indicate different
electrostatic interactions or porosity among the samples studied, which will be estimated.

To evaluate the electrostatic surface interactions among Mt or Mt550
samples and HA or Ca"?, measures of ZP values in a pH range from 2 to 12 were made
(Figure 2).

It must be taken into account that currently available theories for electric double layer
cannot be used to accurately interpret ZP of platy particles such as clay minerals.
Particularly, cations that compensate the structural charge of smectites are located in the
Stern and diffuse layers, originating a constant charge that would not produce
electrokinetic phenomena (zeta potential or electrophoretic measurements, Thomas et al.,
1999).

However, the measures of ZP of these minerals as a function of pH give a negative
and constant ZP value, which is assigned to the relative proportions of basal and edge
faces that are exposed to the electrolyte solution, which are both negative for pH > 3.5
(Thomas et al., 1999), not allowing the determination of the IEP by microelectrophoresis
(Swarten-Allen and Matijevic, 1974).
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Figure 2 Zeta potential curves: (a) raw sample (Mt); (b) thermal treated samples (Mt550).
Symbols indicate: (W) clay; (®) HA; (V) with HA; (A) with Ca and () with CaHA
samples. Lines are drawn as a guide for the eye (see online version for colours)
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On the other hand, humic acids possess a range of weak acid groups, including carboxylic
and phenolic OH. Most of the chemical groups dissociating, at pH <7, are carboxylic
groups (Tipping, 2002). ZP values for HA are negative in the whole pH range studied
(Figure 2). Moreover, these groups have great affinity for Ca®", and even in the presence
of excess of Ca®" negative values could not be reverted (Majzik and Tombacz, 2007a).

Particularly, in the Mt, the two types of surface charge (negative and permanent
in basal faces and variable with the change of pH in layers edges) determine the
value of the ZP. The predominance of negative charges on the basal face compared
to the positive charges of particle edges generates a flat ZP curves between —30 mV
and —40 mV values in the whole pH range studied (Sondi et al., 1996; Thomas et al.,
1999).

The ZP curves for Mt and HA samples (Figure 2(a)) are in agreement with data found
(Duran et al., 2000; Lombardi et al., 2006), attaining up to -60 mV for HA sample.
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The thermal treatment (Figure 2(b)) generated a decrease in the net negative surface
charge of clay (Mt550 with respect to Mt sample), which could be responsible for the
formation of larger aggregates and attributed to the release of structural Al cations
produced by thermal treatment (Torres Sanchez et al., 2011).

For HA adsorption, Mt and Mt550y4 samples (at pH above 5) generated an increase
in negative net charge with respect to values obtained for Mt or Mt550 samples,
respectively, evidencing the negative surface charge developed by HA functional groups
(Tombécz et al.,1984).

The adsorption of Ca** in Mt and Mt550 samples produced an opposite ZP behaviour,
when comparison is made to the respective initial samples. A decrease and an increase in
the negative net surface charge with respect to Mt and Mt550 samples were found for
Mtc, and Mt550¢,, respectively. However, both ZP curves (for Mtc, and Mt550c,
samples) overlapped, within the error range, and were assigned to the Ca™* exchange
produced (Sondi et al., 1996).

The simultaneous presence of Ca™ and HA (ternary samples), for both Mtc,ya and
Mt550c.na samples, generated a high decrease of negative net surface charge with respect
to Mt and Mt550 samples, which can be assigned to the coordination of Ca®’ by
HA ligands (Tipping, 2002). Note that the relative change of the negative net surface
charge for both samples is equivalent to Ag,, =Gy, — % Awisso = Inissopy,, — Dwiesso
and gy, = Gyysso-

Figure 3 shows an opposite behaviour for pore volume distribution of both samples
with Ca®’, HA or both (Ca*" and AH) adsorption. Cumulative pore size, mean pore
diameter (MPD) and maximum pore size values obtained are resumed in Table 4.

The SSA determined by Hg intrusion was 41 m*g and 4 m%/g, for Mt and Mt550
samples, respectively. The proximity among the surface values obtained by nitrogen
adsorption (Table 1) with those obtained with intrusion of Hg indicates that there is no
substantial volume of pores smaller than those penetrated by Hg at maximum pressure.
The cumulative distribution of pore size (Table 4) with Ca*" and HA adsorption indicated
an increase of pore volume values for Mt sample series (M, Mya, Mcana and Mc,), while
the opposite happens (Table 4) for thermal treated sample series (decrease order is:
M550, M550cana, M550 and M550¢,). Lubetkin et al. (1984) analysed the clay surface
interactions by means of pressure measurements on clay dispersion. They found that such
interactions depend mainly on the nature of the isomorphous substitution in the lattice,
where a relation exists between electrical charge and distance of surface separation.

Table 4 Cumulative pore size, mean pore diameter and maximum pore size for all the samples
Cumulative pore size Maximum pore

Sample (mm’/g) Mean pore diameter (L) diameter (1)

Mt 205 0.03 5.00

Mtya 242 0.04 3.84

Mtc, 537 2.01 3.28

Mtcana 367 0.24 4.56

Mt550 572 2.40 4.48

Mt55044 318 0.26 4.44

Mt550¢, 219 0.03 5.38

Mt550¢,1a 520 222 4.48
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Figure 3 (a) and (b) Relationship between pores size and volume for the indicated samples
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Maximum pore values, reported in Table 4, were found indistinctly of the thermal
treatment, for the samples with Ca”" adsorbed, showing in the M550¢, sample a bimodal
porous profile. The largest relative pore size distribution was found for samples with
thermal treatment.

4 Conclusion

The modification of Mt interlayer space (d 001 reflection peak) indicates the interlayer
entrance of Ca®" which is inhibited in the presence of HA by complexing Ca**. Thermal
treatment by the collapse of the interlayer can be responsible for the reduction to half the
amount of Ca”" adsorbed, with respect to Mt.
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Water molecule entrance in the interlayer space was modified and inhibited with the
presence of Ca** and HA molecules, respectively, and so the SSA values were
determined. The interlayer space collapse of M550 samples series produced lower SSA
values with respect to those of Mt samples series. Negative electric surface charge of Mt
and Mt550 samples was increased by HA and Ca® adsorption, indicating a main
adsorption on the external surface. For ternary systems the coordination of Ca*" by HA
ligands could produce the decrease of negative electric surface charge with respect to the
initial Mt and Mt550 samples.

HA adsorption on Mt samples did not produce changes in the MPD (macropores),
while Ca*" addition increased it even in the presence of HA. The Mt550 sample showed a
decrease of the MPD with both Ca®* and HA adsorption.
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