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aBSTracT

humic acids (ha) are a component of humic substances (hS), which are found in nearly all 
soils, sediments, and waters. They play a key role in many, if not most, chemical and physical 
properties in their environment. despite the importance of ha, their high complexity makes 
them a poorly understood system. Therefore, understanding the physicochemical properties and 
interactions of ha is crucial for determining their fundamental role and obtaining structural 
details. cationic surfactants are known to interact electrostatically and hydrophobically 
with ha. Because they are a very well-known and characterized system, they offer a good 
choice as molecular probes for studying ha. The objective of this study was to evaluate the 
interaction between cationic surfactants and ha through isothermal titration calorimetry in a 
thermodynamic manner, aiming to obtain information about the basic structure of ha, the nature 
of this interaction, and if ha from different origins show different basic structures. contrary to 
what the supramolecular model asserts, ha structure is not loosely held, though it may separate 
depending on the conditions the ha are subjected to in their milieu. it did not show any division 
or conformational change when interacting with surfactants. The basic structure of the ha 
remains virtually the same regardless of the different sources and compositions of these ha.
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inTroducTion

Humic acids (HA) are found in nearly all soils, 
sediments, and natural waters. They are formed by 
chemical, physical, and biological transformation 
of plant, animal, and microorganism matter into 
relatively stable and polydisperse particles. They 
are generally described as refractory, heterogeneous, 
and amphiphilic molecules that behave like 
weak-acid polyelectrolytes and are able to associate 
with a variety of inorganic and organic substances 
by electrostatic and, or, hydrophobic interactions 
(Koopal et al., 2004; Gamboa and Olea, 2006). 
Therefore, HA play a key role in many, if not most, 
chemical and physical properties in the environment. 
Also, HA is a major fraction of humic substances 
(HS), which makes up the bulk of soil organic matter 
(SOM) and is very important for the global C cycle, 
with twice as much carbon stabilized as SOM than 
there is in the whole atmosphere (Amundson, 2001).

In spite of the importance of HA, their high 
heterogeneity and complexity make them a 
poorly known and understood system (Piccolo, 
2001; Roger et al., 2010; Zhang et al., 2011). In 
the past, HA were believed to be complex alien 
macromolecules structured as large nets of aromatic 
groups, which would grant them their well-known 
recalcitrant characteristic (Kickuth, 1972). Over 
time, macromolecular models became more aliphatic 
in nature and the more recent models conceptualize 
HA structure as supramolecular associations of 
self-assembling heterogeneous and relatively 
small molecules. First, the membrane-micelle 

model was proposed based on the aggregation of 
humic substances due to their amphiphilic nature 
(Wershaw, 1993; Wershaw, 1999). Later, evidence 
appeared that this supramolecular conformation 
is stabilized predominantly by weak dispersive 
forces instead of covalent linkages (Piccolo, 2001). 
After that, based on a series of Nuclear Magnetic 
Resonance (NMR) experiments, Simpson and his 
co-workers showed that even though hydrophobic 
associations, charge interactions, and hydrogen 
bonds are important for aggregation, metal ions 
play a crucial role in aggregate formation and 
stability of humic structures (Simpson et al., 2002). 
According to this view, a basic structure of HA does 
not exist, but rather they are complex mixtures of 
many components, which vary in ratio and structure 
according to sample origin, extraction procedure, 
maturity, degree of degradation, depositional 
environment, and formation processes (Lu et al., 
2000; Simpson et al., 2002; Peña-Méndez et al., 2007).

Basic information regarding their molecular 
structure is still lacking, yet understanding HA 
physicochemical properties and interactions is crucial 
for understanding their fundamental behavior and 
obtaining structural details (Kucerík et al., 2004). 
Like HA, surfactants are amphiphile molecules, 
showing hydrophilic and hydrophobic moieties. Due 
to their amphiphilic nature and opposite charges, 
HA and cationic surfactants easily associate through 
both electrostatic and hydrophobic interactions 
(Koopal et al., 2004; Gamboa and Olea, 2006). 
Therefore, surfactant molecules typify an ideal 
system to be used as a molecular probe to interact 

reSumo:  CaraCterização termodinâmiCa da interação ÁCido 
HúmiCo-SurfaCtante. novoS diSCernimentoS Sobre aS 
CaraCteríStiCaS e eStrutura doS ÁCidoS HúmiCoS

