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The present study reports the synthesis and characterization of complexes formed among humic
(HA) and fulvic acids (FA) derived from poultry wastes and ions Cu?*, Fe>* and Zn?*. The release of
such metals in a buffer solution simulating the soil solution was also evaluated. After complexation,
the Fourier transform infrared (FTIR) spectra presented alterations in the absorption bands related
to changes in the humic structure, thus indicating the complexation with phenolic and carboxylic
groups. Thermogravimetric analyses demonstrated that complexed metals decreased the thermal
stability of humic substances. Analyses by atomic absorption spectroscopy (AAS) demonstrated
that the release of metals is directly related to the origin of the sample, type of interaction of metal
and humic structure and conditions of the medium in which the complex is inserted.

Keywords: humic substances, poultry wastes, organomineral complexes, spectroscopy,

controlled release

Introduction

The sustainable agriculture looks for the use of
preferentially organic fertilizers aiming not only the
agricultural production but also the conservation of natural
resources, thus increasing the fertility of soil and causing
less environmental impacts. In this sense, organic matter
plays a fundamental role since it is the main component
of organic fertilizers obtained by physical and chemical
natural or controlled processes from raw material of
different origins enriched or not with mineral nutrients."'

Among several types of animal residues, chicken
manure stands out since it is considered the main
by-product of poultry farming and may be marketed as
a natural fertilizer. The use of chicken manure as organic
fertilizer is common, acting as source of nutrients for
vegetable cultivation and corrector of biological, chemical
and physical conditions of soil.>* Humic substances
(HSs) are among the main constituents of organic matter
and represent important components for the soil, thus
influencing the bioavailability of chemical elements and
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being responsible by the transport and degradation of
xenobiotics and other organic compounds.*

Some of the most commonly mentioned characteristics
of HSs in the environment are its capacity to form
complexes and precipitate cationic species, for example
the metals, and also adsorb organic compounds.® This is
possible due to functional groups present in the chemical
structure of HSs, like carboxylic, phenolic and ketone
groups, which are responsible for the interactions with
cationic species present where they are inserted.>” The
capacity of HSs to complex metallic species has been
intensively studied, but considering that its structure is
an intrinsic characteristic of each place in function of
the origin, humidity and temperature, it is necessary
to evaluate the complexation capacity of each sample
separately. The strong interaction of HSs with metal
species, such as copper, iron and zinc, culminates on the
formation of a complex HSs-nutrients, thus influencing the
availability and their transport for the plant,® what makes
HSs attractive for the agricultural sector.

Currently great part of fertilizers available in the market
does not have organic matter in the composition, which
makes more expensive for the agricultural production since
the organic matter is incorporated by other source. Joining
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HSs (derived from organic matter) and mineral fertilizers
in order to form a unique compound would be greatly
useful for the sustainable agricultural development, since
such compounds may release nutrients more slowly when
compared to a traditional one.’

In this context, the present work aimed to present
a post-treatment alternative to one of the by-products
generated (humified organic matter) from poultry waste, in
order to add value and a more sustainable final destination.
Therefore, humic (HA) and fulvic acids (FA) were extracted
from poultry wastes for synthesis with the metals Cu**, Zn**
and Fe?*. The characterizations were made by spectroscopic
and thermal techniques, and the release of such metal in a
buffer medium simulating the dilution of soil where plants
are inserted was evaluated.

Experimental
Methodology

Samples of poultry wastes and extraction of humic fractions

In this study, samples of soil conditioner (SC) from
poultry manure were used, which were conceded by the
company Ovos lana (situated in the municipality of Pouso
Alto, MG, Brazil). Humic fractions of samples were
extracted and purified using the methodology of extraction
recommended by the International Humic Substances
Society (IHSS).!°

