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ABSTRACT
Morphological features of metal (hydr)oxide (MO) particles supported on activated carbon (AC) largely
influence the performance of these composite materials in most of their applications, particularly in het-
erogeneous catalysis. Furthermore, the MO precursor as well as the preparation method and conditions
strongly determine these morphological features. Thus, the present work is aimed at shedding light on
the role of the precursor chemistry on the surface morphology of a series of AC-MO composites pre-
pared by wet impregnation of a commercial AC with Al(NO3)3, Fe(NO3)3, and Zn(NO3)2 in aqueous solu-
tion. These materials are characterized by X-ray diffraction, scanning electron microscopy and energy
dispersive X-ray spectroscopy. The microstructure, morphology, size distribution and degree of disper-
sion of the supported MO (nano)particles strongly depend on the chemical transformations undergone
by the precursors not only in the impregnation solutions after their contact with AC but also during the
oven-drying step. Al3þ, Fe3þ and Zn2þ species in aqueous medium are involved in hydrolysis and poly-
merization processes, which notably modify the pH of the starting precursor solutions. Upon their con-
tact with AC, pH markedly increases due to the strong basic character of the carbon surface (pHpzc �
10.50), leading to the precipitation of the metal hydroxides or oxyhydroxides. Both supported bayerite
(a-Al(OH)3) and goethite (a-FeO(OH)) are essentially amorphous; however, the former grows in micro-
metric particles while the latter does as nanoparticles. By contrast, the higher crystallinity and larger
particle size of supported w€ulfingite (e-Zn(OH)2) are connected with an additional transformation of the
as-precipitated amorphous hydroxide during the heating step at 120 �C.
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Introduction

Over the last decades, novel composites comprising (nano)-
particles of metal oxides and/or hydroxides (henceforth
referred to as MOs) supported on activated carbon (AC,
hereafter) have received a great deal of attention owing to
their set of applications in a variety of fields, such as hetero-
geneous catalysis, photocatalysis, adsorption of organic and
inorganic pollutants both in gas and liquid streams, energy
storage devices, and so on.[1] AC has been long selected as a
support of metal-containing (nano)particles due to a number
of excellent and unique properties, which have been exten-
sively discussed and comprehensively reviewed in the litera-
ture.[2–8] Supported metal phases include not only oxides,
such as TiO2, Fe2O3, Fe3O4, ZnO, WO3 and SnO2, but also
some hydroxides and oxyhydroxides like bayerite
(a-Al(OH)3), goethite (a-FeO(OH)), w€ulfingite (e-Zn(OH)2),
Co(OH)2 and Ni(OH)2. In this connection, a detailed and
critical review on the preparation methods and applications
of several MOs supported on AC has been
reported elsewhere.[9]

It is well-established that the morphological features,
especially the shape, size distribution, crystalline or amorph-
ous nature, crystalline habit, exposed facets, homogeneity
and degree of dispersion of the supported (nano)particles
strongly influence the behavior and performance of these
AC-MO composites in most of their practical applications.
Concerning their use as heterogeneous catalysts, although
the catalytic activity is determined to a large extent by the
chemical composition and properties of the active phase, a
high degree of dispersion of the MO (nano)particles enhan-
ces the catalytic efficiency in a significant manner.[4] In this
regard, note that AC is frequently selected as a catalyst sup-
port chiefly because of its large surface area and well-devel-
oped porosity, which allow preparing supported catalysts
with a good dispersion of the active phase and thereby
increase its resistance to sintering when operating at elevated
temperatures under reaction conditions.[2–8,10–13]

Furthermore, the presence of a variety of chemical func-
tional groups and structures on AC surface, especially those
containing oxygen, improves the dispersion of the active
phase, as they can provide anchorage sites or nucleation
centers for the precursor during the adsorption, impregna-
tion or precipitation-deposition stage in the preparation of
the catalyst, thus controlling both the size and shape of the
supported catalytic (nano)particles.[14–19] These surface func-
tionalities markedly decrease the hydrophobic character of
the carbon surface and make it more accessible to the aque-
ous solution of the precursor.[20–24] On the other hand,
recent advances in nanoscience and nanotechnology have
allowed the rational design and synthesis of highly efficient
catalysts by means of precise control of (nano)particles’
composition, morphology, structure and electronic states.
For example, by tuning the morphology of catalysts at the
nanoscale it is possible to quantitatively design and preferen-
tially expose those crystal facets which are highly active,
thereby increasing the surface density of active sites and the
overall catalytic efficiency.[25] Finally, several studies have
suggested a dependence of the catalytic activity on the shape

of the size distribution for supported catalysts.[26–32]

Therefore, it becomes apparent the need of estimating not
only the average particle and/or crystallite size, but even
more importantly the size distribution.[33,34]