Ácidos húmicos (aH) são componentes principais das substâncias húmicas (SH), as quais são 
encontradas em praticamente todos os solos, sedimentos e corpos d’água. elas apresentam papel 
fundamental na maioria, se não todas, as propriedades químicas e físicas do ambiente. apesar de 
sua importância, a elevada complexidade dos aH (e das SH, em geral) fazem deles um sistema pouco 
compreendido. Portanto, compreender as propriedades físico-químicas e as interações dos aH se faz 
crucial para determinar o papel fundamental dessas substâncias no ambiente e obter detalhes estruturais. 
Surfactantes catiônicos são conhecidos por interagirem com aH por interações tanto eletrostáticas (cabeça 
polar) quanto hidrofóbicas (cauda apolar). Como os surfactantes representam um sistema muito bem 
conhecido e caracterizado, eles representam ótimas escolhas como sondas moleculares para estudar os 
aH. avaliou-se a interação entre surfactantes catiônicos com aH pela técnica de titulação calorimétrica 
isotérmica visando obter informações sobre a estrutura básica dos aH, a natureza dessa interação e 
se aH de diferentes origens apresentam estruturas básicas diferentes. ao contrário do que o modelo 
supramolecular prega, a estrutura dos aH não é fracamente retida, podendo separar-se dependendo das 
condições do meio ao que forem submetidas. a estrutura dos aH não sofreu nenhuma divisão ou mudança 
conformacional durante a interação com os surfactantes catiônicos. Parece existir uma estrutura básica 
dos aH que é mantida virtualmente a mesma apesar das diferentes origens ou composições desses aH.

Palavras-chave: entalpia, substâncias húmicas, titulação calorimétrica isotérmica, estrutura 
macromolecular, microcalorimetria, estrutura supramolecular.
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with HA and study such a complex system. One 
way to perform the thermodynamic study of this 
interaction is through the isothermal titration 
calorimetry (ITC) technique.

Isothermal titration calorimetry is a technique 
that combines thermochemical and analytical 
applications and directly measures the enthalpy 
change of any molecular interaction as a function 
of the amount of added reactant. It allows one to 
monitor the binding process, to determine binding 
isotherms, and also, in some cases, to give direct 
information on the structure of the complex 
(O’Brien et al., 2001; Tam and Wyn-Jones, 2006). 
The thermodynamic functions determined by ITC 
(enthalpy change - ∆H; entropy change - ∆S; free 
Gibbs energy change - ∆G; and calorific capacity - Cp) 
are useful for understanding the energetic changes 
behind any polymer-reactant interaction. The ITC 
technique is versatile, extremely sensitive, and 
non-selective with regard to polymers and reactants. 
The only requirement is for an enthalpy change 
to be generated during the binding process. Due 
to its high sensitivity, the ITC technique is also 
known as microcalorimetry. While the standard 
enthalpy of formation of one mole of water (~18 mL) 
is -285,800 J mol-1, current calorimeters can sense 
heat changes as low as 0.000000001 J (nJ).

We believe that understanding the driving forces 
associated with HA-surfactant interactions will 
allow inferences on HA structure, organization, 
and behavior in the environment. According to 
the enthalpy changes involved in this interaction, 
it will be possible to determine the following: 
the electrostatic and/or hydrophobic character 
of this interaction, HA charge density, number 
of layers of surfactant binding onto HA, and the 
possibility of the HA structure going through any 
dissociation or conformational changes during its 
interaction with surfactants. The objective of this 
study was to evaluate the binding between cationic 
surfactants and HA under different ionic strengths 

in a thermodynamic manner, aiming to gather 
information regarding: basic HA structure; the 
nature of this interaction; and whether HA from 
different origins show different basic structures.

maTeriaL and meThodS

material
Elliott soil humic acid (ESHA), Suwannee River 

humic acid (SRHA), and Pahokee peat humic acid 
(PPHA) were purchased from the International Humic 
Substances Society (IHSS). Cationic surfactant 
hexadecylpyridinium chloride monohydrate (CPC) 
was purchased from Sigma-Aldrich. The critical 
micelle concentration (cmc) value for CPC was 
0.11 ± 0.03 mmol L-1 (Koopal et al., 2004). Humic acid 
(HA) solutions (0.1 mg mL-1) and surfactant solutions 
(10.0 mmol L-1) were prepared in a carbonate buffer of 
pH 10 (6.4 mmol L-1 Na2CO3 + 6.0 mmol L-1 NaHCO3) 
(Koopal et al., 2004). HA-surfactant interactions 
were evaluated in four ionic strengths (IS) (0.00, 
0.05, 0.10, and 0.30 mol L-1) and adjusted with 
KCl salt. The soil humic acid (ESHA) was evaluated 
in all four IS, whereas peat humic acid (PPHA) was 
evaluated in IS = 0.00, 0.05, and 0.10 mol L-1, and 
river humic acid (SRHA) was evaluated only in 
IS = 0.00 mol L-1 (Table 1).

