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Abstract

In order to gain understanding about how “HA-like substances” from organic amendments may change some properties in the soil solution, the
knowledge of chemical and physicochemical characteristics (charge development, acid—base behavior and heterogeneity) should be known.

The aim of this research were (i) to study the elemental and functional composition, (ii) to determine charge behavior, acid—base properties
(apparent dissociation constant and buffer capacity) and (iii) to evaluate heterogeneity of humic acids (HA) isolated from municipal solid waste
compost (MWC) and from the corresponding MWC-amended soil, in comparison to those of the unamended soil HA using potentiometric titration

and differential scanning potentiometry (DSP).

Potentiometric titration and the first derivative of —Q versus pH (negative charge development versus pH) curves could be used to determine
proton-affinity distribution and the chemical heterogeneity of the HA as well as the average pK,,, and buffer capacity in a wide range of pH.
Differential scanning potentiometry allows determination of the pK,p, values in a narrower range of pH than potentiometric titrations and is

another simple methodology to study acid—base behavior of HA.

DSP allows us to determine seven different pK,,, values for HA-S and HA-E and four different pK,,, for HA-C. Each one of these values
corresponds to known acidic groups that can be present in the macromolecule of HA.

© 2006 Published by Elsevier B.V.
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1. Introduction

Soil organic matter (SOM) is a basic component of the agro-
ecosystem and acts as an essential link among the various chem-
ical, physical and biological soil properties. It helps to prevent
erosion and desertification and is a driving variable in environ-
mental changes since it acts both as a source and as reservoir for
carbon [1-3].

In recent years, the use of organic amendments, others than
traditional manure, has become very popular and efficient for
the improvement and/or restoration of SOM. Several organic
residues and wastes produced by anthropic activities are poten-
tial candidates to recycling as soil amendment after appropriate
treatments, which should be adequate to sanitation and reduction
of metal and organic contaminants in the substrate, and trans-
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form the initial fresh organic matter (OM) into stabilized organic
forms. These prerequisites are considered essential for any waste
to be safely, conveniently and efficiently used as soil amendment
in order to avoid or, at least, limit any hazard for chemical and
biological soil properties, crop production and water quality.

Organic waste materials are rarely applied to soil in the fresh
or raw state. Generally, they are properly processed previous
to soil application, in order to obtain an amendment possessing
beneficial rather than adverse effects on soil fertility and agri-
cultural production. The most common treatment of organic raw
materials is the composting process, which consists basically of
a controlled biological transformation of raw OM operated by
aerobic micro-organisms. During composting, a large part of the
original OM is mineralized and the residual OM is transformed
into new organic materials, in which the humification processes
typically occurring under natural soil condition have started and
proceeded to some degree, producing ‘“humic-like substances”.
The composting makes the compost organic matter similar to
soil organic matter [4-6].
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The OM is a heterogeneous mixture of vegetal, animal and
microbial origin in various decomposition states. The main and
more stable components of the OM are humic acids (HA) which
interact with a wide range of substances, including metals,
organic and inorganic pollutants in soils and waters [7,8].

Humic acids are complex and ill-defined polydispersed mix-
tures of heterogeneous polyelectrolytes, and behave as a weak
polyelectrolytic acid and can be investigated by analytical tech-
niques. Most of the acidity in the HA is due to the carboxylic,
phenolic-OH and/or enolic groups which dissociate to develop
negative charges. The imides groups (=NH;), secondary and
even tertiary amines, among others, can be protonated to develop
positive charges at very low pH.

The degree to which these groups are ionized or protonated, at
the environmental pH values, and their abundance and distribu-
tion influence the interaction between HA and soil contaminants
[9].

One of the most important properties of the HA is its large
buffer capacity in a wide pH range, which arises essentially
from the dissociation of acidic functional groups of which they
are particularly rich [10,11]. The exact contribution to the total
soil buffer capacity is not well known; in general, soils rich in
HA are well buffered [12]. The addition of composted material
could contribute to the soil buffer capacity through their HA-like
substances content; this issue together with their acid—base prop-
erties has been studied extensively in the last years [5,11,13].

