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a b s t r a c t
This investigation centers in the synthesis of solids with adsorptive properties of porous carbons 
and selective like hydrotalcites. Activated carbons are materials widely used for the removal of 
pollutants. The combination with materials like hydrotalcites, increases its capacity to adsorb con-
taminants anionic of aqueous solutions. In this work, hydrotalcites supported on activated carbon 
were synthesized. The compounds were prepared at 5.0%, 7.5%, and 10.0% of MgO-Al2O3; on acti-
vated carbon. The solids were evaluation in the adsorption of sulfate anions in an aqueous solution, 
it shows a greater capacity of adsorption than the activated carbons without support, specifically 
more than 90%. This result is very relevant for the water filter industry, due that at low concentra-
tions, usually ordinary materials do not adsorb with facility the sulfate. The removal of the sulfate 
anions was facilitated by the synthesis of hydrotalcite supported on activated carbon. The synthe-
sized solids were characterized by X-ray diffraction, Fourier transform infrared, thermogravimet-
ric analysis with differential scanning calorimetry, specific surface area measures by the Brunauer–
Emmett–Teller method and pore size by the Barrett–Joyner–Halenda method. This confirms the 
presence of hydrotalcites supported on activated carbon. In all solids were presented mesoporous in 
the form of slits, others presented micropores like the solid CA-5.0D. These characteristics convert to 
this material in an adsorbent potential of sulfate anions in aqueous solutions.
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1. Introduction

The contamination of water sources has been one of the 
most important environmental problems that have affected 
our planet, therefore, it is an inevitable issue of discussion. 
This contamination is mainly caused by organic and inor-
ganic ions, which are the product of industrial residues, 
domestic wastewater, and septic systems, among others [1]. 
One of the most common inorganic contaminants is sulfate 
ion, which is naturally encountered in almost all bodies of 
water used for humans for their consumption. Normally, 
the sulfate ion is introduced to groundwater bodies by 
entrainment and dissolution of the water that is absorbed 
by rocks and materials like sulfates or gypsum [2,3]. 
Normal sulfate levels in water can increase due to contam-
ination from mines, windmills, landfills, sewers, and other 
artificial sources. The sulfate in concentrations superior to 
300 mg L–1 can cause gastrointestinal problems in humans; 
therefore, an excess of sulfate in water destined for human 
consumption is not recommended [4,5]. Another problem 
associated with this ion is that in an aquatic medium it is 
reduced by some bacteria to hydrogen sulfide, which is 
highly toxic to very high concentrations. It is also attributed 
that it can contribute to the process of eutrophication, con-
suming the oxygen in the water and thus causing the death 
of aquatics species. Therefore, sulfate ion concentrations in 
potable water should be limited to established standards, 
the World Health Organization states that the maximum 
concentration permitted for SO4

2– ion is 250 mg L–1. Several 
methods have been developed for sulfate-contaminated 
waters treatment, including chemical precipitation [6], crys-
tallization [7], ion exchange [8,9], biological treatments [10], 
and reverse osmosis [11]. However, these methods present 
low yields and are highly expensive, for this reason, it is 
necessary to consider new alternatives that have higher 
yields at a very low cost. Adsorption is one of the tech-
niques aligned with this concept; it is considered the most 
promising due to the simplicity and flexibility of design, 
easy operation, and profitability [12]. Among the most used 
adsorbents, we have porous solids such as aluminum and 
magnesium oxides, also silica gel, aluminosilicates, zeolites, 
ceramics, and activated carbons [13]. In the case of activated 
carbon, this material is considered one of the most versatile 
for the removal of various contaminants [14]. However, its 
use is limited in the case of anionic contaminants due to the 
number of active sites for anion retention, so the combina-
tion of activated carbon with other types of materials can 
increase the removal of specific anionic pollutants. One type 
of material interesting to increase the anion retention capac-
ity of the activated carbon are the layered double hydrox-
ides (LDH), which are anionic clays that once calcined at 
low temperatures form mixtures of di-metallic oxides and 
tri-metallic oxides and in the presence of water and anions 
can be restructured in the initial phase of hydrotalcite type 
[15,16]. This phenomenon is known as the “structure mem-
ory effect”, it occurs when LDH are calcined to remove most 
anions and interlaminar water molecules. Once the calcined 
material is in contact with a solution of water containing 
anions, the anions are reattached to the solid, which results 
in the reconstruction of the solid, producing LDH [17]. 
This work is centered on the removal of sulfate in an aqueous 