isothermal Titration calorimetry (iTc)
The enthalpy changes of HA-surfactant 

interactions in four different ionic strengths 
were performed in triplicate using a CSC-4200 
microcalorimeter (Calorimeter Science Corp.) 
controlled by ItcRun software with a 1.75 mL 
reaction cell (sample and reference). The whole 
calorimetric procedure was chemically and 
electrically calibrated to the heat of protonation of 
(tris (hydroxymethyl) aminomethane) and the joule 

Table 1. Thermodynamic parameters for humic acid-surfactant interactions at different ionic strengths
ha type(1) iS cmc cac C2 ∆Hagg(int) extent of binding of cPc on ha

mol L-1 mmol L-1 kJ mol-1 mmol g-1
 

SRHA 0.00 0.1 0.055 1.25 -8.65 13.78
PPHA 0.00 0.1 0.055 1.16 -9.02 12.65
ESHA 0.00 0.1 0.055 1.20 -8.76 13.22
PPHA 0.05 0.1 0.055 1.25 -3.64 13.78
ESHA 0.05 0.1 0.055 0.81 -3.74 8.10
PPHA 0.10 0.1 0.055 1.20 -1.52 13.22
ESHA 0.10 0.1 0.055 0.85 -1.84 8.67
ESHA 0.30 0.1 0.055 0.85 -0.19 8.67

(1) SRHA: Suwannee River humic acid; PPHA: Pahokee peat humic acid; ESHA: Elliott soil humic acid; IS: ionic strength; cmc: critical 
micelle concentration; cac: critical aggregation concentration; C2: HA saturation concentration; ∆Hagg(int): integral enthalpy change 
due to the aggregation.
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effect, as recommended (Christensen et al., 1976). 
Deionized water was used to prepare all solutions. 
Titrations were carried out through step-by-step 
injections (5 μL) of the concentrated surfactant 
solutions (titrant) with a gas-tight Hamilton 
syringe (250 μL), controlled by the calorimeter, with 
intervals of 60 min between each injection. These 
aliquots of concentrated surfactant solution were 
injected in the sample cell, where it was stirred at 
300 rpm, and measurements were carried out at a 
constant temperature of 25.000 ± 0.001 oC. A good 
review of this technique and its fundamentals can 
be found in Velázquez-Campoy et al. (2004) and Tam 
and Wyn-Jones (2006).

reSuLTS and diScuSSion

An example of the titration curves obtained in 
this study is shown in figure 1, where the observed 
enthalpy changes (∆Hobs) for each injection are 
plotted against the total surfactant concentration in 
the sample cell. In a typical experiment, there was 
an addition of 5 μL of surfactant aqueous solution 
(CPC 10 mmol L-1) to HA solution (0.1 mg mL-1) and 
to pure carbonate buffer solution.

From the titration of surfactant in pure 
buffer solution, the following processes produce 
measurable enthalpy changes: (a) demicellization 
(∆Hdemic) – surfactant is titrated in micellar form 
and, following the initial titrations, these surfactant 
micelles dissociate into monomers; (b) dilution 

(∆Hdil) – the surfactant monomers are obliged 
to carry out new interactions once titrated in the 
solution; and (c) micellization (∆Hmic) – when the 
surfactant concentration once more reaches the critical 
micelle concentration (cmc) (0.11 mmol L-1). This 
process can be summarized by the following equation:
ΔHobs = ΔHdemic + ΔHdil + ΔHmic  Eq. 1

The difference in enthalpy change between the 
two horizontal parts of the Ƨ-shaped curve (Figure 1), 
is equal to ∆Hmic (-2.5 kJ mol-1). From the titration 
of surfactant in the HA solution (∆Hobs), there is one 
more process that produces measurable enthalpy 
change besides the processes cited above – the 
interaction of surfactant with HA (∆Hint).
ΔHobs = ΔHdemic + ΔHdil + ΔHmic + ΔHint Eq. 2

As the only difference between the curves 
in figure 1 is the presence of HA, CPC clearly 
interacts with HA. This HA-CPC interaction has 
also been shown by potentiometric measurements 
(Koopal et al., 2004).

