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ABSTRACT 

A model HA-type polymer of para-benzoquinone synthetic humic acid (SHA) and its complexes with copper, iron and 
manganese metal ions were studied using atomic force microscopy (AFM). Natural humic acids (HA) and synthetic 
humic acids (SHA) were examined by fluorescence spectroscopy, which indicated similarity of SHA and HA spectra. 
The AFM images of SHA and its complexes revealed variable morphologies, such as small spheres, aggregates and a 
sponge-like structure. The SHA complexes displayed morphologies similar to those of natural HA. The presence of 
copper, iron and manganese ions led to the formation of aggregate-type structures in an apparent arrangement of smaller 
SHA particles. 
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1. Introduction 

Humic substances (HS) have been the object of numer- 
ous studies. Because of their ability to interact with vari- 
ous components of the environment, HS play an impor- 
tant role in soil and aquatic chemistry. In humic sub- 
stances, humic acid (HA, insoluble at acidic pH) and 
fulvic acid (FA, water soluble at acidic to alkaline pH) 
are the major fractions in the presence of various chemi- 
cally reactive functional groups, including carboxyls, 
phenolic and alcoholic hydroxyls, with pH-dependent 
properties [1,2]. However their chemical nature and reac- 
tivity are still little understood. Several researchers [3-5] 
have suggested a new model for the polymeric structure 
of HS developed through size-exclusion chromatography, 
in which small and heterogeneous humic molecules are 
self-assembled in supramolecular conformations stabi- 
lized only by weak forces, such as dispersive interactions 
(van der Waals, π-π, and CH-π bonding) and hydrogen 
bonding. Recognition studies of the pathway of humic 
acids formation compare the chemical properties of 
natural humic acids with those of synthetic humic acid- 
type polymers. These studies have been an important tool 
to elucidate the overall molecular structure of soil or- 
ganic matter. 

Characterization of the size, shape, conformation, 
structure and composition of HS is crucial to understand  

the physicochemical reactions and to evaluate their role 
in the natural environment. HS can be characterized by 
X-ray fluorescence spectroscopy (XRF) and AFM. Fluo- 
rescence spectroscopy has become widely recognized as 
a relatively simple, sensitive, and powerful tool for the 
evaluation of humification [6-11] and the molecular size 
of humic substances [12,13]. Its use is supported by the 
established presence of various fluorescent structures 
intrinsic to the humic molecule [14]. MacCarthy [15] 
postulated that humic substances are unique in nature and 
have qualities unlike any other natural substances. The 
first principle postulates that humic substances represent 
a super mixture of an extremely wide array of chemical 
structures. In all likelihood, the probability of finding 
two identical structures is exceedingly remote [16]. 

Atomic force microscopy (AFM) can provide informa- 
tion on the structure of interfaces and on interparticle 
forces. Ksenija Namjesnik-Dejanovic and Patricia A. 
Maurice [17] recorded AFM images of FA from river 
water and reported the presence of four main structures. 
At low concentrations, sponge-like structures consisting 
of rings (~15 nm in diameter) appeared, along with small 
spheres (10 - 50 nm). At higher concentrations, aggre-
gates of spheres formed branches and chain-like assem-
blies. Chen [18] investigated macromolecular structures of 
humic substances by combining AFM with SEM. The au- 
thor reported that, depending on the pH and ionic strength *Corresponding author. 
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of the initial solutions, humic substances deposited on 
mica and silica adopted different spherical and large-area 
island conformations. 

To determine the structural similarity of natural humic 
acid (HA) and synthetic humic acid (SHA), we used 
fluorescence spectroscopy and atomic force microscopy 
to study the influence of the aforementioned metallic 
ions on the structure of a polymer model. 

2. Experimental 

2.1. Sample Preparations 

Humic acid (HA) was extracted from Paleudult soil, fol- 
lowing the methodology recommended by the Interna- 
tional Humic Substances Society (IHSS)  
(http://ihss.gatech.edu/ihss2/soilhafa.html). 

