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Abstract
The aim of this paper is to employ a factorial design to optimize the activation step in the synthesis process of a mesoporous-
activated carbon to be used as adsorbent for removing and recovering cobalt ions from aqueous solutions. This activation 
has been carried out in a tubular furnace in the presence of an air stream, following a  23 factorial design. According to the 
obtained results, the best activation conditions to reach a maximum cobalt removal are mild conditions, low activation 
temperatures and large times, while the air flow seems to be positive influence working in a low level. This is due to the 
enhancement of superficial oxygenated groups formation in these conditions, responsible of the adsorption process. The 
kinetic curve obtained for the adsorbent prepared at the most favorable conditions showed that the adsorption process was 
very fast and efficient, reaching equilibrium in 15 min, and was properly described by a pseudo-second-order kinetic, typi-
cal of the processes in which there are no diffusion limitations. Additionally, with the aim of studying the potential of metal 
recovery, desorption studies were performed. Sulfuric acid as stripping agent led to twofold Co preconcentration ratio, by 
reducing the desorption volume to the quarter.
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Graphical Abstract

Performing the ac�va�on step using low air flows and large �mes improves the chemical and 
textural proper�es of the carbon. Fast adsorp�ve removal of 66% Co2+ ions is achieved with the 
mesoporous carbon (dosage = 10 g/L, [Co]ini = 20 mg/L, �me = 15 min). Sulfuric acid as stripping 

agent succeed to perform the desorp�on and pre-concentra�on of cobalt for further uses. 
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Introduction

Water pollution represents one of the most important envi-
ronmental problems [1] of the present century and the future 
[2]. It is believed to affect future generations, the sustainable 
development concept and water, energy, and food production 
[3]. Industries such as mining operations, electronic, paint-
ing, chemical and petrochemical are the main responsible 
of the pollutant emissions to water. [4]. Those industries 
generate a huge volume of wastewater polluted with heavy 
metals, which are especially hazardous because of their bio-
accumulation and biomagnification when the toxic ions enter 
the food chain and the human body afterwards [5].

Some heavy metals are regarded as strategic metals, due 
to their low recycling rates, limited available reserves, high 
risk of supply and unique properties [6]. Cobalt is one of 
the most important strategic metals for its applications as 
cathode material for manufacturing rechargeable ion-lithium 

batteries for all sorts of electronic devices [7]. Therefore, 
as electric vehicles appear to be one of the vectors of green 
energy transitions with lower atmospheric emissions, in line 
with Sustainable Development Goal 13 (climate action), 
cobalt demand in the UE of 2050 is expected to be up to 15 
times higher than the actual demand [8]. Currently, cobalt is 
obtained in the mining industry, activity that involves prob-
lems in labour rights and child labour [9]. It is imperative to 
explore alternative sources of this metal, i.e., the recycling 
from spent ion-lithium batteries [10] embracing the urban 
mining concept [11].

Nanofiltration, ion exchange with resins, adsorption, 
chemical precipitation and coagulation are technolo-
gies usually employed for the heavy metal removal [12]. 
Focusing on adsorption, this physicochemical technology 
based on mass transfer between a fluid phase and a solid 
surface, shines for being highly efficient for the removal 
of low concentrations of metals. Its simplicity, low cost-
effectiveness ratio and the possibility of recovering the 
adsorbent by regeneration processes, make adsorption 
a suitable technology to remove and recover metal ions 
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from wastewaters [5], for further uses. In the battery met-
als recycling process, adsorption can be used as a technol-
ogy to adjust the discharge concentrations to the permitted 
levels [13] or to pre-concentrate the metal for reusing.

Carbonaceous materials have been largely used as 
adsorbents for trapping heavy metal ions, because of their 
large surface area and wide porosity, thermal and mechan-
ical stability and good adsorption performance [14]. In 
addition, they contain many oxygenated groups in their 
surface that can promote the adsorption of metallic cations 
[15]. Most commercially applied activated carbons pos-
sess a dominance of micropores (< 2 nm) in their internal 
structure, which may result in internal diffusion issues, 
slow kinetics, and low efficiencies at removing large com-
pounds [16]. For that reason, research has focused in the 
obtention of mesoporous carbonaceous materials, with a 
pore range between 2 and 50 nm [17]. This allows a better 
accessibility of the adsorbate to the sorption sites of the 
carbon, improving, consequently, the adsorption kinetics 
and the regenerative process. It is possible to synthesize 
carbons with narrow and large-pore ordered structures [18] 
and also disordered mesoporous carbons using templates 
such as silica gel after being impregnated with a carbon 
source [14].