On the other hand, it is also agreed that the MO precursor
(e.g. metal nitrate, chloride, acetate, alkoxide, and so on) as
well as the preparation method and conditions (i.e. precursor
concentration, solvent, temperature, and so forth) largely
determine the aforementioned morphological features of sup-
ported MO (nano)particles. Notwithstanding, due to its
inherent complexity this latter relationship is often ignored
or, at best, very poorly investigated and understood.
Accordingly, the present work is chiefly intended to gain
some additional insight into the role of the precursor chemis-
try in aqueous solution on the surface morphology of a series
of AC-MO composite materials prepared from a commercial
AC by wet impregnation with three common MO precursors
(Al(NO3)3, Fe(NO3)3 and Zn(NO3)2). For such an aim, the
surface of the as-prepared hybrid materials is characterized
by X-ray diffraction (XRD), scanning electron microscopy
(SEM), and energy dispersive X-ray spectroscopy (X-EDS).
Obtained surface characterization results are analyzed and
interpreted on the basis of the feasible chemical transforma-
tions undergone by the metal nitrate precursors during the
different preparation steps (i.e. impregnation and oven-dry-
ing), with special emphasis on those affecting the compos-
ition of the precursor solutions as a result of their contact
with the raw carbon support during the impregnation stage.

Materials and methods

Materials and reagents

A granular AC purchased from Merck, 1.5mm average grain
size (Cod. 1.02514.1000), as received without any further
treatment, was used as support for three MOs. Metal nitrate
salts, which are readily soluble in water, were selected as
MO precursors. These were Al(NO3)3�9H2O,
Fe(NO3)3�9H2O and Zn(NO3)2�6H2O, all of them supplied
by Panreac and being of reagent grade.

Preparation of AC-MO composites

The preparation of the AC-MO composites was performed
by the method of wet impregnation in two successive steps

Table 1. Preparation of the AC-MO composites: yields and sample codes.

Precursor pH Yield/wt.% Code

Al(NO3)3�9H2O 2.91 102 A120
Fe(NO3)3�9H2O 1.54 114 F120
Zn(NO3)2�6H2O 5.16 103 Z120

Table 2. Ash content, crystalline phases, and their mean crystallite size (D) for
the prepared AC-MO composites.

Sample Ash content/wt.% Crystalline phases D/nm

A120 7.1 Bayerite (a-Al(OH)3) 1.06
F120 13.6 Goethite (a-FeO(OH)) 2.32
Z120 9.7 W€ulfingite (e-Zn(OH)2) 29.90

Zincite (ZnO) 60.02
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of soaking and oven-drying, as previously described in detail
elsewhere.[35–37] Briefly, about 25 g of AC was impregnated
with 250mL of an aqueous solution of the corresponding
MO precursor, using a precursor to AC ratio of 1:1 (w/w).
The pH of these freshly prepared solutions was measured
immediately before impregnation, and obtained values are
set out in Table 1. The impregnation system was placed in a
three necked flask and heated at 80 �C under continuous
mechanical stirring of 100 rpm for 5 h. Once this time had
elapsed, the impregnated products were first vacuum-filtered
with the aid of a water pump and then oven-dried at 120 �C
for 24 h. The yield of the overall preparation process of the
hybrid materials was roughly estimated by the following
expression:

Yield wt:%ð Þ ¼ Mf gð Þ
Mi gð Þ � 100 [1]

where Mi is the initial mass of AC and Mf stands for the
final mass of impregnated and oven-dried product. The yield
values for the resulting AC-MO hybrid materials are also
listed in Table 1, together with the codes assigned to
the samples.

Surface characterization of AC-MO composites

The ash content of the raw AC and the prepared composites
was determined by incineration at 650 �C for 12 h in a muf-
fle furnace (Selecta). The obtained results, which may be
regarded as rough estimates of the amount of supported
MOs, are compiled in Table 2.

The crystalline phases present in each hybrid material
were identified by XRD, using a D8 Bruker Advance dif-
fractometer working with Cu Ka radiation (k¼ 1.5406Å).
The patterns were collected in the step scanning mode of
0.02� (2h) and 0.5 s�step�1 counting time, within the range
from 10 to 80�. The mean crystallite size (D) for each of the
identified phases was estimated by applying the Scherrer
equation to their most intense diffraction peaks. These val-
ues are also shown in Table 2.

The surface morphology of the prepared AC-MO compo-
sites was analyzed by SEM. Images were recorded with a
microscope model Quanta 3D FEG (FEI Company) operat-
ing in the high vacuum mode under an accelerating voltage
ranging from 0.2 to 30 kV, and using an Everhart-Thornley
detector for secondary electrons. The sample, as prepared
without any further treatment, was mounted onto an alumi-
num specimen stub with the aid of a conductive carbon
adhesive. The microscope was also attached to an energy
dispersive X-ray analysis (X-EDS) detector able to estimate
the surface elemental composition of the samples
under study.