The polymer (SHA) was prepared with 5.4 g of para- 
benzoquinone dissolved in 60 mL of water containing 2.8 
g of KOH. The solutions were placed in bottles and a 
stream of purified air was bubbled into them at a rate of 1 
L·min–1. Air was purified by first passing it through solid 
NaOH pellets and then bubbling it in a solution of 0.8 
mol·L–1 NaOH. After 22 h of air bubbling, the resulting 
black viscous solutions were treated with 6 mL of con- 
centrated hydrochloric acid under mechanical stirring 
until blackish brown mass was precipitated. The polymer 
products were collected by vacuum filtration, washed 
repeatedly with deionized water and dried for one day in 
air and then for one day at 60˚C. 

Complexes of the SHA polymer substance with Cu2+, 
Fe3+ and Mn2+ ions were prepared by adding 0.1 g of 
each polymer to 40 mL of a 0.10 mol·L–1 solution of 
each metal sulfate. The suspensions were shaken for 16 h. 
The samples were then centrifuged at 2200 rpm for 20 
min and the supernatant discarded. Deionized water (10 
mL) was added, the solids were shaken for 2 min and 
again centrifuged at 2200 rpm for 20 min, and the super-
natant was discarded. This washing procedure was re-
peated twice and the purified products were collected, 
freezedried and lyophilized. 

AH suspensions were prepared in an aqueous solution 
and shaken for three days away from light. These sus- 
pensions were prepared with a concentration of 100 
mg·L and their pH were adjusted to 3.5. Suspensions 
were pre- pared of natural humic acid (HA), synthetic 
humic acid (SHA) and SHA with complexed metals 
(SHA-Cu, SHA- Fe, SHA-Mn).  

The samples were fixed on untreated mica slides as 
substrate. The HA samples were fixed on newly cleaved 
mica slides in a diluted aqueous suspension of HA (100 
mg·L–1), which was shaken for one day. The pH of the 
HA solution was adjusted to 3.5 using HCl 0.01 mol·L–1. 
After shaking, the slides were washed with Milli-Q water 
and allowed to dry on Petri dishes in a desiccator for ap- 

proximately 12 hours, after which they were analyzed by 
AFM. 

2.2. Elemental Analysis 

The samples’ elemental composition of nitrogen, carbon, 
hydrogen and sulfur content was determined using a 
CHNS-O analyzer (CE-Instruments EAGER 200). The 
oxygen level was determined based on the difference from 
100%, discounting ash levels in the lyophilized samples. 
The ash content was determined by gravimetry, weighing 
and calcining approximately 10 mg of humic acid (HA 
and SHA) in a platinum crucible at a temperature of 
600˚C until it reached a constant mass. 

2.3. Fluorescence Spectroscopy Measurements  

Fluorescence spectra were recorded from 0.050 mol·L–1 
NaHCO3 solutions of SHA samples at a concentration of 
10 mg·L–1 and adjusted to pH 8 by adding of small 
amounts of diluted HCl. Fluorescence spectra in excita- 
tion and emission modes were recorded on a Perkin 
Elmer LS-50B luminescence spectrophotometer. In all 
the experiments, the emission slits were set at a 10 nm 
band, and a scan speed of 120 nm/min was selected for 
both monochromators. Excitation spectra were recorded 
in the range of 200 - 480 nm at a constant emission wave- 
length of 510 nm, while emission spectra were recorded 
in the range of 350 - 600 nm at a constant excitation 
wavelength of 330 nm. 

2.4. Atomic Force Microscopy Measurements  

AFM images were recorded with a Topometrix Discov- 
erer TMX 2010 atomic force microscope using cantile- 
vers of silicon nitride (V shaped) with a spring constant 
of (0.05 ± 0.01) N/m and tip curvature radius of (28 ± 4) 
nm (experimental values). Measurements of the length, 
width and thickness of the cantilever and tip radius were 
taken using a Philips XL30-FEG Scanning Electron Mi-
croscope (SEM), as described by Leite et al. [19]. All the 
images were recorded in the contact mode at a scan rate 
of 2 Hz. The root-mean-square roughness, Rrm, was 
calculated using Nanotec Electronica S.L. WSxM 4.0 
software (Copyright© November 2003) [20]. The images 
were recorded in ambient conditions at 25˚C and a rela- 
tive humidity of 25% ± 2%. 