Synthesis of organomineral complexes

Synthesis were performed based on the studies of
Litvin and Minaev!' and Litvin et al.'> Organomineral
complexes were obtained by the following procedures: in
a beaker, 0.08 g of HA and FA were weighed separately
and 4 mL of NaOH 1 mol L' and 86 mL of distilled water
were added on each beaker obtaining a final solution with
pH 8. The solutions were heated until 35-40 °C in water
bath during 30 min (overall six solutions were separated,
three of HA and three of FA, one for each metal). The
following reactants were used for the formation of
complexes: Fe(NH,),(S0O,),.6H,0, Cu(NO,),.3H,0 and
Zn(NO;),.6H,0. Two solutions of 10 mL were prepared
with the concentration of 0.2 mol L' for each metal.
Posteriorly these solutions were added to the previously
prepared solutions of HA and FA. Beakers containing the
final solutions were shaken at 180 rpm during 30 min and
then remained at rest from 24 to 48 h, time enough for the
solution decantation. Supernatants were properly identified
and reserved in the refrigerator for posterior quantification.
The precipitates (organomineral complexes) were dried in
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stove at 40 °C and then homogenized in porcelain pestle
and mortar, identified and stored in polyethylene bottles.

Characterizations

Elemental analysis

The elemental analysis (CHN) was conducted in an
elemental analyzer Leco Truspec, model CHN628, which
detects carbon, hydrogen and nitrogen. Overall, 3 mg
of sample were used and analyses were conducted in
triplicates.

Fourier transform infrared spectroscopy (FTIR)

In order to obtain the infrared spectra, the equipment
iS50 FTIR (Thermo Scientic, USA) coupled with a
Pike Gladi ATR Technologies was used. Analyses were
conducted in the region from 4000 to 400 cm!, with spectral
resolution of 4 cm! obtained with 64 scans.

Flame atomic absorption spectroscopy (F AAS)

Supernatants derived from the organomineral complexes
were analyzed by flame atomic absorption spectroscopy
(F AAS) and then a difference mass/mass was determined
between the concentration of iron, copper and zinc present
in the supernatants and the concentration present in the
precipitate of each complex. A spectrometer of Atomic
Absorption Thermo Scientific model ICE 3000 Series
was used and analyses were made in triplicates. The
dilution factor was of 10 times for HA-Fe and FA-Fe and
20 times for HA-Cu, FA-Cu and HA-Zn. Dilutions were
not necessary for FA-Zn.

Thermogravimetric analysis (TG)

Thermogravimetric curves were obtained using the
equipment of simultaneous analysis TG/DTA model
TG/DTA 7300 of Exstar. From 3 to 5 mg of each sample
were weighed in alumina crucible and submitted to
a controlled heating from the room temperature of
approximately 27 °C to 1000 °C with a heating rate
of 10 °C min' under atmosphere of synthetic air with
continuous flow of 100 mL min™".

X-ray diffraction (XRD)

X-ray powder diffractograms were obtained with
100 mg of sample using the equipment Rigaku model
Ultima IV, with Cu Ko, = 1.54051 A between the 26 interval
10-80° with scanning speed of 4° min™'.

Study of the metal release
On each sample of complex 0.05 g were separated,
which were placed in Erlenmeyers of 100 mL together
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with 10 mL of a buffer solution of potassium phosphate
0.1 mol L' at pH = 6. Experiments were conducted in
triplicates under shaking in pre-determined times of 0, 1,
2,4,8, 16,24 and 48 h at room temperature. After shaking,
the samples were centrifuged at 1000 rpm to separate the
supernatant for analysis. The quantification of metals after
release study was conducted by F AAS.

Results and Discussion
Elemental analysis

The elemental composition of humic substances, as
well as their properties, may vary according to the source
of organic matter and place of formation. Even though
determining the molecular formula of humic and fulvic
acids represents a challenge, the elemental analysis is
important since it provides an idea about the general
composition of the molecule. The atomic ratios H/C, N/C
and O/C may be used to indicate the condensation degree,
diagenetic transformations, as well as environmental
conditions under which humic substances were formed."

Table 1 presents the results obtained by elemental
analyses and the respective atomic ratios for humic and
fulvic acids. The oxygen content was calculated by the
difference.

It is observed that FA presented higher oxygen content
and lower carbon content when compared to HA, which is
in accordance with the literature. High contents of oxygen
are characteristic of FA, which are constituted by smaller
molecules and higher amounts of ionizable sites per mass
unit in comparison with HA. It is also observed that FA
presented lower ratios H/C and N/C and higher ratio O/C. The
fraction with less aliphatic groups in the structure, i.e., more
aromatic fraction, also presented more carboxylic and/or
phenolic functions, which are responsible by forming
complexes with hard acids."