Heavy metal adsorption onto carbonaceous materials has 
been widely studied [19]. Barczak et al. studied the adsorp-
tion of some heavy metals like Pb, Zn, Cu y Cd onto an 
ordered mesoporous activated carbon (SBA-15 template) 
amino-functionalized. Large sorption capacities, were 
reached, with very fast kinetics [20]. Boumessaidia et co-
workers investigated the adsorption of cobalt ions onto 
ordered mesoporous activated carbons. Cobalt removal 
efficiencies between 76 and 95% were achieved, reaching 
the equilibrium after 2 h [21]. Siddiqui et al. performed the 
adsorption of cobalt [22] using low-cost mesoporous carbon 
for the fast removal of  Co2+ in only 6 min, removing the 95% 
of initial cobalt with a low dosage.

The aim of this work was to apply the factorial design 
technique to study and optimize the activation step in the 
synthesis procedure of a mesoporous activated carbon, with 
a suitable surface structure for a successful cobalt removal 
from aqueous solutions by adsorption. The influence of 
parameters such as air flow, temperature, and activation 
time were evaluated using a full factorial design for three 
factors, namely  23 design with central point replication. The 
activation step is crucial to obtain an activated carbon with 
oxygenated groups onto its surface to be used as adsorbent. 
It is important to point out that the main novelty of the work 
lies in the employment of a factorial design to optimize the 
synthesis of an activated carbon. Additionally, to recover the 
adsorbed metal ions, in pursuit of reusing the solid, desorp-
tion experiments were performed as well.

Experimental

Chemicals

Silica gel  (SiO2, ≥ 99%, pore size 60  Å, particle size 
40–63 µm), sucrose  (C12H22O11, ≥ 99.5%), cobalt (II) nitrate 
hexahydrate (Co(NO3)2·6  H2O ≥ 98%) and hydrofluoric acid 
(HF, 40%) were supplied by Sigma-Aldrich. Commercial 
granular activated carbon F-400 was supplied by Calgon, 
sieved under 500 µm particle size. Sulfuric acid  (H2SO4, 
98%) and ethanol  (C2H6O, 96%), purchased by Panreac, 
nitric acid  (HNO3, 69.5%), supplied by Carlo Erba and 
hydrochloric acid (HCl ≥ 37%), by Fluka were employed. 
Deionized water was used as well.

Mesoporous Carbons Synthesis

Disordered mesoporous activated carbon (DMC) synthe-
sis was performed using the replica method, according to 
previous works [16]. After the carbonization and template 
elimination steps, the thermal activation was carried out in 
the furnace using different temperatures (400–500 ºC), air 
flows (75–125 mL/min) and activation times (1–3 h).

Characterization

Textural characterization of the adsorbents was studied 
by obtaining the adsorption–desorption isotherms of  N2 
at 77 K, employing a Micromeritics ASAP-2020 appara-
tus. Surface area and pore volume were determined using 
the Brunauer–Emmett–Teller (BET) equation and the sin-
gle point method, respectively. To obtain the mesoporous 
surface (Smeso) and mesoporous volume (Vmeso), the t-plot 
method was applied. Finally, pore size distribution curves 
were calculated using the Barrett–Joyner–Halenda (BJH) 
method. The surface chemistry and functional groups study 
was performed by Fourier transform infrared spectroscopy 
(FTIR), carried out using a Nicolet In10 MX microscope, by 
the Correlation Spectroscopy Research Centre of the Com-
plutense University of Madrid.