At low surfactant concentrations (or small 
surfactant-HA ratios, Rs/ha), individual surfactant 
molecules adsorb along the HA, which is characterized 
by a critical aggregation concentration (cac). At 
intermediate Rs/ha values, a new process makes ∆Hobs 
become less endothermic, suggesting that surfactant 
monomers aggregate close to the HA structure. 
After HA saturation (saturation concentration, C2), 
further addition of surfactant (increase in Rs/ha) 
promotes micelle formation in the bulk solution 
(Niemiec and Loh, 2007). Previous studies, using 
other surfactant molecule interaction systems, have 
corroborated the molecular processes described 
above, including surface tension measurements 
(Peron et al., 2008), conductivity (Nichifor et al., 
2008), dialysis (Mylonas et al., 1999), viscosity 
(Lof et al., 2009), dye solubilization (Dubin et al., 
1992), microcalorimetry (Lof et al., 2007), and 
scattering techniques (Dai and Tam, 2006). The 
topic has also been studied in several book chapters 
(Goddard and Anathapadmanabhan, 1993) and 
review articles (Tam and Wyn-Jones, 2006). Usually, 
the beginning of the curves (titration in pure solution 
and in HA containing solution) is the same, and 
the point where they start to differentiate (cac) is 
reached after a couple of injections (Barbosa et al., 
2010). But since both curves here (in HA solution 
and in pure buffer solution; Figure 1) are different 
at the very beginning of titration, we choose to 
attribute cac to the CPC concentration reached after 
the first injection (0.055 mmol L-1). In so doing, we 
are following the protocols for cac determination 
(the point where curves start to differentiate), but it 
should be noted that the real cac is probably much 
smaller than the assigned one. To determine real 
cac for a system like this, titrations with very low 
surfactant concentrations should be tried.
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figure 1. calorimetric titration curves (observed 
enthalpy changes – ∆Hobs) from the addition of 
hexadecylpyridinium chloride monohydrate 
(cPc) surfactant solution (10.0 mmol L-1) to 
the elliott soil humic acid (eSha) solution 
(0.1 mg mL-1) and its dilution in carbonate 
buffer at 25 oc and 0.05 mol L-1 ionic strength 
(iS). The acronyms cac, cmc, and C2 stand 
for critical aggregation concentration, 
critical micelle concentration, and saturation 
concentration, respectively.
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The first part of the HA-surfactant interaction 
curve shows an exothermic pattern and that the 
heat released decreases with each injection. The 
exothermic reaction proceeds until exothermic 
heat ceases (0.32 mmol L-1 of CPC), and the curve 
acquires an endothermic pattern. This endothermic 
heat reaches a high point and starts to decrease as 
well, until the point where both curves cross again 
and remain similar. The intersection of both curves 
indicates the point where HA is saturated with 
surfactant monomers (C2 = 0.81 mmol L-1) and free 
surfactant micelles start to form in the HA solution. 
At this point, there is no more HA-surfactant 
interaction and, thus, the curves overlap. In 
comparison, in a study on PEO-SDS (poly(ethylene 
oxide)-sodium dodecyl sulphate) interaction, cac 
was found to be equal to 3.6 mmol L-1 of SDS. PEO 
was saturated by SDS at a total concentration of 
17.5 mmol L-1 (Barbosa et al., 2010). This result 
shows that the presence of charge on the HA particles 
makes the HA-surfactant interaction stronger 
than the PEO-SDS interaction, demonstrating a 
significant contribution of electrostatic energy to 
the HA-surfactant interaction.

In order to isolate the enthalpy changes related 
to HA-surfactant interactions (Figure 2), we must 
subtract the titration curve in the HA solution 
(∆Hobs, equation 2) from the dilution curve in the 
pure buffer solution (∆Hmic, equation 1) at each 
surfactant concentration (curves shown in Figure 1), 
according to the equation shown below:
ΔHobs - ΔHmic = ΔHap-int Eq. 3

This allows evaluation of the differential apparent 
enthalpy change for the HA-surfactant interactions 
(∆Hap-int, figure 2). Unfortunately, as the extent 
of binding (amount of surfactant adsorbed) is not 
known, we cannot calculate the exact molar enthalpy 
change of interaction, only the apparent molar 
enthalpy change (∆Hap-int). However, the features 
of the ∆Hap-int curve give qualitative information 
about the progress of aggregation with increasing 
surfactant concentration (Barbosa et al., 2010).