solution by means of derivatives of LDH supported in 
activated carbon, in addition, several parameters are opti-
mized like the time of contact, the pH, the amount of adsor-
bent, the initial concentration of sulfate, and temperature.

2. Materials and methods

2.1. Preparation of adsorbent solids

Two solutions were used to synthesize LDH sup-
ported on commercial activated carbon; a solution A com-
posed of the mixture magnesium nitrate hexahydrate 
[Mg(NO3)2·6H2O] and aluminum nitrate nonahydrate 
[Al(NO3)3·9H2O] and another solution B composed of potas-
sium hydroxide (KOH) and potassium carbonate (K2CO3). 
Bearing in mind that in the end the concentrations of 5.0% 
(CA-5.0A), 7.5% (CA-7.5A), and 10.0% (CA-10.0A) of mag-
nesium oxide + aluminum oxide (MgO-Al2O3) would be 
obtained on the surface of the activated carbon after the cal-
cination process. For preparing the solid CA-5.0A, initially 
24.7 g of activated carbon were impregnated with 7 mL of 
solution A so that the solution nitrates were located in the 
activated carbon pores, this mixture was carried to a rotary 
evaporator (Heidbad model Heizbad Hei-VAP) with a con-
stant agitation at 80 rpm for 24 h. After this, it was dried 
at 373 K for a period of 8 h. Subsequently, 5 mL of solu-
tion B was added, and was carried to constant agitation 
in the rotary evaporator at 80 rpm for 24 h, after which it 
was dried for 8 h at 373 K. Posteriorly, the solids obtained 
were heated to a temperature of 573 K in the air atmosphere 
producing the collapse of the hydrotalcite-type structure 
followed by the formation of the oxides.

2.2. Characterization of solids

The synthesized solids were characterized using Fourier 
transform infrared spectroscopy (FTIR), X-ray diffrac-
tion (XDR), thermogravimetric analysis (TGA), differen-
tial scanning calorimetry (DSC), specific surface analysis 
(Brunauer–Emmett–Teller (BET) and Langmuir methods), 
and porosity analysis (Barrett–Joyner–Halenda (BJH) 
method). For the FTIR analyses, the samples were mixed 
in a proportion of 1% in weight with potassium bromide 
to obtain a tablet that was later carried to the Shimadzu 
equipment, IRAffinity model. The X-ray diffractogram was 
obtained in a Shimadzu equipment, model XDR-600, in a 
range of 10°–80° 2q degrees, using the Cu Kα radiation, gen-
erated at 40 KV and 30 Ma. TGA/DSC analyses were carried 
out in a TA instrument, model SDT Q600. For TGA/DSC 
analyses, the samples were subjected to a heating speed of 
10°C min–1, at 303 K at the temperature at which the mass 
was kept constant. The measure of the surface area specific 
and the porosimetry by nitrogen adsorption at 77 K in a 
Micrometrics equipment, model ASAP 2020. Adsorption–
desorption isotherms were obtained with different volumes 
of liquid nitrogen p/p°, before proceeding with the analy-
sis, the solids were calcined at 423 K, in order to eliminate 
water and volatile material present in the solids.

2.3. Adsorption experiments

The adsorption experiments were carried out by add-
ing 200 mg of each synthesized solid (CA-5.0D, CA-7.5D, 
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CA-10.0D) in 100 mL of sulfate solution at concentrations 
of 10, 20, 30, and 40 mg L–1, the experiments were realized 
at a temperature of 298 K, pH 6, with a constant agitation 
at 500 rpm with a predetermined time intervals, in a mag-
netic stirrer model MS-H280-Pro, in which aliquots were 
obtained at different times. The sulfate concentration was 
determined by the turbidimetry technique using a neph-
elometer. The concentration was determined by taking 
samples every five minutes until a constant result was  
obtained.