FTIR - vibrational assignments

According to the literature,' the spectroscopy in the
infrared region, despite presenting constraints regarding the
structural characterization, is also valid for the identification
of the functional groups present, as well as for studies
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of interactions between HSs and metals, thus revealing
important characteristics about the complexation of di-
and trivalent cations. The vibrational spectra obtained for
HA and FA, as well as for their respective complexes are
presented in Figures 1, 2 and 3.
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Figure 1. FTIR spectra of humic acid (HA) and fulvic acid (FA).

Vibrations characteristic of OH

Absorption bands observed at the wavelengths of
3328 and 3350 cm! for FA and HA, respectively, may be
attributed to the vibrations of OH, NH and CH stretch,
since they occur in the region from 3700 to 3200 cm!
approximately.'® The absorption bands derived from OH
generally came from the compounds that have water,
carboxylic acids, alcohol and phenol present in the
structure. Absorptions from OH stretch vibrations present
in carboxylic acids are very peculiar, presenting a wide and
intense absorption band at 3300 cm™!, that may be observed
in the spectra.'

Vibrations characteristic of CH

Absorption bands observed at the wavelengths of
2940 and 2930 cm™! for FA and HA, respectively, may
be attributed to the vibrations of aliphatic CH stretches,
since they occur in the region from 3000 to 2800 cm!
aproximately.''* A subtle difference of absorption is
observed among the aliphatic CH stretches, since both
absorption bands are located in a very similar range
of the infrared spectra, thus hampering the accurate

Table 1. Elemental composition (C, H, N and O) and atomic ratios (H/C, N/C and O/C) of humic and fulvic acids isolated from poultry manure

Element / %

Atomic ratio

Sample

C H N H/C N/C o/C
Humic acid 41.23 5.76 7.30 1.68 0.14 0.83
Fulvic acid 33.68 4.37 5.02 1.56 0.12 1.27
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Figure 2. FTIR spectra: (a) spectra of humic acid (HA) and HA complexed
with zinc (HA-Zn); (b) spectra of HA and HA complexed with iron
(HA-Fe); (c) spectra of HA and HA complexed with copper (HA-Cu).

identification of the functional group. It means that the
absorption bands present in the FA and HA spectra may
be related to the asymmetric stretch of both CH; and the
aliphatic CH,."
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Figure 3. FTIR spectra: (a) spectra of fulvic acid (FA) and FA complexed
with zinc (FA-Zn); (b) spectra of FA and FA complexed with iron (FA-Fe);
(c) spectra of FA and FA complexed with copper (FA-Cu).

Vibrations characteristic of C=0

Absorption bands observed at wavelengths of 1713 and
1700 cm™ for FA and HA, respectively, may be attributed
to the vibrations of C=0 stretches from ketones and
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carboxylic acids. Carbonyl compounds absorb strongly in
the region from 1870 to 1540 cm™! of the infrared spectra,
thus presenting an intense absorption band caused by
stretch vibrations. The absorption ranges characteristics
of carbonyl groups are influenced by effects caused by the
chemical environment where they are inserted. Shifting an
alkyl group by another one that have an inductive effect over
the bond decreases its length, thus increasing the strength
constant and consequently the displacement of absorption
for a frequency of higher wave number. On the other hand,
shifting by a group that promote the delocalization of
electrons T, resonance or conjugation increases the bond
length, thus decreasing the character of the bond C=0 and
consequently displacing the absorption for a frequency of
lower wave number.!'>¢

Vibrations characteristic of C-O

Absorption bands observed at the wavelengths of 1220
and 1215 cm! for FA and HA, respectively, may be attributed
to the vibrations of C—O stretches of alcohols, phenols and
ethers. Vibrational stretches of alcohol and phenol present a
strong absorption band from 1260 to 1000 cm™. Vibrations
of C-O stretches couple with the adjacent C—C vibration,
consequently in primary alcohol the stretch vibration may
be much more effective when compared to alcohols with
insaturations.'*1?