In the present work, a set of at least 12 SEM images in
random regions were acquired for each sample at different
magnification levels, thus ensuring a minimum quantitative
of particles for the estimation of the particle size distribution
(PSD) according to the international standard ISO 13322-
1.[38] Image processing and analysis were carried out by using
ImageJ, a free software developed at the National Institute of
Health (NIH),[39] following the procedure previously
described in detail by Mazzoli and Favoni,[40,41] with the add-
itional corrections subsequently introduced by Barroso-
Bogeat et al.[42] In this connection, it is worth noting that the
assessment of the PSD in AC-supported MO hybrid materials
from SEM images is a very difficult task for several reasons.
First, the detection and analysis of small MO aggregates dis-
persed on AC surface is rather complicated, particularly
when the particle size approaches that of phase contrast aris-
ing from the support.[43,44] Second, this drawback is exacer-
bated by the fact that the MO particles may be found at
different heights, embedded in the carbon support or over-
lapped by other particles, and because the AC surface is very
rough. Therefore, in order to overcome these shortcomings
and enhance the visibility of the supported MO particles as
much as possible, the intensity of the background was deter-
mined and subtracted from the original SEM images. For
such an aim, a Gaussian blur filter with a high value for the
radius (here, typically 25 pixels) was applied to the original
micrograph, thus generating an image of the background.
The filtered image was then subtracted from the original one.
Finally, the PSD was assessed directly from the resulting
background-subtracted image after adjusting its brightness
and contrast properly. On the other hand, among the variety
of parameters proposed in the literature, Feret’s diameter has
been considered as the best choice for defining both the
shape and size of the MO (nano)particles supported on AC
surface. This latter is defined as the longest distance between
two parallel tangents on opposite sides of the image par-
ticle.[38] Table 3 gathers the number of micrographs, the total
number of particles counted and the average Feret’s diameter
value for each composite.

Results and discussion

SEM and XRD characterization

AC support
First, it is well-known that not only the texture but also the
morphology and surface chemistry of activated carbons are
strongly dependent on the feedstock and the experimental
method followed in their preparation, including both the
activating agent and the operational conditions.[45,46]

Because of the complete lack of knowledge about the raw
material and the manufacture process for the commercial
AC used in the present work, it becomes clear that mean-
ingful conclusions about the origin of its morphological and
surface chemical features cannot be confidently drawn.
Figure 1 depicts representative SEM images of the pristine
AC at different magnification levels. As can be seen, the AC
grains exhibit a very irregular and wrinkled external surface

Table 3. Number of analyzed micrographs, total number of particles counted
and average Feret’s diameter for each AC-MO composite.

Sample
Number of

micrographs (N)
Total number of
particles counted

Average Feret’s
diameter (dF)/nm

A120 4 5100 7472.4
F120 5 14,095 81.7
Z120 4 7056 7991.9

JOURNAL OF DISPERSION SCIENCE AND TECHNOLOGY 1745



plenty of cracks, crevices, fissures, and slits (e.g. positions
arrowed in Figure 1a), together with smooth open pores of
variable sizes (e.g. positions arrowed in Figure 1b). These
crevices are considered to be shrinkage cracks either pro-
duced during the carbonization of the precursor mater-
ial[45,46] or developed as a result of thermal stresses on the
carbon matrix due to temperature changes or gradients in
the activation stage.[47,48] It is worth noting that at the levels
of magnification and resolution used in the present work,
most of the pores seen on the micrographs are macropores.
A large number of open macropores with variable widths
are clearly observed in Figure 1b, thus suggesting AC pos-
sesses a well-developed and heterogeneous macroporosity.
These observations are in accord with the relatively high
macropore volume estimated for this carbon material (i.e.
Vma ¼ 0.21 cm3�g�1) and its mercury intrusion curve previ-
ously reported elsewhere.[49] The macropores exhibit entran-
ces with a variety of shapes (ellipsoidal, elongated, round,
oblong, and so on) and their distribution over the outer sur-
face of AC appears to be homogeneous and entirely random.
As usual for activated carbons, these large pores on the
external surface are connected with a whole and extensive
network of smaller pores (i.e. meso- and micropores) in the
inner of the carbon matrix. Detailed examination of the
higher magnification image in Figure 1c shows that, in add-
ition to the aforesaid large size pores, the external surface of
AC is highly eroded and also displays numerous holes, simi-
lar to pits, with variable dimensions. Finally, the broadly

varied porosity observed in Figure 1 reveals the complexity
of defining a generalized pore structure for activated car-
bons, thus questioning the validity of the traditional models
such as the slit-shaped model widely used for modeling the
adsorption of gases and vapors, or the cylindrical model typ-
ically employed by the technique of mercury porosimetry.