3. Results and discussion

3.1. Characterization of solids

Fig. 1 shows the FTIR spectra of the uncalcined sol-
ids (CA-5.0A, CA-7.5A, and CA-10.0A), in all the solids is 
observed a wide band centered around 3,440 cm–1, which 
is attributed to the stretching vibration of the hydroxyl 
group in the water molecules adsorbed on the surface of 
the materials [18]. The band observed at 1,640 cm–1 corre-
sponds to the angular deformation of δ-HOH and is due 
to the water molecules present in the interlaminar layer 
of the synthesized solids. In addition, a peak associated 
with the antisymmetric stretching of the CO3

2– ion appears 
in the central region of the spectrum around 1,383 cm–1.

Fig. 2 shows the FTIR spectra of the calcined solids 
(CA-5.0D, CA-7.5D, and CA-10.0D) and activated car-
bon (CA). In the CA spectrum, a band between 3,300 and 
3,500 cm–1 is observed, which is attributed to the stretch-
ing of the H…O…H bonds of the physisorbed water mol-
ecules on the surface, in relation to the calcined solids, a 
band appears at 1,510 cm–1 characteristic of the octahedron 
that forms the sheet for the Al–OH bond and at 470 cm–1 
for the Mg–OH bond, which shows the formation of oxides 
in the activated carbon [19,20]. In all materials, a high 
band was observed around 1,440 cm–1, which can be due 

to the presence of magnesium or aluminum carbonate on 
the internal surface of the materials.

The thermograms of the synthesized solids are pre-
sented in Fig. 3. In these, three steps of mass loss are 
observed: the first occurs below 373 K, and is shown a mass 
reduction of 14.60% for the CA-5.0A solid, 5.78% for the 
CA-7.5A solid, and 4.75% for the CA-10.0A solid, this mass 
loss is due to the release of physisorbed water on the sur-
face and in the pores of the material; and in addition, this 
mass loss is associated with an endothermic peak between 
353 and 373 K [21]. In the second interval, the mass reduc-
tion is associated with the collapse of the LDH structure 
within the activated carbon, this is caused by the exit of the 
interlaminar water and the beginning of dehydroxylation 
of the sheets and decarbonation of the interlaminar space, 
the exit of this product is obstructed, which causes carbon 
dioxide to reaction with the metal oxides present, forming 
transition carbonates that decompose at higher tempera-
tures. In this second process, the formation of MgO begins, 
which has an energy requirement of around 22.46 J g–1 
in the case of CA-5.0A; for CA-7.5A it required approxi-
mately 33.88 J g–1 and for CA-10.0A it required 37.85 J g–1. 
The last mass loss is due to the combination of the carbo-
naceous material combustion process and the formation of 
magnesium and aluminum oxides.

Fig. 4 shows the adsorption–desorption isotherms 
of N2 at 77 K of the different synthesized solids and the 
activated carbon used as support. The values of the tex-
tural parameters obtained by N2 adsorption by BET and 
t-plot methods are shown in Table 1. The shape of the iso-
therms for all solids was type IV (IUPAC), with a signifi-
cant nitrogen uptake at low relative pressure, indicating 
that the solids are microporous, however, a hysteresis cycle 
was presented in all graphs. The hysteresis cycles are of 
the H4 type, which is associated with capillary condensa-
tion that occurs in the mesopores present in the materials 
[22]. Table 1 shows that CA solid, used as a support, has 

Fig. 1. FTIR spectra of the activated carbon and uncal-
cined composites materials at different percentage of  
hydrotalcite. 