By using ITC to investigate HA-surfactant 
interactions, it is possible to obtain four important 
parameters that characterize these interactions, 
namely (i) the critical aggregation concentration 
value (cac), (ii) the saturation concentration (C2), 
(iii) the integral enthalpy change for aggregate 
formation [∆Hagg (int)], and (iv) the number of 
moles of bound surfactant per HA mass. In the 
absence of isothermal binding data of CPC to HA, 
we can calculate the integral enthalpy change for 
aggregate formation, ∆Hagg (int). It expresses the 
enthalpy change of the aggregation of one mole of 
surfactant into HA, from the first injection up to C2. 
Following Olofsson and Loh (2009) for the ∆Hagg (int) 
calculation, we assumed that C2 had been reached 
after Y injections of concentrated surfactant solution 
(each injection added ninj moles of surfactant) to 

give a total volume of vY. At C2, we added a total 
surfactant equal to Yninj, but of this total, vY[cmc] 
moles do not interact with HA. Naturally, the total 
energy measured, ∑qobs, should be discounted by 
the energy of demicellization and dilution, Yqdemic 
+ dil. Mathematically, ∆Hagg (int) is calculated as 
follows and a summary of all these HA-surfactant 
parameters is presented in table 1.

∆ ( ) =
−
− [ ]











∑ +H
q Yq

Yn V cmcagg
obs demic dil
inj

y

int  Eq. 4

Comparing the binding of surfactant on HA 
at zero ionic strength (IS = 0), the three HA 
surface areas were saturated with surfactant at 
similar concentration (C2), with similar energy 
being released to the system (∆Hagg (int)), and 
with a similar amount of CPC binding to the HA 
structure (Table 1). However, with ionic strength 
higher than 0.00 (from 0.05 to 0.30), C2 and the 
amount of CPC binding to the HA decreased for 
the ESHA, being rather constant for IS equal to 
0.05, 0.10, and 0.30 mol L-1. One parameter that 
changed continuously was the (∆Hagg (int)), which 
became gradually less negative (exothermic) with 
increasing IS. This shows that even though the 
extent of binding might not change at higher IS, the 
nature of the binding is different for each IS studied. 
In other words, the driving force of the interaction 
changes from a highly enthalpic process at low IS to 
a stronger entropic process at higher IS. And even 
for the PPHA, where the changes in C2 or extent of 
binding do not occur with increasing IS, the change 
in the (∆Hagg (int)) follows the same pattern.

It may be seen that cationic surfactants strongly 
bind to the HA structure, especially at pH 10, which 
is well above the HA point of zero charge (pH 2-2.5) 
(Figure 2). At the first injection, -13.2 kJ mol-1 of heat 
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figure 2. apparent molar enthalpy change 
(∆Hap-int) of interaction between Pahokee peat 
humic acid (PPha) and hexadecylpyridinium 
chloride monohydrate (cPc) surfactant in 
carbonate buffer at 25 oc and 0.00 mol L-1 ionic 
strength (iS).
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were released from the HA-surfactant interaction. 
At the second injection, the heat released was -12.9 
kJ mol-1, lower than the first injection. Because 
the amount of heat released decreases, we are 
able to discern valuable information regarding 
HA structure. The heat released is lower with 
each injection, which shows that the surfactant 
monomers injected each time are binding to different 
sites in the HA structure and that this binding is 
non-cooperative (∆H does not change abruptly). The 
different binding sites that surfactants encounter 
at each concentration are probably due to the 
many different functional groups found in humic 
substances. If, instead of the pattern seen in figure 
2, a straight line parallel to the “x” axis was found, 
it would mean that surfactants were encountering 
the same type of binding site each time.

As injections proceed, the heat released keeps 
decreasing until a point where the curve ceases 
to be exothermic and acquires an endothermic 
pattern, reaching a maximum ∆Hap-int of 1.7 kJ mol-1 
(Figure 2). At this point, it is assumed that all the 
negatively charged sites in the HA structure are 
bonded and that HA-surfactant interaction is now 
mainly hydrophobically driven, until the point 
where HA saturates (C2 = 1.16 mmol L-1) and no 
more enthalpy change is measured in the titration. 
The change from an exothermic to an endothermic 
pattern of the curve can be understood according to 
the following analysis:
ΔHap-int = ΔHsurf-sol + ΔHHA-sol + ΔHHA-surf Eq. 5
│ΔHsurf-sol + ΔHHA-sol│<│ΔHHA-surf│	 Eq. 6
│ΔHsurf-sol + ΔHHA-sol│>│ΔHHA-surf│	 Eq. 7
where ∆Hap-int is the apparent interaction 
enthalpy change, ∆Hsurf-sol is the enthalpy change 
due to the interactions between surfactant 
and solvent molecules, ∆HHA-sol is the enthalpy 
change due to the interactions between HA and 
solvent molecules, and ∆HHA-surf is the enthalpy 
change due to the interactions between HA and 
surfactant molecules.