3. Results and Discussion 

3.1. Obtaining Natural and Synthetic Humic 
Acids 

The natural humic acid was extracted from Paleudult soil 
and 710.5 mg of humic acid per 0.08 kilogram of soil 
were obtained.  
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It is known that polyhydroxy phenols, as well as hy- 
droquinones and quinones such as para-benzoquinone, 
are highly sensitive to the action of aqueous alkali solu- 
tion, yielding polymeric products known as synthetic 
humic acids (SHA) [21]. The reason for synthesizing 
these polymers was that the information obtained from 
these synthetic precursors can be used to shed light on 
the complex structure of natural humic acids. 

 

The SHA polymer formed from the para-benzoquinone 
reaction provides a compound composed mostly of poly- 
hydroxy phenols, in which the main adsorbing groups are 
-OH and -COOH. This structure can be described by a 
sequence of phenyl rings having three hydroxyl groups 
per ring intercalated by monohydroxylated quinone units 
(Figure 1). The presence of the carboxylic group is de-
rived from the degradation of the aromatic ring during 
polymerization. This structure is similar to lignin, one of 
the major constituents of the organic matter of soil [21]. Figure 1. SHA obtained by oxidative polymerization in 

alkali. Adapted from ref [21]. 
The SHA synthesis presented an excellent perform- 

ance, yielding 76.36% in weight of polymerized para- 
benzoquinone. 

 
as in this case, is associated with conjugated unsaturated 
systems (tetracene-type linear or perylene-type cyclic 
condensed aromatic hydrocarbons) and/or with aromatic 
nuclei highly substituted by C=O and COOH groups. The 
fluorescence of SHA at wavelengths shifted toward the 
red end of the visible spectrum revealed the compound’s 
structural similarity to HA. This similarity may be related 
to the existence of a conjugated unsaturated system, in 
this case the carbonyl group (C=O) conjugated with an 
ethylene group (C=C). Senesi et al. [14] examined exci- 
tation spectra of humic and fulvic acids from numerous 
sources and concluded that, despite spectral differences, 
the regular occurrence of some peaks suggested that 
there were three common spectral regions in which fluo- 
rescence was likely to occur, at long wavelengths (480 - 
440 nm), intermediate wavelengths (400 - 380 nm) and 
short wavelengths (360 - 300 nm). According to Senesi 
et al. [14,23], the peaks at longer wavelengths can be at- 
tributed to the presence of substituents such as carbonyl 
and carboxyl groups. 

3.2. Elemental Analysis 

The results of the elementary analysis and ash content are 
shown in Table 1. The SHA showed a high amount of 
oxygen exceeding 40% (values calculated by difference), 
similar to the amount found in HA, whose oxygen con- 
tent also exceeded 40%. According to Schnitzer & Khan 
[22], humic acids have an average elemental composition 
of 53.8% - 58.7% carbon, 3.2% - 6.2% hydrogen, 32.8% 
- 38.3% oxygen, 0.8% - 4.3% nitrogen and 0.1% - 1.5% 
sulfur. These values are similar to those found by HA 
extraction. The synthesized polymers differ only in the 
values described by Schnitzer & Khan [22] for SHA sul- 
fur and nitrogen content, which was expected due to the 
precursor compounds. 

3.3. Fluorescence Study 

The spectra in Figure 2(a) show four bands at 250, 325, 
395 and 465 nm corresponding to the samples of humic 
acid (HA) isolated from soil and synthetic humic acid 
(SHA). Figure 2(b) shows the fluorescence emission 
spectra. The spectra present a band at 370 nm and a 
broad band at 429 nm. The fluorescence of HA at wave- 
lengths shifted toward the red end of the visible spectrum, 

The spectra indicate that there are structural similari- 
ties between the HA sample and the sample of humic 
acid synthesized from para-benzoquinone (SHA). These 
similarities are due to the fact that the SHA sample has 
bands associated with aromatic carbons in phenolic rings 
(CH, COOH and phenolic compounds) resulting from the 
precursor used in its synthesis. 