Fig. 2. FTIR spectra of the activated carbon and calcined com-
posites materials at different percentage of hydrotalcite. 
Temperature of calcination was 423 K. 
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the highest specific surface area, which decreases in the 
synthesized solids due to the formation of LDH parti-
cles within the CA pores. The values of this parameter in 
the synthesized solids show notable differences among 
each other, a similar case occurs with the micropore area 
where it is observed that there are marked differences in all 
the solids, being the CA-5.0D material the least affected.

The solids CA-5.0D and CA-7.5D, showed the specific 
surface areas with the lowest values (463 and 200 m2 g–1) 
and with microporous volumes of (0.20 and 0.11 cm3 g–1), 
which means that the incorporation of LDH occurs pref-
erably in pores of major dimension, which is reflected 
in a decrease of the external surface compared to the CA 
solid. In the case of the solid CA-10.0D a micropore surface 
of 260 m2 g–1 and a micropore volume of 0.12 cm3 g–1 are 
observed, these values permit us to guess that the incor-
poration of LDH occurs preferably in micropores of sol-
ids. The pore diameter values obtained by the BJH method 
for solids and the CA are shown in Table 1, and it can be 
observed that the CA-10.0D and CA-5.0D solids have the 
smallest pore diameter values, which is probably due to 
the content of LDH in its interior.

In general terms, it was observed that in the case of 
CA solid, 65% of that area is due to micropores, the rest 
is attributed to mesopores, which originate the hystere-
sis observed in the graph of adsorption–desorption of N2. 
The specific surface area of the calcined materials changed 
with the incorporation of hydrotalcite. This parameter 
decreased in all cases, indicating that particles of hydrotal-
cite are incorporated in the pores. For example, in the solid 

CA-5.0D, its specific surface area decreased by approxi-
mately 35% with respect to the calcined carbon without 
the presence of hydrotalcite, and this can be attributed to 
the presence of particles associated with the decomposition 
of the hydrotalcite in the micropores and mesopores. This 
reduces the possibility of entry of N2 during the adsorption 
process and, thereby, affecting the specific surface area.

In addition, the area attributed to micropores is 73% 
of the total area, and compared with solid CA, indicated 
that the location of particles of hydrotalcite was major 
in the mesopores. This was confirmed by the decrease in 
the diameter of the pores reported in the solid CA-5.0D. 
In the case of CA-7.5D, the presence of particles of hydro-
talcite caused the obstruction of the majority of the pores 
of the carbon, which represented a decrease of 72% of the 
total surface area. In this case, particles of hydrotalcite 
were distributed in all types of the pores of carbon, exhib-
iting pores with major diameters than the other materials. 
The CA-10D registered a lower loss of specific surface area 
with respect to the CA. The results indicate that the loss of 
surface area is principally caused by a decrease in the sur-
face area exposed by the micropores, in which particles of 
hydrotalcite probably were located. In addition, a small 
increase in the surface area of the mesopores is observed, 
which can be attributed to the formation of new pores 
due to the rapid liberation of water and carbon dioxide 
caused by the thermal decomposition of hydrotalcite.

The X-ray diffractogram showed peaks associated 
with the hydrotalcite-type phase and the graphite phase, 
which is characteristic of the activated carbon. Also, it 

Fig. 3. TGA-DSC curves of the composite materials.

Table 1
Textural parameter obtained by the adsorption of N2 a 77 K, using BET, and t-plot methods

Solid Sg (m2 g–1) Micropore area  
(t-plot) m2 g–1

Pore volume  
(cm3 g–1)

Pore diameter 
(Å)