On the other hand, the appearance of some brighter spots
and small solid structures irregularly dispersed over the
outer carbon surface is unambiguously connected with the
inorganic fraction of AC and thereby with its ash content,
which has been estimated to be around 4.7 wt.%. Such value
is markedly lower than those reported for other commercial
and lab-made activated carbons, which may contain up to
15wt.% of mineral matter.[5] This inorganic fraction
includes all those chemical constituents which either come
from the mineral matter in the feedstock,[50,51] are present
as a result of the activation stage in the preparation process
(e.g. phosphorous, potassium, and zinc and chlorine, for
activated carbons prepared by chemical activation with
phosphoric acid, potassium hydroxide and zinc chloride,
respectively), or are deposited on the carbon surface as
products of surface reactions.[52] As identified from XRD
analysis, ashes are mainly composed of mullite
(Al4.64Si1.36O9.68) and SiO2.

AC-MO composites
A120. Some representative SEM micrographs of the hybrid
material A120 are illustrated in Figure 2. By comparing

Figure 1. Selected SEM images for the raw AC.

Figure 2. Selected SEM images ((a) and (b)) and PSD (c) for the composite A120.
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these images to those registered for the raw carbon sub-
strate (see Figure 1), it becomes clear that the external sur-
face of A120 is much coarser due to the deposition of a
very large number of brighter particles as a result of the
impregnation treatment of AC with Al(NO3)3 aqueous
solution and the subsequent oven-drying step at 120 �C. A
higher magnification micrograph in Figure 2b reveals that
such particles as a rule are very irregularly shaped and dis-
tributed over the outer surface of AC. As far as the size of
the supported particles is concerned, at first sight one
observes that they exhibit a great variety of dimensions,
ranging from some hundreds of nanometers up to several
tens of micrometres, with predominance of those having a
few micrometres. Such observations are well in agreement
with the PSD obtained for sample A120 by image process-
ing and plotted in Figure 2c. This histogram shows a very
broad distribution of sizes with a long tail to the right up
to 30 mm and most particles (i.e. around 85%) below 10 mm
in size; the average Feret’s diameter is estimated to be
7.5 mm. According to the XRD pattern for A120 (see Figure
S1), bayerite (a-Al(OH)3, monoclinic system, space group
P21/a) has been identified as the single constituent of the
particles supported on AC. Bayerite grows with a very poor
degree of crystallinity, as evidenced from the fact that its
mean crystalline domain size was below the detection limit
of the technique. Therefore, it is evident that the brighter
particles dispersed all over the darker external surface of
AC as seen in Figure 2a and b are amorphous entities con-
sisting of aggregates of a very large number of tiny, nano-
metre-sized, bayerite crystallites. Anyway, it should be
noted that the hourglass and semi-hourglass shaped micro-
crystals characteristic of bayerite, named somatoids,[53] are
not detected at the magnification levels applied in the pre-
sent work, which corroborates the essentially amorphous
nature of the supported Al(OH)3. The deposition of bayer-
ite on AC surface upon the preparation process of A120
may be explained in the following way. As the pH of the
point of zero charge (pHpzc) is as high as 10.50 for AC,[54]

pH of the impregnation Al(NO3)3 aqueous solution (initial
pH � 2.91) should increase after contact is established due
to the protonation of basal plane sites on carbon made up
of both oxygen-free type sites and pyrone type sites.[55]

Such an increase in the pH of the impregnation solution
should markedly influence on the hydrolysis processes
involving Al3þ chemical species, thus leading to the forma-
tion of hydrolytic species other than those found in the
starting solution. With increasing pH and depending on
concentration, the following mononuclear Al3þ species in
aqueous solution have been reported: (i) [Al(H2O)6]

3þ, (ii)
[Al(H2O)6]

3þ, [Al(H2O)5(OH)]2þ, [Al(H2O)4(OH)2]
þ and

colloidal Al(OH)3, and (iii) [Al(OH)4]
� or AlO2

�, which
are all connected by this simple four-stage equilibrium
reaction:[56–59]

Al H2Oð Þ6
� �3þ þ H2O $ ½Al H2Oð Þ5 OHð Þ�2þ þ H3O

þ [2]

Al H2Oð Þ5 OHð Þ� �2þ þ H2O () Al H2Oð Þ4 OHð Þ2
� �þ þ H3O

þ

[3]

Al H2Oð Þ4 OHð Þ2
� �þ þ H2O () Al OHð Þ3 þ H3O

þ [4]

Al OHð Þ3 þ H2O () Al OHð Þ4
� �� þ H3O

þ [5]

Furthermore, the presence of polynuclear hydrolytic spe-
cies in aqueous solution showing the general formula
[Alp(OH)q]