The first two components of equation 5 (∆Hsurf-sol 
and ∆HHA-sol), which are due to the desolvation of 
both surfactant and HA, are always endothermic, 
while the last component (∆HHA-surf) is due to the 
HA-surfactant interaction and contributes negatively 
to the enthalpy change (exothermic). The ∆HHA-surf 
that occurs here can occur due to electrostatic, 
covalent, hydrogen bond, van der Waals, and 
hydrophobic interactions. Because the first part of the 
curve shows an exothermic character (Figure 2), the 
exothermic component (∆HHA-surf) of equation 5 must 
overcome the other two endothermic components 
(Equation 6). We attribute this strong HA-surfactant 
interaction to an electrostatic interaction between 
the negatively charged groups in the HA and the 
positively charged heads of the surfactants. When 

the curve starts to display the endothermic pattern, 
it means that the exothermic component (∆HHA-surf) is 
no longer too strong and the other two have overcome 
it (Equation 7). At this point we assume that HA still 
interacts with the surfactant, but now the interaction 
is mainly hydrophobically driven. Hydrophobic force 
is a type of entropic force that comes from the entropy 
of the network of water molecules (interaction among 
them); thus, it does not cause great enthalpy changes. 
These favorable entropy changes due to hydrophobic 
interactions happen because of an increase in solvent 
entropy from burial of hydrophobic groups and 
release of water upon binding, as well as minimal 
loss of conformational degrees of freedom.

The amphiphilic nature of humic substances 
and their effects on water surface tension are well 
established. For that reason, humic substances 
were thought to be structured as an aggregation 
of smaller molecules in a micelle-like structure. 
Wershaw (1993) made an early proposal of 
the “Membrane-micelle humus model” and 
Piccolo et al. (1996) claimed to be the first 
showing direct evidence of the micelle-like or 
aggregate model of humic substances. After that, 
new studies continued to support the idea of the 
supramolecular model of humic substances, which 
depicts them as a self-assembling association of 
relatively small heterogeneous molecules held 
together by weak forces (Conte and Piccolo, 1999; 
Piccolo et al., 1999; Piccolo, 2001). Currently, the 
most accepted model maintains the supramolecular 
idea and, based on NMR spectroscopy, shows 
that the supramolecular structure is made up 
of known biochemical compounds such as lignin 
fragments, alcohols, aliphatic acids, ethers, esters, 
polysaccharides, polypeptides, and many others, 
and that metal cations play an important role in 
their association (Simpson et al., 2002). These 
authors also pointed out that this supramolecular 
structure varies according to material of origin 
and extraction method.

Even though this supramolecular arrangement 
is probably the way humic substances behave in 
the environment, our results suggest that there 
is a core structure for the HA molecule that 
would not disaggregate (or collapse) from the 
simple presence of organic acids, for example 
(Varga et al., 2000). According to our results, 
it seems that there is some sort of a basic HA 
structure (HA core) that does not go through 
any division or conformational change when 
undergoing an interaction. This is because the 
∆Hap-int vs [CPC] curve is monotone, without any 
change in concavity (Figure 2). If the HA structure 
were undergoing any division or conformational 
changes, as is believed, peaks and valleys would 
be seen as features of the curve (Kun et al., 2009; 
Pires et al., 2011). The curve would show great 
∆H changes due to the occurrence of changes 
in entropy because of the new parts of the HA 
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structure exposed to the solution and exothermic 
heat due to the aggregation of surfactants to new 
adsorption sites. As most of the techniques used to 
build this supramolecular model require solutions 
with relatively high HS concentration, what 
researchers named HA supramolecular structure 
could be just an aggregation (micelle-like) of the 
true basic structure of HA, as shown by Šmejkalová 
and Piccolo (2007) and Lam and Simpson (2009). 
They showed that as HA concentration increases, a 
noticeable shift in distribution occurs, from smaller 
to larger components, indicating self-association 
of humic molecules. Thus, the relatively high 
HS concentrations required for chromatographic 
and spectroscopic experiments explain much of 
the variation related to the structure, size, and 
behavior of humic substances found so far.