 
Table 1. Elemental composition of humic acid (HA) isolated from soil and synthetic humic acid (SHA). 

Samples N (%) C (%) H (%) S (%) O (%) Ash Content (%) 

HA 3.90  0.01 44.50  0.01 4.91  0.01 0.71  0.02 45.99  0.02 7.0 

SHA 0.30  0.01 55.61  0.02 3.40  0.01 0 40.69  0.02 0.8 
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(a) 

 
(b) 

Figure 2. (a) Fluorescence excitation spectra recorded at a 
fixed wavelength for emission (λem = 510) of humic acid 
and synthetic humic acids; (b) Fluorescence emission spec- 
tra recorded at a fixed wavelength for excitation (λexc = 330) 
of humic acid and synthetic humic acids. 

3.4. Atomic Force Microscopy Study 

The image in Figure 3 shows HA adsorbed on mica at 
pH 3.5, recorded in the contact mode. Note the small 
particles distributed over the surface of the mica, as well 
as some aggregates. There is a visible tendency for in- 
teraction among the adsorbed particles, indicating inter- 
molecular associations between the HA molecules at low 
values of pH. The adsorbed HA particles have a diameter 
of ~60 - 80 nm. The size and shapes of spherical colloids 
are in agreement with those observed by AFM [18,24]. 
The aggregates appearing in the image vary in size from 
100 to 216 nm. Working with lyophilized soil HA 
samples, Liu et al. [25] demonstrated that 90% of HA 
formed islands with a height of 4.2 - 5.7 nm, while air- 
dried samples showed heights of 3.1 to 3.7 nm. Based on 
these results, the authors proposed that HA molecules  

 
(a) 

 
(b) 

Figure 3. AFM image of HA adsorbed on mica at pH 3.5 
recorded in the contact mode (2 × 2 µm) with cross-section 
analysis of the particles in the HA image. 
 
form monolayer islands on the mica surface. Using HA 
at pH 4.0 with 0.01 M NaNO3, Chen et al. [18] found 
colloid diameters of <100 nm and heights in the interval 
of 0.5 to 7 nm. 

The synthetic humic acid was investigated in the same 
experimental conditions as the humic acid extracted from 
soil. Figure 4 shows an image of the SHA. This image 
shows irregular rod and oval shapes, and again, a ten- 
dency to aggregation. The particles in this image present 
lengths of 100 to 150 nm and diameters of 20 to 50 nm. 

The electrostatic repulsion of the ionizable COOH and 
OH groups favors an elongated conformation of the HA 
molecules at higher values of pH and low ionic strength. 
On the other hand, an increase in ionic strength or a de- 
rease in pH favor a more globular conformation of the 
HA molecules due to charge shielding. Under these con- 
ditions, intermolecular interactions among the molecules  
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Figure 4. AFM image of SHA adsorbed on mica at pH 3.5, 
recorded in contact mode (2 × 2 µm). 
 
e favored, leading to the formation of humic acid ag- 
gregates [26]. AFM images of the aquatic fulvic acid [27] 
from a Brazilian river showed that aggregates were iden- 
tified at pH 3.0 and exhibited an open structure at pH 9.0. 
With increasing pH, the AFA particles expanded and 
repelled each other electrostatically [28]. 

Figure 5 depicts the morphological changes of SHA in 
the presence of the metal ions Cu2+, Fe3+ and Mn2+. In the 
presence of Cu2+ ions, the material formed only a few 
scattered aggregates with globular-shaped structures. Some 
particles with diameters in the range of 140 - 150 nm 
dispersed over the mica surface are also visible (Figure 
5(a)). The complex with iron ions exhibited the same 
behavior (Figure 5(b)), with agglomerates displaying 
lateral diameters of 107 nm. The complex with manga- 
nese (Figure 5(c)) also showed the formation of aggre- 
gates, but exhibited a larger number of particles widely 
dispersed over the mica surface, with particle diameters 
of about 70 - 80 nm. The images of the complex with 
manganese show not only spherical particles but also 
cone-shaped particles, which were not observed in the 
complexes with copper and iron. 