(3p�q)þ and high molecular mass should also be
borne in mind owing to the high tendency of Al3þ to poly-
merize.[57,59] Among the variety of proposed polynuclear
species, those having strong experimental evidence are
[Al2(OH)2]

4þ, [Al2(OH)5]
þ, [Al3(OH)8]

þ, [Al3(OH)4]
5þ,

[Al8(OH)20(H2O)x]
4þ, [Al6(OH)12(H2O)12]

6þ and
[Al54(OH)144(H2O)36]

18þ.[56] In this connection, it has been
reported that temperature markedly affects the solubility,
hydrolysis, polymerization and molecular mass distribution
of Al3þ species in aqueous solution.[58] Thus, for the
impregnation solution the extent of the Al3þ hydrolysis and
polymerization processes, and thereby the amount of high
molecular mass species, are expected to be much greater at
80 �C as compared to those observed at room temperature.
This fact, together with the relatively high Al3þ concentra-
tion (i.e. around 0.27mol�L�1), allows to conclude that such
polynuclear Al species were certainly involved in the proc-
esses occurring in the impregnation solution and leading to
the deposition of bayerite on AC surface.

In the formation of the various Al(OH)3 polymorphs, it
has been suggested that the aforesaid polymeric Al species
grow and, as a result of their interaction, a precipitate is
finally developed. Specifically, the six-membered ring com-
plex with composition [Al6(OH)12(H2O)12]

6þ has been
postulated as the precursor Al polymer in the crystallization
of bayerite.[60] At this point, it is worth mentioning that
the precipitation of bayerite from an Al(NO3)3 aqueous
solution with ammonia has been reported to begin at pH
�7 and extend up to pH �11.[61] This range should pre-
sumably comprise the pH value of the Al3þ impregnation
solution just after its contact with AC during the prepar-
ation of the composite A120. Finally, bayerite was also
reported to be the most stable Al(OH)3 polymorph in alka-
line solutions, thus supporting its presence in the A120
composite.[62]

F120. Selected SEM images for the composite F120 are
gathered in Figure 3. At first sight, by comparing Figures
1a and 3a, no relevant morphological modifications in the
surface of the raw AC are visualized upon its impregnation
with Fe(NO3)3 aqueous solution and subsequent oven-dry-
ing at 120 �C. Likely, the only noticeable change is a slight
increase in brightness for the external surface of F120.
These observations are suggestive of the formation of
highly dispersed iron phases covering almost the entire car-
bon surface, well in agreement with the results previously
reported for other activated carbon-iron oxide composites
prepared from the same commercial AC and iron oxide
precursor under similar conditions as in the present
work.[63,64] Furthermore, the aforesaid surface morpho-
logical features for F120 are also compatible with the for-
mation and growth of the iron-containing phases mainly
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inside the porous network of the AC substrate, leading to a
certain porosity blockage and hence to a reduction of sur-
face area.[49] Detailed examination of the higher magnifica-
tion image in Figure 3b corroborates the presence of a high
concentration of brighter particles evenly distributed over
the outer surface of the carbon matrix. These particles
exhibit a wide range of sizes, from very fine and uniform
particles with nanometric dimensions (as those in the
regions labeled as 1, 2 and 3 in Figure 3b) up to large
aggregates in the microscale (arrowed in Figure 3b). Based
on the measurements of a number of particles large enough
(i.e. around 14,000 particles, see Table 3) in random
regions of the sample external surface, the PSD for F120
has been estimated, and it is illustrated in Figure 3c. From
this histogram, it follows that the particles show a very nar-
row size distribution, with predominance of those having
nanometric dimensions (i.e. below 100 nm in size) and an
average Feret’s diameter of around 81.7 nm. XRD pattern
for sample F120 (see Figure S2) indicates that these iron
particles are only composed of goethite (a-FeO(OH), ortho-
rhombic system, space group Pbnm) with a tiny crystallite
size of around 2.32 nm, thus revealing its essentially
amorphous nature. This finding confirms that even the
smaller supported particles seen in the F120 micrographs
consist of clusters or aggregates of such extremely small
goethite crystallites. The high degree of dispersion for the
supported nanoparticles is likely connected not only with
the large surface area and well-developed porosity of the
carbon substrate but also with the high amount and variety
of oxygen functional groups and structures on AC surface,
as previously revealed by FT-IR spectroscopy.[54] In this
regard, it should be kept in mind the great affinity of the
Fe3þ species in aqueous solution towards oxygen surface
complexes, especially those acidic in character.[65]

Accordingly, the introduction of oxygen functionalities on
the surface of activated carbons by oxidation results in an
increase of the adsorption of the iron precursor and,
thereby, in an improvement of the dispersion of the result-
ing iron phase after the subsequent heat treatment.[66,67] As
evidenced by our recent work using FT-IR and XPS spec-
troscopies,[68] the low pH value of the Fe(NO3)3 impregna-
tion aqueous solution employed in the present study (i.e. 1.
54) significantly increases the oxidizing power of the NO3

-

ions in such solution toward AC, thus creating new acidic

surface oxygen groups which behave as additional anchor-
age sites for the Fe3þ species in solution.