The decomposition process that leads to the 
formation of humic substances differs according 
to environmental characteristics. There is great 
importance of biotic factors in this process in 
tropical ecosystems, while unique factors affect 
decomposition in arid and semi-arid ecosystems, 
including abiotic controls such as photodegradation 
(Austin and Vivanco, 2006). The literature 
frequently indicates that humic substances from 
different origins and/or those that went through 
different formation processes are qualitatively 
different from each other (Peña-Méndez et al., 
2007). Humic substances composition is believed 
to be related to source, maturity, depositional 
environment, and degree of degradation (Lu et al., 
2000). Although a number of properties are 
common to various aquatic and terrestrial humic 
substances, some authors can distinguish their 
nature and origin by elemental and spectroscopic 
analysis (Senesi et al., 1989). Studying humic 
substances isolated from swamp water, soil, peat, 
and brown coal by means of elemental composition, 
13C NMR, and Py-GC/MS, Lu et al. (2000) concluded 
that they show similar chemical composition but 
different structures. In order to determine how 
different the basic structure of different HA could 
be in terms of a molecular surfactant probe, we 
chose HA from three distinct sources (soil, peat, 
and river) and performed a microcalorimetric study 
of the HA-surfactant interaction for each one of 
them (Figure 3). According to the International 
Humic Substances Society, the chemical properties 
of these three HA are fairly different in terms of 
elemental composition, stable isotope ratios, amino 
acid composition, carbohydrate composition, and 
functional groups. But the features of the curves 
of these three humic acids (Figure 3) suggest that, 
despite the differences regarding their origin or 
formation, they seem to share a common basic 
structure. Perhaps PPHA has more hydrophobic 
sites than ESHA and SRHA due to its higher 
endothermic peak; yet the similarity of the curves 
suggests that they share a common basic structure 

(Figure 3). Corroborating that, they also showed 
very similar C2, ∆Hagg (int), and the extent of 
binding of CPC at 0.00 mol L-1 IS (Table 1).

But even though figure 3 shows that different 
HA share a common basic structure, it also shows 
that the binding sites are different among them, 
with different heat being released at each surfactant 
injection for all three HA. Instead, if the injection 
points overlap each other, this indicates that there 
is no difference among the binding sites for the 
different HA. The interaction of these three HA 
from different sources with CPC showed a strong 
interaction at very small amounts of surfactants. 
For the first injection of surfactant in HA solutions, 
HA-surfactant interaction released 16.6, -14.8, 
and -13.2 kJ mol-1, for soil (ESHA), river (SRHA), 
and peat (PPHA) HA, respectively. As surfactant 
concentration increases, the different amounts 
of heat released continue to show differences in 
the binding sites. These differences in the heat 
released at each injection allow us to differentiate 
HA through the ITC technique and are probably 
due to the great variety of functional groups present 
in the structure of those HA. It is notable that the 
features of the titration curves indicate that the 
interaction of surfactants to the HA structure occurs 
as monolayers.

As already mentioned, a variety of intermolecular 
interactions could be the source of the enthalpy 
change due to the HA-surfactant interaction 
(∆HHA-surf). In order to evaluate the importance 
of electrostatic interaction on ∆HHA-surf, we 
performed the same interaction studies cited 
above in solutions with increasing ionic strength 
(IS). Negatively charged HA in solution will attract 
cations and repel anions. That way, a concentrated 
layer of cations is formed around them. Assuming 
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Figure 3. Apparent molar enthalpy change (∆Hap-int) 
of the interaction between elliott soil, Pahokee 
peat, and Suwannee river humic acids (eSha, 
PPha, and Srha) and hexadecylpyridinium 
chloride monohydrate (cPc) surfactant in 
carbonate buffer at 25 oc and 0.0 mol L-1 ionic 
strength (iS).
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that these cations do not adsorb onto the surface, 
they are denoted counterions and represent the 
diffuse double layer (DDL). The thickness of this 
double layer is such that it contains a sufficient 
number of counterions to neutralize the surface 
charge because the system must be electrically 
neutral. The electrical potential at the shear 
surface is defined as the zeta potential (ζ), and this 
is the value that is typically used to characterize 
the electrical properties of the surface. Thus, as IS 
(ion bulk concentration) increases, the thickness 
of the DDL decreases because ζ decreases and less 
volume is required to contain enough counterions 
to neutralize the surface charge. In other words, 
increasing IS shields the negative charges of HA 
in solution. So, since the increase in IS leads 
to a decrease in ζ (it could also be an increase, 
depending on whether ζ is positive or negative 
because ζ draws closer to zero with increasing 
IS, which represents compression of the DDL), 
if the nature of HA-surfactant interaction is 
electrostatic, the increase in the IS in a solution 
would cause the heat released from this interaction 
to decrease, allowing the main type of interaction 
that is occurring to be pinpointed (Tipping, 2005).