In order to gain understanding about how “HA-like sub-
stances” from organic amendments may change some properties
in the soil solution, the knowledge of chemical and physico-
chemical characteristics (charge development, acid—base behav-
ior and heterogeneity) should be known [11,14,15].

The potentiometric titration of HA was used in previous
papers, but the interpretation is a delicate problem due to the
large variety of different functional groups and the heterogene-
ity of the macromolecule of HA [5,10,11].

Because of the randomness of formation, uniform behav-
ior is not expected for this polydispersed product, and only
trends can be predicted for the properties. Various intra- and
inter-molecular interactions, which are dependent on solution
condition, are expected for aqueous HA systems [16].

The aim of this research were (i) to study the elemental
and functional composition, (ii) to determine charge behavior,
acid—base properties (apparent dissociation constant and buffer
capacity) and (iii) to evaluate heterogeneity of HA isolated from
municipal solid waste compost (MWC) and from the corre-
sponding MWC-amended soil, in comparison to those of the
unamended soil HA using potentiometric titration and differen-
tial scanning potentiometry (DSP).

2. Experimental
2.1. Materials

The humic acids fraction from municipal solid waste com-
post, the corresponding MWC-amended soil and unamended

soil were extracted with NaOH 0.1 molL~!, purified with
HCI:HF (1:3) and dried at low temperature until constant

weight, according to the procedure recommended by Chen et al.
[17].
The HA samples used in this work were:

- HA extracted from an Entic Haplustol of Province of Cordoba,
Argentina (unamended soil). Denoted as: HA-S.

- HA extracted from municipal solid waste compost. Denoted
as: HA-C.

- HA extracted from MWC-amended soil after 9 month of treat-
ment, at a rate of 20 tha™!. Denoted as: HA-E.

All solutions were prepared with tridistilled water and all the
reagents were ACS reagent grade.

2.2. Methods

Ash contents were measured by heating the HA at 550 °C
for 24 h. The elemental composition was determined by a C,
H, N, S analyzer instrument Carlo Erba 1108, using isoth-
iourea as standard. Oxygen was calculated by difference:
0% =100 — (C+H+N+5S)%.

Total acidity and carboxylic groups (COOH) content was
determined according to conventional methods described by
Schnitzer and Gupta [18], and phenolic-OH group content was
calculated by difference. All these determinations were per-
formed in triplicate.

To obtain the E4/E6 ratio, the absorbance at 465 nm and
665nm was measured using Spectronic 20 Genesys Spec-
trophotometer on solution of 3.0mg of each HA in 10 mL of
0.05 mol L~! NaHCO3. The ratios of absorbance at 465 nm and
665 nm gave the E4/E6 ratio [19].

Potentiometric titrations were done according the technique
proposed by Campitelli et al. [11]. It consisted briefly in the fol-
lowing steps: a stock of HA solution was prepared by dissolving
HA with minimum volume of NaOH solution (0.1 mol L~!) and
adding water up to the final volume. An aliquot containing the
desired amount of HA (=7-8 mg) was transferred to the titra-
tion flask that contains 10 mL of tridistilled water. The titrant
(HC1Z0.05molL~') was added from an automatic burette
(Schott Gerite T80/20) at a titrant rate of 0.1 m1/40s. This rate
was chosen taking into consideration that the variation of pH
values should range between 0.02 and 0.04 pH units. The pH
values were measured with an Orion Research 901 pH meter
equipped with a glass combined electrode. All titrations were
performed in absence of background electrolyte. A reference or
blank titration was carried out for each titration curve in order
to correct the HA charge development by dilution effect. Each
problem solution was titrated at least three times, the reported
data representing the average values. All the reagents were ACS
reagent grade.