The variable morphologies of SHA and SHA com- 
plexes observed by AFM are consistent with data re-  

ported in the literature, such as small spheres, aggregates 
of spheres, and sponge-like structures [24,29]. The SHA 
complexes display a similar morphology to that of HA. 
The presence of copper, iron and manganese metal ions 
led to the formation of aggregate-type structures in an 
arrangement of smaller particles in the case of SHA. 
Baalousha et al. [30] also reported that there was initial 
decrease in Leonardite humic acid (a brown coal) aggre- 
gate size when a small amount of metal ions (Na+, Mg2+, 
Sm3+) was added. However, further additions of metal 
ions resulted in an increase in aggregate size. They re- 
ported a decrease in the size of humic substances in re- 
sponse to the compaction of individual humic acid 
molecules due to intramolecular contraction through sur- 
face charge neutralization and cross-linking of humic 
acid. Furthermore, they suggested that the addition of 
more metal ions leads to intermolecular associations, and 
thus, to an increase in aggregate size. 

Ghosh et al. [31] studied the colloidal behavior of 
aluminum oxide nanoparticles (NPs) as a function of pH 
and in the presence of two structurally different humic 
acids (HAs), Aldrich HA (AHA) and the seventh HA 
fraction extracted from Amherst peat soil (HA7). AFM 
imaging revealed the presence of long-chain fractions in 
HA7, which entangled with the NPs to form large aggre- 
gates. The association of HA with the NP surface can be 
assumed to follow a two-step process, possibly the polar 
fractions of the HA7 adsorbed on the NP surface, fol- 
lowed by entanglement with the long-chain fractions. 
Thus, the authors demonstrated that the hydrophobic 
nature of HA molecules strongly influenced the aggrega- 
tion of colloidal NPs, possibly through their conforma- 
tional behavior in a particular solution condition. 

The morphological differences in the images of the 
SHA complex indicate a difference in the chemical func- 
tionalities of the species. This may affect the physico- 
chemical behavior of humic colloids, e.g., binding forces 
at the surface of minerals, complexation with metal ions, 
or aggregation behavior. 

 

 

Figure 5. AFM images of SHA with complexed metals: (a) Copper (SHA-Cu); (b) Iron (SHA-Fe); and (c) Manganese (SHA- 
n), adsorbed on mica at pH 3.5, recorded in contact mode. M 
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One aspect is the formation of aggregates adsorbed on 
the substrate in the presence of metal ions, suggesting 
their influence on the phenomenon of HA adsorption and 
aggregation. A general notion to explain the aggregation 
of HA is based on the neutralization of surface charges. 
A reduction in pH, an increase in ionic strength or the 
addition of polyvalent cations neutralizes the natural 
negative surface charge of HA responsible for interparti- 
cle repulsion, enabling the particles to aggregate. In the 
case of polyvalent cations, bridging between the cations 
and negatively charged HA colloids can be suggested as 
a plausible mechanism of aggregation (AH···Me+···AH) 
[24]. 

4. Conclusions 

Fluorescence spectroscopy of SHA revealed its structural 
similarity to HA. This resemblance is probably due to the 
presence of abundant OH groups, and these bands are 
likely associated to phenolic type structures. 

In this study, AFM was employed to analyze the mac- 
romolecular structures and shapes of soil humic acid and 
synthetic humic acids at low pH. The AFM images of the 
HA and synthetic humic acid (SHA) molecules adsorbed 
on the mica substrate exhibited globular structures. In- 
teraction among the SHA particles was also observed 
after complexation of the metal ions (Fe3+, Cu2+ e Mn2+), 
which led to the formation of aggregate-type structures. 
However, additional studies are needed to determine the 
changes in the structures of humic acid. 
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