The increase in the IS of the solution led to a 
drastic reduction in the heat released from the 
HA-surfactant interaction (Figure 4), confirming that 
the binding of surfactants to HA has an important 
contribution from electrostatic interaction. The 
∆Hap-int for the binding of surfactant onto ESHA 
at the first injection was -16.5, -9.2, -6.4, and 
-2.8 kJ mol-1 for 0.00, 0.05, 0.10, and 0.30 mol L-1 
IS. For PPHA these values were -13.2, -9.0, and 
-7.2 kJ mol-1 for 0.00, 0.05, and 0.10 mol L-1 IS. 
Even though the HA amphiphile structure allows 
the HA to interact both hydrophobically and 
electrostatically in the environment, at low ionic 
strengths (IS = 0), the hydrophobicity of HA does 

not play an important role and the interaction is 
basically electrostatically driven (Figure 4). But 
in an increasingly IS environment, hydrophobic 
interaction becomes more and more important, as 
can be seen by the increase in the endothermic part 
of the curves (Figure 4). At higher IS hydrophobic 
force plays an important role in HA-surfactant 
interaction. This can also be seen by the decrease 
in ∆Hagg(int) with the increase in IS (Table 1). 
The ∆Hagg(int) of the HA-surfactant interaction of 
ESHA went from -8.76 kJ mol-1 at 0.00 mol L-1 IS 
to -0.19 kJ mol-1 at 0.30 mol L-1 IS. This difference 
confirms the change from the electrostatic nature of 
the interaction at low IS to the hydrophobic nature 
at high IS. But even though hydrophobic forces play 
an important role in the interaction at high IS, the 
negative ∆Hagg(int) of 0.19 kJ mol-1 tells us that the 
interaction as a whole still shows an exothermic 
pattern, i.e., it is not only hydrophobic.

Another interesting thing to notice from these 
results is the change in C2 and in the extent of 
binding with increasing IS (Table 1). While C2 
and the extent of binding do not change for PPHA 
with the increase in IS, they do change for ESHA, 
becoming smaller with the increase in IS. This 
means that for ESHA, the increase in IS is not just 
shielding the HA charged sites, changing the nature 
of the interaction, but is also diminishing the extent 
of the interaction. So, the use of solutions with 
different IS also proved to be useful in the task of 
differentiating HA. In addition to changes in C2 and 
the extent of binding, changes in the heat involved 
in the titration of each HA behave differently with 
the increase in IS. For ESHA, the heat released at 
the first injection decreased 44.2 and 61.2 % when IS 
was increased to 0.05 and 0.10 mol L-1, respectively, 
while for PPHA, the heat released decreased 31.8 
and 45.4 % after the IS was increased to 0.05 and 
0.10 mol L-1, respectively.

0.0 0.60.3 0.9 1.2

∆Hap-int  IS = 0.00 mol L-1

∆Hap-int  IS = 0.05 mol L-1

∆Hap-int  IS = 0.10 mol L-1

∆Hap-int  IS = 0.00 mol L-1

∆Hap-int  IS = 0.05 mol L-1

∆Hap-int  IS = 0.10 mol L-1

∆Hap-int  IS = 0.30 mol L-1

[CPC]/mmol L-1

6
(a) (b)

2

-6

-2

-10

-14

-18
0.0 0.60.3 0.9 1.2

∆H
ap

-in
t/k

J 
m

ol
-1

Figure 4. Apparent molar enthalpy change (∆Hap-int) of the interaction between elliott soil (a) and Pahokee 
peat (b) humic acids (eSha and PPha) and hexadecylpyridinium chloride monohydrate (cPc) 
surfactant in carbonate buffer at 25 oc and increasing ionic strength (iS).



R. Bras. Ci. Solo, 39:1633-1642, 2015

1641Thermodynamic characTerizaTion of humic acid-SurfacTanT inTeracTion: new...

concLuSionS

On the opposite of what current models say about 
humic substances, our results suggest that humic 
acids seem to show a common basic structure, which 
is rather stable in the environment. And even though 
humic acids from different origins have different 
functional groups, this basic structure seem to be 
present in all humic acids studied here (soil, peat, 
and river sources).

Due to the presence of electrical charge in both 
humic acids and the surfactants used in this work, 
our results show that HA-surfactant interaction is 
mainly electrostatic at low ionic strengt. However, as 
IS increases this interaction shifts from electrostatic 
to hydrophobic, keeping the adsorption capacity of 
humic acids fairly constant.
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