Differential scanning potentiometry was carried out accord-
ing to the technique proposed by Ceppi et al. [10]. It consisted
in: titrate a known mass of HA (=3, 6 and 8 mg) in an aliquot
(10mL) of H,SO4 solution (approximately 0.025 mol L b
with NaOH (approximately 0.05molL~!). A reference or
blank titration was carried out for each sample titration in
the following way: an aliquot (10mL) of H;SO4 solution
(approximately 0.025molL~') was titrated with NaOH
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(approximately 0.05mol L™1). All titrations were performed
in absence of background electrolyte. NaOH and H;SO4
concentration were the same for all the experiments.

DSP was performed with an automatic burette (Schott Gerite
T80/20) at a titrant rate of 0.1 ml/40s. This rate was chosen
taking into consideration that the variation of pH values should
range between 0.02 and 0.04 pH units. The pH values were
measured with an Orion Research 901 pH meter equipped with
a glass combined electrode. Each problem solution was titrated
at least three times, the reported data representing the average
values. All the reagents were ACS reagent grade.

3. Results and discussion

The elemental analysis, H/C ratio, ash content and E4/E6
ratio of HA studied are shown in Table 1.

HA-C has higher N content than the other HA, probably due,
to the raw material used in the composting process (30% manure,
40% municipal waste and 40% tree leaves).

According to Stevenson [12], the H/C ratio is believed to be
a measure of the degree of the HA insaturation. This ratio for
HA-C is higher than that obtained for other HA, indicating that
HA-C has a great degree of saturation.

Kononova [19] suggests that the magnitude of E4/E6 ratio is
related to the degree of condensation of the aromatic C network,
with a low ratio indicative of relative high degree of condensa-
tion of aromatic humic constituents. Conversely, a high E4/E6
ratio reflects a low degree of aromatic condensation and allow
to infer the presence of a relatively large proportion of aliphatic
structure. Thus, HA-C has a high value of this ratio (Table 1),
indicating a content of aliphatic chains greater than the other HA
studied. HA-E and HA-S did not show great differences between
them, only a slight diminution in the C content in HA-E with
respect to HA-S. This could indicate that HA-C interacts with
native HA and contributes to the accumulation organic C in soil
[2,3,20].

The H/C and E4/E6 ratio of HA-E and HA-S indicate that the
insaturation and aliphatic characteristics of both HA are simi-
lar, suggesting their association and/or interaction under natural
conditions, after the compost application to the agricultural soil.

Total acidity, carboxylic and phenolic-OH groups of HA stud-
ied are shown in Table 2.

The acidic functional groups content (total acidity, carboxylic
and phenolic-OH groups) of HA-C is lower than those corre-
sponding to the other HA (HA-S and HA-E). This characteristic
could indicate that HA-C are different from soil HA.

HA-E acidic functional groups content shows a slight diminu-
tion in comparison with HA-S after 9 months of the application

Table 2

Acidic functional groups contents of HA studied (cmol kg~!)

HA sample Total acidity COOH Phenolic-OH
HA-S 1161a 567a 5%4a

HA-C 698b 305b 393b

HA-E 1135¢ 550c 585¢

Different letters (a—c) in the same column indicate significant differences
(p <0.05) according to Tukey test.
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Fig. 1. Charge development of humic acids extracted from soil (HA-S), form
compost (HA-C) and from amended soil (HA-E), in absence of background
electrolyte. The solid lines were calculated on the basis of the sixth polynomial
equation (with R? values exceeding 0.99 in all cases).

of the composted material to the soil, indicating some interaction
between both HA under natural conditions. These low-degree
changes may be due to the short time in contact and/or the low
ratio (20 tha—!) of compost used in the experiment to observe
significant changes using these parameters.