As far as the chemistry of the iron precursor is con-
cerned, chemical species such as the octahedral complex
[Fe(H2O)6]

3þ, its hydrolysis products [Fe(H2O)5(OH)]2þ

and [Fe(H2O)4(OH)2]
þ, and the condensation products

[Fe2(H2O)8(OH)2]
4þ and [Fe3(H2O)10(OH)4]

5þ have been
identified in Fe(NO3)3 aqueous solutions at pH values below
4.[69,70] From these solutions, precipitation of goethite slowly
(from days to weeks) occurs through the following pathway:
(i) formation of low molecular mass species, (ii) formation
of a red cationic hydrolytic polymer, (iii) aging of this poly-
mer, and (iv) precipitation of goethite. The proposed mecha-
nisms for the formation and aging of the hydrolytic polymer
entail condensation of [Fe(H2O)6�n(OH)n]

(3�n)þ species to
give polymers in which Fe3þ cations are bridged by OH-

groups (olation, Equation (6)) or O2� anions (oxolation,
Equation (7)):[69,71]

Fe OHð Þ2þ
� �

n þ Fe3þ þ 2H2O $ Fe OHð Þ2þ
� �

nþ1 þ 2Hþ

[6]

Fe OHð Þ2þ
� �

n () FeO OHð Þ½ �n þ nHþ [7]

Similarly to the preparation of A120, the increase in the
pH of the Fe(NO3)3 impregnation solution after its contact
with the AC support drastically alters the hydrolysis equili-
bria involving Fe3þ species, and favors the precipitation of
goethite. In addition, the high ionic strength of the impreg-
nation solution, mainly ascribable to the NO3

� ions, has
also been reported to accelerate the precipitation rate of
goethite.[69] Nonetheless, it should be also pointed out that
some investigations on the hydrolysis of Fe3þ in nitrate sol-
utions at high temperatures up to 90 �C have revealed that
the lifetime of the aforementioned hydrolytic polymer
decreases with increasing temperature.[71] Consequently, at
the temperature of 80 �C used in the wet impregnation treat-
ment, it is plausible that the formation of the intermediate
polymer was scarce or even negligible.

Finally, it is worth highlighting that the very small size in
the nanoscale of most goethite particles, together with their
homogeneous distribution over the AC matrix, are both
desirable characteristics with regard to the application of the
composite F120 in catalytic and photocatalytic processes.

Figure 3. Selected SEM images ((a) and (b)) and PSD (c) for the composite F120.
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Z120. Selected SEM images registered at different magnifica-
tion levels for the composite Z120 are depicted in Figure 4.
Upon impregnation of AC with Zn(NO3)2 aqueous solution
and successive oven-drying at 120 �C, the formation of a het-
erogeneous coverage of well-dispersed brighter particles over
the entire external surface of the AC grains is clearly seen in
Figure 4a. In addition to very small isolated particles with
nanometric dimensions, some regions covered by clusters of
larger particles in the scale of micrometers, such as those
arrowed in the above figure, are also seen. These observations
seem to be in accordance with the morphological features
previously described for several activated carbon-ZnO com-
posites prepared by precipitation of Zn2þ in an aqueous solu-
tion of the nitrate salt with NaOH onto the carbon substrate
and successive calcination at 150 �C,[72] and by simply mixing
the activated carbon with an aqueous suspension of commer-
cial ZnO powder.[73,74] The more homogeneous coverage for
these latter samples is accounted for by the much greater
ZnO content employed in their preparation. The XRD pat-
tern for Z120 (see Figure S3) reveals that the supported par-
ticles mostly consist of Zn(OH)2 adopting the crystalline
structure of w€ulfingite (e-Zn(OH)2, orthorhombic system,
space group P212121), the most stable Zn(OH)2 poly-
morph,[75] together with small amounts of ZnO grown in the
zincite structure (hexagonal system, space group P63mc).
W€ulfingite is likely supported on AC surface by precipitation
from the Zn(NO3)2 aqueous solution during the soaking step.
This precursor solution had an initial pH value of around 5.
16, which should have readily increased upon contact with
the carbon substrate because of its basic character (pHpzc ¼
10.50) conferred by the presence on its surface of oxygen

functionalities, like pyrone and chromene type structures, as
previously proved by FT-IR spectroscopy.[54] According to
the speciation diagram for Zn2þ aqueous solutions,[76] the
predominant chemical species in the impregnation solution
under the starting conditions of pH and concentration is the
aquo-complex [Zn(H2O)4]