Absorption bands from 900 to 700 cm™’

In this region, absorptions observed in the infrared
spectrum are typical of CH angular deformations present
in aromatic groups in and out of the plan. This absorption
range may be attributed to the angular deformation of CH
out of the plan caused by groups R,C=CHR and angular
deformation of two adjacent H of para-substituted and
tetrasubstituted rings deriving from aromatic groups.
The region of 760 cm™ may be attributed to the angular
deformation of five adjacent H of monosubstituted rings
deriving from aromatic groups, angular deformation of
four adjacent H from ortho-substituted rings of aromatic
groups and angular deformations of ethyl groups. Some
additional attributions are the angular deformation of
propyl groups and CH out of the plan deriving from
—CH=CH- groups.'>®

Main vibrational assignments of complexes

Spectra of complexes with HSs presented similar
behavior with the displacement of the absorption band in
the range of 1700 cm™, related to the C=O stretch of the
carboxylic acid, 1650 to 1550 cm’!, related to the conversion
of the band of absorption of COOH in COOr, and also the
displacement in the range of 1200 cm™, related to the C—O
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stretch of alcohols, phenols and ethers. The formation of
doublets for the spectra of complexes of iron and copper
with HSs was also observed from the region 3540 to
3035 cm’, a region characteristic of OH stretches. This
may indicate that OH stretches of groups derived from
alcohol or phenol and OH stretches of carboxylic groups
participate together with the complexation with iron and
copper ions.'*1

X-ray diffraction (XRD)

In general, the diffraction pattern of HA and FA present
wide bands between 3.5 A (attributed to the more condensed
carbon structure, i.e., aromatic structures) and 4.3 A
(attributed to the structure of aliphatic carbons).?*? X-ray
diffractograms of HA and FA, as well as their respective
complexes, are presented in Figures 4, 5 and 6.
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Figure 4. X-ray diffraction: diffractogram of (a) fulvic acid; (b) humic
acid.

The diffractograms present several fine and well defined
peaks characteristic of crystalline structures. One possible
cause for this fact is that during the extraction process
residues of the inorganic part deriving from humin may
have remained in these fractions. According to what was
mentioned in Methodology section, samples came from
poultry wastes and chicken consume a great amount of
sand when feeding to help their digestion. Since the sand
is basically composed of SiO,, the fine peaks found in the
X-ray diffractogram may be related to the referred oxide.?*%
However, since it is a macromolecule that may vary the
composition and that still does not have a completely
defined crystalline structure, the literature® reports studies
involving the aromaticity based on the percentage occupied
by the bands y and G for the interpretation of X-ray
diffractogram. The band 7y is attributed to the aliphatic
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Figure 5. X-ray diffraction: diffractogram of complex of humic acid (a)
with iron (HA-Fe); (b) with zinc (HA-Zn); (c) with copper (HA-Cu).
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Figure 6. X-ray diffraction: diffractogram of complex of fulvic acid
(a) with iron (FA-Fe); (b) with zinc (FA-Zn); (c) with copper (FA-Cu).
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groups of lateral chains, while the band G is attributed to
the aromatic groups with ordering similar to those of the
graphite plan (002).2 This study was successfully employed
by some authors'32232 that reinforced the results of such
technique.

Area of the peak BG x 100 (1)

Aromatic(%) =
Area of the peak BG + Area of the peak By

Area of the peak By x 100
Area of the peak BG + Area of the peak By

Aliphatic(%) = 2

where BG = band G (corresponds to the angle 26 of 25.5°,
or 0.35 nm in the X-ray diffractogram); By = band 7y
(corresponds to the angle 26 of 20.5°, or 0.43 nm in
the X-ray diffractogram); Area of the peak BG = area
corresponding to the peak of band G; Area of the peak
By = area corresponding to the peak of band .

The calculation of the ratio of aromatic and aliphatic
carbon of humic fractions and their respective complexes
obtained through the analyses of bands G and y are
presented on Table 2.

Table 2. Ratio of the bands of aromatic carbons (G band) and aliphatic
carbons (y band) for samples of the humic fractions and their respective
complexes

v band G band
Sample (26 =20.5°, (26 =25.5°,
P or 0.43 nm), aliphatic ~ or 0.35 nm), aromatic
carbons / % carbons / %
Fulvic acid (FA) 52.70 47.30
FA-Fe 55.55 44.45
FA-Zn 34.97 65.03
FA-Cu 45.74 54.26
Humic acid (HA) 47.45 52.55
HA-Fe 63.59 36.41
HA-Zn 35.33 64.67
HA-Cu 43.11 56.89