Charge—pH curves (—Q versus pH) for all HA obtained
from potentiometric titration curves (corrected for blank solu-
tion effect) are shown in Fig. 1. The solid lines are calculated
based on sixth degree polynomial equation, according to the
procedure proposed for Machesky [9] to fit the net experimental
data (corrected for blank solution effect). The equation has the
following form:

cmol of HT bound or release kg*1 of HA (- Q)
= a(pH)® + b(pH)’ + - - + f(pH) + ¢

This equation was used for smoothing purposes in the range of
pH 3-10, with R? values exceeding 0.99 in all cases. In other
studies, smaller order polynomial gave less acceptable fits and
higher order polynomials resulted in no significant improvement
[9,11].

Table 1

Elemental composition (ash and moisture-free basis), H/C and E4/E6 ratio of the HA studied

HA sample C (%) H (%) N (%) S (%) O (%) Ash (%) H/C E4/E6
HA-S 54.6 33 2.8 394 1.70 0.71 4.18
HA-C 524 5.0 4.7 37.9 1.27 1.14 6.84
HA-E 53.8 32 3.0 40.0 3.98 0.71 4.30

2'S content (<0.3%) detected but not quantified.
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Fig. 2. Apparent proton-affinity distribution of the HA studied obtained from
the first derivatives through charge—pH curves [d(—Q)/d(pH)] smoothing with
sixth degree polynomial equation through the experimental data in the range of
3-11.

The charge development of HA-C was the lowest, in the
whole pH range, probably due to the short and incomplete humi-
fication and oxidation process that takes place during the com-
posting period and/or the raw material (municipal solid waste)
used to obtain this compost.

The HA-E charge development was slightly lower than those
observed for HA-S. This behavior could indicate the interaction
between HA-S with HA-C after 9 month of compost application
to the agricultural soil.

The differences observed in the charge development and
the other parameters analyzed do not show great differences
between HA-S and HA-E probably due to the low compost ratio
used as an amendment (20 tha—') and the short interaction time
(9 month). However, these changes suggest some degree of inter-
action between HA-C and native HA (HA-S) after the compost
application.

In this way, HA-S behaved as a sink for C from other sources
like composted materials.

This interpretation agrees with other findings that support
the hypothesis that the incorporation of product of exogenous
degrading organic matter in the native humic material represents
a basic mechanism of soil organic matter accumulation as well
as the reason for its long-term stabilization [2,21,22].

The charge developments observed through this potentiomet-
ric titration are in concordance with those obtained with the
methodology proposed by Schnitzer and Gupta [18] (Table 1).

The titration curves (—Q versus pH) show two inflexion
points for all the HA studied. The first one, around pH 5-6 could
be assigned, mainly, to carboxylic groups and the other, near pH
9, could correspond to other weak acidic groups like phenolic-
OH and/or secondary or tertiary amines titrated together with
phenolic groups.

The firsts derivatives of the —Q versus pH curves
[d(—Q)/d(pH)] were obtained based on the smoothing function
(sixth degree polynomial equation) through the experimental
data [11,23,24]. These first derivatives curves represent appar-
ent proton-affinity distribution of all the HA analyzed and are
shown in Fig. 2.

When the affinity distribution shows adequately separated
narrow peaks, the surface is characterized by a few discrete acids
sites. The number of sites classes is then equal to the number
of peaks and the affinity constants follow from the peak posi-
tions. When the distribution is wide and smooth, the surface is
characterized as a continuous heterogeneous ligand [23-25].

We could separate the acidic functional groups into three
sites domains: the strongest groups with pKyp, value around 3
assigned to 0-COOH, the simple carboxylic groups (COOH)
with pKapp around 5.5 and the phenolic groups and other weak
acidic groups with pKjpp around 9.5.

The characteristics of all the derivatives obtained for the
different samples are similar. Distinct maxima and minima of
[d(—Q)/d(pH)] are evident between pH 3 and 10 for the HA
investigated in this study. The broad maximum occurring from 4
to 7.5 reflects the abundance and apparent proton-affinity distri-
bution corresponding to the carboxylic functional groups. With
this procedure it is difficult to identify different classes or sets
of carboxylic groups regarding their pK,pp values; we can only
observe the average pKjpp value.