2þ. Once the pH of the solution
reaches the neutral region as a result of the contact with AC,
the precipitation of Zn2þ as Zn(OH)2 commences. As the
w€ulfingite phase is only precipitated very slowly from aque-
ous medium, it may be assumed that this Zn(OH)2 modifica-
tion is formed by transformation of other less stable
polymorphs under the mother liquor or even of the amorph-
ous solid, which is always obtained when Zn2þ salt solutions,
especially those prepared from Zn(NO3)2, are slightly alkali-
nized.[75] Obviously, the early stages of the subsequent oven-
drying at 120 �C may also contribute to accelerate such trans-
formations. On the other hand, zincite is directly obtained
from w€ulfingite by a partial thermal decomposition during
the oven-drying step. In this regard, it has been reported that

Table 4. X-EDS compositional analyses on AC and the prepared AC-
MO composites.

Sample Spectrum Carbon/wt.% Oxygen/wt.% O/C Metal/wt.%

AC 1–3 86.69 6.32 0.07 —
A120 1 80.40 11.31 0.14 4.34

2 80.97 11.98 0.15 3.70
3 81.50 11.54 0.14 3.78

F120 1 60.41 15.26 0.25 19.41
2 41.80 16.37 0.39 36.58
3 41.57 9.98 0.24 42.87

Z120 1 80.95 10.70 0.13 4.38
2 75.65 10.70 0.14 9.41
3 75.28 9.35 0.12 7.97

Figure 4. Selected SEM images ((a), (b), (c) and (d)) and PSD (e) for Z120.
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the decomposition reaction of the different Zn(OH)2 poly-
morphs occurs in the range from 70 to 140 �C, and the tem-
perature is higher for the most stable w€ulfingite,[77] which
explains the detection mostly of this phase in the Z120 com-
posite after heating at 120 �C for 24 h.

Unlike the very irregular shape and essentially amorphous
nature observed both for the bayerite and goethite particles in
samples A120 and F120, respectively, closer inspection of the
Z120 surface allows to identify several well-defined and mark-
edly different morphologies for the supported particles. First,
some of them display a morphology consisting of nearly rect-
angular and squared sheets of variable side length in the
microscale, more or less sharp edges and relatively low thick-
ness, as clearly seen in Figure 4b. The habit of such micro-
crystalline plates argues for a layered structure typical of
w€ulfingite. The surface of these sheets is as a rule quite
smooth, although some of them exhibit cracks and fissures,
likely owing to the partial thermal decomposition, as well as
serrated edges (see Figure 4c). Furthermore, one observes that
these particles also tend to form aggregates of sheets and nee-
dles of different sizes and intersecting at variable angles, such
as those circled in Figure 4d. In addition to the aforesaid
structures, highly dispersed nanoparticles appearing as tiny
white spots (see Figure 4d) are evenly dispersed over the
darker outer surface of AC. Such spots are expected to be
zincite nuclei with about 100 nm in size, quite similar to those
previously reported for other activated carbon-ZnO/Zn(OH)2
composites.[78] These results suggest that each large w€ulfingite
crystal does not convert into a single ZnO crystal, but rather
the conversion causes the w€ulfingite crystals to break up into
smaller ones, which then break up once again into nano-
meter-sized ZnO crystals.[79] This behavior may be accounted
for the great difference in density between w€ulfingite and
zincite (i.e. 3.1 and 5.6 g�cm�3, respectively[79]). Finally, crys-
tallite sizes estimated from XRD pattern corroborate the high
degree of crystallinity both for w€ulfingite and zincite, having
average sizes of 29.90 and 60.02 nm, respectively.

X-EDS analysis

The different metal phases supported on AC are considered
to have a predominant influence on the surface chemistry of
the prepared hybrid materials. Because of the relatively high
content and reactivity of these inorganic phases, it is evident
that the chemical nature of the surface of the hybrid materi-
als is not amenable to analysis by using traditional titration
methods. X-EDS analyses were performed at selected areas
of the samples in order to shed some light about the surface
elemental composition of AC and each hybrid material and,
thereby, about the dispersion both of metal and oxygen
atoms. The resulting X-EDS spectra are illustrated in Figures
S4–S7, and the corresponding quantification data as well as
the oxygen to carbon ratios are summarized in Table 4.