CA 708 457 0.24 18.5
CA-5.0D 463 336 0.20 15.7
CA-7.5D 200 151 0.11 21.1
CA-10.0D 550 260 0.12 13.4
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was observed peaks of lower intensity associated with 
the hydromagnesite material, which indicates the forma-
tion of this compound during the preparation of the sol-
ids. The peaks of the hydrotalcite phase were intense and 
sharp, indicating the formation of particles of high crys-
tallinity, confirming the effectiveness and the veracity of 
the method used (Fig. 5a). HDLs are lamellar solid, there-
fore many investigators consider that it is not applicable, 
because HDLs do not form spherical particles, so it is not 
possible to determine the distribution of its particles [23]. 
However, Scherrer’s equation [24], is used for calculating 
the size of particles the solid CA-5.0A, considering the 
peak registered in 35.0 of the XRD spectrum, which corre-
sponds to the plane (0 1 2). Previously to this calculation, 
it was carried out the deconvolution of the graph in the 
range of 33.5–37.5 to separate the peak corresponding to 
this plane of the interferences (Fig. 5b). The particle size 
was about 10.8 nm, which indicates that the hydrotalcite 
of this material is produced at the nanoparticle level.

3.2. Adsorption experiments

Adsorption experiments were carried out to determine 
the optimal conditions for the removal of sulfate in an 
aqueous solution with the different solids (CA, CA-5.0D, 
CA-7.5D, and CA-10.0D), and to determine the amount of 
sulfate removed by the adsorbents. Fig. 6, shows the per-
centages of sulfate removal in each of the solids synthe-
sized and the activated carbon, in Fig. 6, it can be observed 
that all the solids adsorbed sulfate in different propor-
tions. The percentage of removal in the equilibrium of the 
solids CA and CA-7.5D did not present great differences, 
which means that the presence of derivatives type hydro-
talcite in a percentage of 7.5% on activated carbon does 
not contribute significantly to the adsorption of sulfate, by 
the contrary, it decreases the percentage of removal of the 
activated carbon because it decreases the specific surface 
of this material. The higher percentages of sulfate removal 
presented in the solids CA-5.0D and CA-10.0D, which 
implies that the adsorption is produced by the combination 

of the reconstruction of the structure type hydrotalcite 
and by a major time of the solution of sulfate with the 
inner walls of the activated carbon, which is favored by 
the minor diameter of the pores of the solids CA-5.0D and 
CA-10.0D, the solid CA-5.0D presents a mayor capacity 
of adsorption of sulfate at a concentration of 20 mg L–1,  
which will be used as a point of reference for posterior 
studies.

With respect to the presence of other anions, sulfate can 
compete mainly with the anion CO3

2–, since it is an anion 
that possesses a high charge in relation to its ionic radius, 
in addition the hydrotalcite are easily stabilized with the 
carbonate. With respect to anions of charge –1, do not expect 
much competition due to that the sulfate, which similar 
to the carbonate in its charge also stabilizes the structure 
formed. The results show that more than 90% of the sulfate 
can be removed using solutions of 20 mg L–1, which indi-
cates that the carbonate anion formed by the dissolution 
of CO2 in water does not interfere significantly with the 
adsorption of the sulfate anion.

Finally, pure hydrotalcite is expected to adsorb more 
sulfate than the hydrotalcite supported in the activated car-
bon, but it results that the carbon reduces the impact that 
other contaminants can cause on the pure hydrotalcite, thus 
improving the adsorption process. In addition, the com-
mercial cost of pure hydrotalcite is much higher than that 
of the solid proposed in this paper.

3.3. Effect of contact time

Fig. 7 shows the percentages of removal of sulfate 
in the function of the contact time at an initial concentra-
tion of 20 mg L–1, at room temperature (298 ± 2 K), pH 6, 
and an amount of adsorbent of 200 mg CA-5.0D. It can be 
observed that sulfate adsorption is a fast process in the first 
15 min, which means that adsorption is, kinetically, a very 

Fig. 4. Adsorption–desorption isotherm of the activated carbon 
and the calcined composite materials. 

Fig. 5. (a) X ray-diffractogram of CA-5 solid, before calcining 
and (b) deconvolution of the peak corresponding to the plane 
(0 1 2) and statistical values associated with the peak separation 
process using a Lorentz-type regression.
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fast process, while the adsorption equilibrium is obtained 
approximately in 40 min and the optimum contact time 
is 100 min. Sulfate removal is higher at the beginning of 
the graph due to the greater number of sites available 
for adsorption in the synthesized solid.