The maximum around 5.5 observed for HA-C is wider and
flatter than the maxima of HA-S and HA-E. This characteristic
canindicate thatin HA extracted from compost (HA-C) the prob-
ability to find sites with pK,pp values in the range pH + d(pH) is
greater than those extracted from soil and amended soil and/or
the number of these classes of acidic sites is lower than in the
other HA analyzed. Thus, the heterogeneity of HA-C is higher
than that observed in the other HA studied. This can be due to the
different and incomplete humification process that takes place
during the relatively short transformation periods in which com-
posting is carried out. The characteristics (width and height) of
the maxima around 5.5 for HA-S and HA-E suggest a low hetero-
geneity for these HA and/or the acidic functional groups content
is greater than for HA-C, in this pH range.

The difference in the humification process can be seen, also,
through the E4/E6 ratio (Table 1). This ratio can explain, in
some sense, the heterogeneity of the HA studied. It is related
to the degree of condensation of the aromatic C network [19].
Thus, HA-C has a large proportion of aliphatic structures and,
in this way, has greater heterogeneity than the other two HA
studied (HA-S and HA-E) according to that obtained by the first
derivative of the charge development curve (Fig. 2).

The buffer capacity (B) of acid—base system is inversely pro-
portional to the slope of the titration curves at a particular pH
and is formally defined as:

_dc
~ d(pH)

where dC is the number of moles/litre of strong acid or base
required to produce a change in pH of d(pH).

Fig. 3 shows the buffer capacity (8) versus pH curves for
three different mass values of HA-C. It can be noted that several
B maxima can be obtained depending on the mass value.

The dependence of these S maxima at around pH 5-6 for
all the HA studied, at the three different mass values analyzed
is shown in Fig. 4. Under the concentration range studied (3,
6 and 8 mg), a linear trend was obtained; thus, it confirms the

B
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Fig. 3. Buffer capacity (dv/d(pH)) vs. pH curves for three different mass value
of HA-C (3, 6 and 8 mg).

presence of a particular ionized functional group. This behav-
ior validates the use of B for locating the HA buffer capacity
and consequently the ionized acidic functional groups and their
apparent dissociation constant values (pKapp).

Fig. 5 shows the first derivative (dv/d(pH)) of the net titra-
tion data (corrected for blank effect) obtained with differential
scanning potentiometry.

This function is often used to locate buffer capacity maxima
and minima for humic acids [9]. Buffer capacity distribution
is also useful for modeling the acid—base properties of humic
substances. Local maxima can be used to estimate the pH at
which a particular acidic functional group is half-titrated [26].
Thus, each peak or maximum corresponds to a different set of
acidic group and the apparent affinity constant follows from the
peak or maximum position.

Distinct buffer capacity maxima and minima are evident
between pH 3 and 10 for the HA investigated in this study
(Fig. 3).

The broad maxima observed between pH 4 and 7.5, assigned
to simple carboxylic groups, in Fig. 2, are divided in separate

0,57
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0,351
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Buffer Capacity

0,251

0,2+
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Fig. 4. The relationship between buffer capacity (dv/d(pH)) vs. HA mass (3,
6, and 8 mg) for all the HA studied (HA-S, HA-C and HA-E) at pH value 5-6
approximately.

2.

1,8 1

HA-S (6 mg)
HA-E 1& ma)ty
=y
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Fig. 5. The first derivative (dv/d(pH)) vs. pH of the net titration data (corrected
for blank effect) obtained with differential scanning potentiometry (DSP), for
HA-S: mass, 6 mg; HA-C: 6 mg; HA-E: 6 mg.

and distinct peaks for all HA studied (Fig. 5). For HA-S we
can observe four different maxima, each one corresponding to a
different set of this particular acidic group (COOH). The height
of the maximum represents the abundance of this set of acidic
group, and its contribution to the buffer capacity.