Both FA and HA presented similar ratios of aromatic
carbon, with a difference of 5.25% higher for HA and
it is possible that the FA structure is more compact and
aromatic. However, the humification and aromaticity
content are not only related to the qualitative composition of
functional groups, but also to the structural reorganization
of such compounds, for example, the modifications that
occur when the humic fractions complex with metals.?”-?
We highlight that for the FA-Zn and FA-Cu complexes the
assigned peaks are not so intense, which may have impaired
the calculation of aromatic and aliphatic carbon.
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between 250 and 280 °C, and finally the decomposition
of nuclei above 400 °C."* The thermogravimetric curves

The humic acid presented plots of mass loss in function
of temperature in two main peaks: the first at a lower
temperature (approximately 280 °C) and the second at
temperatures superior to 400 °C. The main reactions
characteristic of FA and HA are the dehydration until
200 °C followed by the elimination of functional groups

are presented in the Figures 7 to 9.

more resistance to thermal decomposition than

There was a continuous mass loss and FA presented
HA,
which may be attributed to the higher number of
aromatic groups. The complexes presented a lower
resistance to thermal degradation with effective mass
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Figure 7. Thermogravimetry: TG and DTG curves of (a) humic acid (HA); (b) fulvic acid (FA).
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Figure 8. Thermogravimetry: TG and DTG curves of humic acid complex (a) with iron (HA-Fe); (b) with zinc (HA-Zn); (c) with copper (HA-Cu).
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Figure 9. Thermogravimetry: TG and DTG curves of fulvic acid complex (a) with iron (FA-Fe); (b) with zinc (FA-Zn); (c) with copper (FA-Cu).

loss at a relatively lower temperature when compared to
HA and FA.

Higher ash content is expected for complexes, since
metals are thermally stable at high temperatures. The
great mass loss of complexes at low temperatures occurs
because the metal ion interrupts intermolecular forces that
link individual parts of HSs, dissociating the structure
and consequently destabilizing them.?® The mass loss at
300 °C probably corresponds to the decomposition of
carboxylic, methyl, methylene and alcoholic groups and
also the decomposition of carbohydrates present in the
humic structure, while the mass loss above this temperature
may be attributed to oxidation and polycondensation of
aromatic structures.*

Study of metal release

The strong interaction of HSs with metal species allows
the formation of complex HS-nutrients, thus influencing
their availability and transport for the plants. The availability
of nutrients (metals) is directly related to the desorption
processes, which in general depends on the concentration of
the added element, temperature, pH and amount of adsorbent/

complexant employed. Other determinant factor to favor the
release process is the time of contact between the complex
and the medium in which it is inserted.®3!

The curves that represent the release of iron, copper
and zinc complexed with HA and FA are presented on
Figure 10.

The complexes HA-Fe and HA-Zn presented similar
release tendencies, however, a distinct behavior was observed
regarding the FA complexes. Since HSs have complex
structures, the release of metals does not occur linearly due
to the restructuring of the molecular conformation of such
substances. The metals reorganize within the HSs and,
therefore, the metal will be released only if there is exchange
with elements with higher affinity than the complexed metal,
a process known as cation-exchange capacity.*

The concentration of metals released by the complexes
HA-metal and FA-metal (Cu, Zn and Fe) 0.2 mol L! in
relation to the time are presented on Table 3.

In relation to the curves of release and concentrations,
the complexes that first attained the equilibrium time and
then released faster were HA-Cu and FA-Cu. According to
the Association of American Plant Food Control Officials
(AAPFCO),* fertilizers that delay the adsorption time,
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Figure 10. Curves of the release of the humic acid (a) and fulvic acid (b) complexed with the metals: iron, copper and zinc.

Table 3. Concentration of metal released in solution with respect to time. Complexes of humic and fulvic acid with metals: copper, iron and zinc

Concentration of metal released in solution of the complexes / ppm

time / h

HA-Cu HA-Zn HA-Fe FA-Cu FA-Zn FA-Fe
0 908.04 119.41 19.81 145.73 1.84 54.64
1 885.72 136.52 52.63 123.96 3.87 89.08
2 736.92 191.58 64.91 137.24 4.92 87.92
4 722.79 241.42 73.10 144.25 5.99 85.84
8 722.05 286.06 81.65 158.27 3.64 78.22
16 730.23 313.59 96.53 167.12 3.95 88.85
24 739.16 487.69 92.07 162.69 4.27 106.64
48 774.12 494.38 114.02 135.39 2.95 114.27
Total 6219.03 2270.65 594.72 1173.72 31.43 705.46

increasing the availability of nutrients for the plants when
compared to a conventional, are considered of slow or
controlled release. According to the requirements proposed
by AAPFCO, the complex HA-Fe may be considered of
slow release.