3.4. Effect of initial concentration

Fig. 7b shows the effect of the initial concentration 
of sulfate in the adsorption on the solid CA-5.0D. The 
experiments were carried out at room temperature 
(298 ± 2 K), pH 6, initial concentrations of 10–40 mg L–1, 
with an amount of adsorbent of 200 mg, and contact time 
of 100 min. The results showed that the percentage of 
removal of sulfate decreased from 90% to 70%, this reduc-
tion in the capacity of adsorption is attributed to the lack 
of sites active required for the adsorption of sulfate at high 
concentrations. The higher sulfate adsorption capacity 
occurred at low concentrations and this is probably due 
to higher availability of active sites for a lower number of  
adsorbates [25].

3.5. Effect of adsorbent mass

Fig. 7c shows the effect of the amount of adsorbent 
CA-5.0D on the adsorption of sulfate in an aqueous solu-
tion. The amount of the adsorbent was varied between 
50 and 200 mg, at temperature (298 ± 2 K), pH 6, with an 
initial concentration of sulfate of 20 mg L–1. The result 
shows that the percentage of sulfate removal in the solid 
CA-5.0D increased rapidly with the increase in the mass of 
the adsorbent. This result is expected due to the increase 
in the amount of adsorbent conducive to higher avail-
ability of active sites. When the amount of adsorbent is 
increased from 50 to 200 mg, the percentage of adsorption of 
sulfate increased from 65% to 90% [26].

3.6. Effect of pH

The pH of the solution is a significant parameter 
that controls the surface properties of the adsorbent, like 
the charges of the surface and the ionic species of the 
adsorbate in an aqueous solution. With this in mind, the 

Fig. 6. Adsorption capacity of sulfate ions a function of time for each solid, from several starting concentration.
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adsorption capacity of the solid CA-5.0D was analyzed at 
different pH values varying from 2 to 8. Fig. 7d shows that 
the adsorption capacity increases with the increase of the 
pH and reaches a value maximum from 90% at pH 6, at 
lower pH values the capacity of adsorption decreases, prob-
ably at the dissolution of the HDL in an acid medium pro-
ducing species Al3+ which interact strongly with the sulfate, 
which generates complexes soluble producing a decrease 
in the affinity of the sulfate with the adsorbent. At pH 
greater than 6 the capacity of adsorption decreases due to 
the competition of the groups OH– for the sites active of the 
adsorbent [27].

3.7. Effect of temperature

The effect of temperature on adsorption experi-
ments was studied at a range of temperatures from 298 to 
323 K, pH 6, and amount of adsorbent (CA-5.0D) 200 mg 
in 100 mL of solution. The equilibrium contact time of 
adsorption was maintained at 100 min. The result is shown 
in Fig. 8, evidence that the percentage of adsorption 
decreases with the increase in the temperature from 90% 

Fig. 7. Adsorption capacity of sulfate ions a function of: (a) contact time, (b) initial concentration on adsorption, (c) adsorbent mass 
on adsorption, and (d) pH.

Fig. 8. Adsorption capacity of sulfate ions a function of tem-
perature.
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to 60%. This result revealed the exothermic nature of the 
adsorption processes [28].

4. Conclusion

The LDHs were synthesized with success in the pores of 
activated carbon, which was confirmed by the techniques of 
characterization FTIR, TGA/DSC, and XRD. The results of the 
experiments of adsorption permitted optimizing the param-
eters of adsorption of sulfate in aqueous solutions, that is, 
the contact time, pH, mass of the adsorbent, the amount of 
sulfate adsorbed, and temperature. Results showed that the 
greatest percentage of sulfate removal occurred at a concen-
tration of 20 mg L–1 with the solid CA-5.0D obtaining a value 
from 90%, it was observed that the optimal amount of the 
adsorbent is 200 mg, at pH 6 and 100 min of contact time 
to reach the equilibrium. With these results, it can be con-
cluded that the solid CA-5.0D is useful and very economic 
for the removal of the sulfate in an aqueous solution.
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