In the same pH range (4-7.5), HA-C has three peaks. Their
height is lower than that observed for HA-S, indicating their
lower content of these particular acidic groups (COOH), and
their lower contribution to the buffer capacity. HA-E shows
four peaks in this pH range, and their height is lower than HA-
S but higher than that corresponding to HA-C. This behavior
could indicate the interaction between HA-S and HA-C after the
compost soil addition. The number and the height of the peaks
observed in this pH range represent the content of these partic-
ular set of acidic groups (COOH). This is in agreement with the
content obtained with the calcium acetate method (Table 2) and
with that observed in Fig. 2.

At a pH value lower than 4, we can observe one defined peak
for HA-S and HA-E but not for HA-C. This indicates that the
first two HA have carboxylic groups with strong acid behavior
(Fig. 5).

At pH values greater than 8, we can observe some different
peaks. These peaks or maxima could be assigned to secondary or
tertiary amines, probably titrated together with phenolic groups
or other weak acidic functional groups [10,27-29].

The great number of peaks observed up to pH 9 could be
due to some conformational changes produced when the macro-
molecule of HA becomes charged. At high pH values the func-
tional groups are fully ionized and the charged groups try to
locate as far as possible from each other. This behavior is dif-
ficult to explain at this high pH, but imbalance is a possibility
[16,30].

Table 3 shows the values of apparent dissociation constant
(pKaap) of all the HA studied.

The apparent dissociation constant values can be assigned to

different acidic functional groups K,jpp, K,fpp, Kipp and Kipp
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Table 3

Values for the apparent dissociation constant (pK,pp) of HA obtained by differential scanning potentiometry (DSP)

Humic acid  pKyp, (Kjyp) PKZpp (Kapp) PKGpp (Kopp) anp (Kipp) PKGpp (Kapp) PKGpp (Kgpp) PK oy (Kipp)
HA-S 354 (2.88x 107%) 4.28(525x107%) 527 (5.37x107% 6.07(8.51x1077) 6.95(1.12x1077) 8.02(9.55x 107?) 8.7 (1.99 x 10~9)
HA-E 376 (1.73x 107%)  4.53(2.95x 107%) 553 (2.95x 107%) 646 (3.46x 1077) 7.47 (338 x107%) 8.48(3.31x107%) 9.00(1 x 1079)
HA-C - 453(295x1075) 548(3.31x107% 6.44(3.63x1077) - 8.57(2.69x 107%) —

corresponding to carboxylic groups; K gpp, Kgpp, Kpr to sec-
ondary or tertiary amines titrated, probably, together with phe-
nolic groups or other weak acidic functional groups. K ;pp value
can be assigned to carboxylic sites like 0-COOH which have a
strong acid behavior.

It should be noted that the values of the apparent dissociation
constant (Kypp) obtained by differential scanning potentiometry
are average values of apparent dissociation constant of a set of
acidic sites involved in a range of pH narrower than that obtained
by the method based on the first derivative [d(—Q)/d(pH)], by

which we obtain the apparent proton-affinity distribution.
4. Conclusions

HA-C has a greater aliphatic character, is less unsaturated,
has less acidic functional groups content and has less charge
development than the other HA analyzed.

Compost application as an organic amendment modifies, in
some way, the chemical and physicochemical characteristics of
HA extracted after 9 months of compost use. This behavior
suggests the interaction between the native HA and “HA-like
substances” present in the composted materials.

Potentiometric titration and the first derivative of —Q versus
pH curves can be used to determine proton-affinity distribution
and the chemical heterogeneity of the HA as well as the average
pKapp and buffer capacity in a wide range of pH. With this simple
methodology it is possible to separate in three domains the acidic
functional groups of the macromolecule.

Differential scanning potentiometry allows determination of
the pK,pp values in a narrower range of pH than potentiometric
titrations and is another simple methodology to study acid—base
behavior of HA.

DSP allows us to determine seven different pKapp values for
HA-S and HA-E and four different pKyp,, for HA-C. Each one
of these values corresponds to known acidic groups that can be
present in the macromolecule of HA.
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