Mathematical modeling applied to the release essays

The semi-empirical model of Korsmeyer Peppas was
applied to the humic fractions with metals in order to
elucidate the type of mechanism that guides the release
system.
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M,/ M, = K¢t" 3)

where K is the release constant that incorporates structural
and geometric characteristics of the mechanism; n is the
release exponent that, according to the numeric value
assumed, characterizes the mechanism of nutrients release;
M, is the metal release at time t; M, is the quantity of metal
release at infinite time; and t is agitation time.

In general, this equation 3 is used to interpret and describe
the release of compounds when the prevailing mechanism is
not completely elucidated or results from the combination of
two apparently independent processes: one due to the nutrient
transport that follows the Fick laws, or Fickian transport,
and other non-Fickian consequence of swelling/relaxation
phenomena of the polymeric matrix (dynamics expansion),
which involve the transition of a semi-rigid state to other
more flexible called Case-II transport.**?” The analysis of
model was conducted in function of values obtained from the
nonlinear regressions of treatments, in which it is possible
to determine the constant of the release (K) and the value
of release exponent (n). Table 4 presents the data extracted
from equation 3.

Table 4. Values of release constants (K). Exponent of release (n) and
correlation coefficient (R?) obtained from the curves of release of the
organomineral complexes

Sample Release Release Corrﬁ:lation
constant (K) exponent (n)  coefficient (R?)
HA-Fe 7.46 x 102 0.18 0.98
HA-Zn 1.22 x 10! 0.32 0.94
HA-Cu 2.82 x 10! -0.03 0.96
FA-Fe 8.96 x 10 0.07 0.92
FA-Zn 2.20 x 102 -0.07 0.70
FA-Cu 1.16 x 10! 0.04 0.92

The values of release exponent presented on Table 4
were lower than 0.43, thus indicating that the release
mechanism controlling the system occurs by Fickian
diffusion.* According to the values of K, it is possible
to conclude that the higher this value is, the faster the
metal will be released in the buffering medium. Based on
equations, this fact is applied to all the analyzed complexes,
that obeyed a state of dynamic equilibrium and present a
good coefficient of correlation, with the exception of the
FA-Zn complex.

The release behavior of the copper complex may be
classified as burst effect, which occurs when an initial
amount of metal results in the release of metal in the
surface of the matrix system or also by alterations verified
in the system with consequent immediate release followed
by the slower release.”® The ion Cu(H,0)¢* presents a
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relatively fast exchange rate for a small divalent cation,
which may be attributed to the distortion of its geometry.
Hexa-coordinated complexes of Cu** with octahedron
geometry present tetragonal distortions known as
Jahn-Teller effect and, therefore, waters of coordination
in the axial positions may be more easily released. This
fact may explain the high degree of instability of Cu?*
complexes with humic fractions.

There are two types of coordination places in the
hexa-coordinates tetragonally distorted complexes: the
axial and equatorial. The waters of coordination in the
axial position are weakly linked to the Cu** cation through
a very long bond and, therefore, are more easily substituted.
Waters located in equatorial positions are strongly linked
and the exchange occurs more slowly with other binders.*

Conclusions

The fulvic acids presented lower atomic ratios H/C
and N/C and higher ratio O/C, confirming the presence
of a chemical structure with greater aromatic character.
The stretch displacement in the range of 1700 cm™ for
1650 to 1550 cm™ suggests the complexation of metals
with carboxylates. The FA complexes obtained higher
percentages for the band G, higher resistance to thermal
degradation and lower percentage of metal release, which
represent more aromatic structures. The interaction of
HSs with metals provides the formation of complexes
with different characteristics and stability with capacity
to control the availability of nutrients in the environment.

Supplementary Information

Supplementary information (calibration curves for the
complexes HA-metals and FA-metals; limits of detection
(LOD) and quantification (LOQ) from the calibration
curves) is available free of charge at http://jbcs.sbq.org.br
as PDF file.
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