The X-EDS spectra registered for the raw AC at three dif-
ferent locations (see Figure S4) are rather similarly featured
as far as the number, position and intensity of peaks are
concerned, so that it may be concluded that the elemental
composition of the AC surface is very homogeneous. As

expected, these spectra display a very sharp and intense
peak at around 0.29 keV attributable to carbon (i.e. the main
constituent of AC), together with other much smaller peaks
indicating the presence of heteroatoms such as oxygen and
sulfur coming from the precursor material and/or the acti-
vating agent, which ultimately determine the surface chemis-
try of AC.[45] These heteroatoms are bonded to the carbon
skeleton and form surface functional groups and structures
analogous to those found in aromatic compounds, thereby
reacting in a similar way with many reagents and being then
differentiated in terms of their chemical reactivity. It should
be noted that no nitrogen peak was observed in the afore-
said spectra, even though this heteroatom is also found in
AC as revealed by elemental analysis (nitrogen content: 0.
26wt.%[80]). This fact is not surprising since it has been
reported that for carbonaceous materials the nitrogen signal
(� 0.39 keV) is usually hidden by that of carbon, being only
detected when an exceptionally high nitrogen concentration
is present in the sample surface.[81] X-EDS results also reveal
a relatively high silicon content (i.e. �2.76wt.%) in AC sur-
face, well in agreement with the XRD analysis, along with
traces of other metal elements such as aluminum, iron and
potassium, likely as a result of the inorganic matter con-
tained in the precursor material.[50] Furthermore, the aver-
age oxygen content in the AC surface estimated from the
three recorded X-EDS spectra (i.e. 6.32 wt.%) is markedly
lower than that obtained for the bulk carbon sample by
elemental analysis (i.e. 7.37wt.%[45]), while the average car-
bon content values provided by both techniques are quite
similar (86.50 and 86.69wt.%), thus suggesting a certain
preference of oxygen towards the formation of complexes
on the walls of smaller pores rather than on the external
surface of AC.

For the prepared hybrid materials, as compared to the
pristine AC, the carbon content significantly decreases, while
the oxygen content as a rule increases. Lower carbon con-
tents are expected because of the decreased presence of car-
bonaceous material in the composite samples. Moreover, the
increase in the oxygen contents may be related to contribu-
tions from the metal (hydr)oxide precursor and from the
carbon-oxygen surface complexes formed during the
impregnation and oven-drying treatments in the process of
preparation of the composites. In this regard, coordination
water and hydroxyl groups belonging to the coordination
sphere of the metal cation precursors or to hydroxylated
metal oxides should increase the oxygen content in the sam-
ples. Thus, the lower oxygen content for Z120 as compared
to those for A120 and F120 can be explained on the basis of
the smaller degree of hydroxylation of the Zn2þ ion than of
the Al3þ and Fe3þ ions, as expected from their ion charges
and sizes. In connection with the changes observed in the
surface chemical composition of the raw AC after its
impregnation with the aqueous solutions of the metal ion
precursors, it should be kept in mind that they were pre-
pared from nitrate salts and that their pH values were acidic
as a result of the hydrolysis of the metal ions. The nitrate
ion in such acidified aqueous solutions is well-known to
behave as a strong oxidizing agent, being able to oxidize the
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carbon surface and thus influencing as last resort most of
the changes originated in the surface chemistry of AC.

Conclusions

Using a granular commercial AC and Al(NO3)3, Fe(NO3)3
and Zn(NO3)2 in aqueous solution as metal (hydr)oxide pre-
cursors, the surface microstructure, morphology and elem-
ental chemical composition of the resulting composites
prepared by wet impregnation at 80 �C for 5 h and oven-
drying at 120 �C for 24 h are investigated by XRD, SEM and
X-EDS. From the obtained results, the following main con-
clusions may be drawn. The morphological features of the
composites, such as the crystalline habit, shape, size distribu-
tion and degree of dispersion of the supported particles,
ultimately depend on the chemical changes undergone by
the different precursor species not only in the impregnation
solution after its contact with the AC substrate, but also
during the subsequent oven-drying step (i.e. hydrolysis,
polymerization and precipitation reactions, as well as ther-
mal ageing). As a result of the increase of pH in the impreg-
nation solution because of the basic character of AC, the
complex hydrolysis and polymerization processes involving
Al3þ, Fe3þ and Zn2þ species are strongly affected, thus lead-
ing to the precipitation of the corresponding metal hydrox-
ides or oxyhydroxides. Both supported bayerite and goethite
are essentially amorphous in nature; however, the former
grows in micrometric particles while the latter does mainly
as nanoparticles. By contrast, the higher crystallinity degree
and larger particle size observed for the supported w€ulfingite
are connected with the transformation of the amorphous
phase during the heating at 120 �C. Finally, the combination
of SEM and ImageJ processing program has enabled to
assess the PSD of AC-MO composites in an accurate, quick
and reproducible way, thus overcoming the drawbacks
inherent to other widely employed techniques, such as phys-
isorption/chemisorption of selected gases and vapors and X-
ray diffraction.
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