Experimental Design

A  23 factorial design, where 2 stands for the number of lev-
els, + 1 as high level and − 1 as low level, and 3 is the number 
of factors studied (flow, temperature, and time), was devel-
oped. This design can make considerably easier the screening 
of several variables with the minimum number of experiments 
[23]. The levels + 1 y − 1 are symmetrical about the central 
point, corresponding to the standard parameters employed 
in previous work [16]. The percentage of cobalt removed by 
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adsorption was selected as response variable (y). Table 1 sum-
marizes the  23 factorial design. Thus, the factorial experimen-
tal design is set, with the aim of studying these variables (from 
now on, factors) and the interactions between them.

The  23 factorial design involves eight synthesis experi-
ments, with any possible combination of the lower or higher 
level of each studied factor. Table 2, the design matrix, displays 
the geometric coding employed for each run, with their corre-
sponding label. Apart from the eight experiments, another four 
runs were carried out, four activation experiments (labeled as 
experiment 9a, 9b, 9c and 9d) using the central point condi-
tions. The objective of the central point replication was the 
determination of the experimental error during the activation 
process. It was established as ± 4%, as the cobalt removal 
with these identical carbons ranged from 68 to 72%. Once the 
adsorbents were synthesized, cobalt adsorption experiments 
were performed in duplicate (n = 2).

Adsorption Experiments

Adsorption experiments were carried out under isotherm and 
batch conditions. Eppendorf tubes were used throughout the 
experimentation, using a TR100-G thermoblock with orbital 
agitation and temperature control, provided by Optic Ivymen 
System. To perform the experiments, a certain amount of 
adsorbent (activated carbon) was added to each tube, along 
with a volume of 2 mL of cobalt solution, prepared from the 
salt with the required concentration. After finishing the adsorp-
tion experiment, the liquid fraction was separated from the 
solid by filtration. As pH is a key parameter of the process, 
since cobalt can precipitate at pH values over 8 [24], this vari-
able was controlled during the process. Metal concentration 
was measured by atomic absorption spectroscopy, employing a 
Shimadzu AA-7000 apparatus with an ASC-7000 autosampler.

Adsorption capacity (q) and the percentage of metal 
adsorbed were the selected criteria to evaluate the effective-
ness of the adsorption. They were calculated with Eqs. (1) and 
(2), by mass balance.

(1)q =

(

C
0
− C

)

∙ V

m

(2)%Co2+
adsorbed

=

(

C
0
− C

)

C
0

× 100

where q (mg/g) is the adsorption capacity, or the 
amount of cobalt adsorbed per grams of adsorbent; C0 y 
C (mg/L) relates to the cobalt concentration in the liquid 
phase, at zero time and at t time, respectively; V (L) is the 
sample volume where adsorption is carried out and m (g) 
is adsorbent mass.

Kinetic adsorption curves were determined by measur-
ing the cobalt concentration in the solution at different 
times, and isotherm equilibrium curves were obtained 
similarly, preparing aliquots in the range of 5–200 mg/L 
and agitation until reaching equilibrium.

Cobalt desorption experiments were performed in batch 
using a Hettich Thermomixer MHR thermoblock. Initially, 
adsorption experiments were carried out in higher volume 
(20 mL). After reaching the equilibrium, solid and liquid 
phase were separated by centrifugation, and the solid part 
was dried and put in contact with the same volume of acid. 
 H2SO4, HCl,  HNO3 were all tested to desorb the metal. 
Once decided which acid had the best desorption yield, 
re-concentration experiments were conducted, by reducing 
the acid eluent volume to 15, 10 and 5 mL.

Table 1  Factors and levels 
selected for the  23 factorial 
design

Factor Code Units Low level (− 1) Central point 
(0)

High level (+ 1)

Air flow A mL/min 75 100 125
Temperature B ºC 400 450 500
Activation time C h 1 2 3

Table 2  Factors and levels selected for the  23 factorial design

Run Label Flow Temperature Time
A B C

1 1 − 1 − 1 − 1
2 a  + 1 − 1 − 1
3 b − 1  + 1 − 1
4 ab  + 1  + 1 − 1
5 c − 1 − 1  + 1
6 ac  + 1 − 1  + 1
7 bc − 1  + 1  + 1
8 abc  + 1  + 1  + 1
9a CP 0 0 0
9b CP 0 0 0
9c CP 0 0 0
9d CP 0 0 0
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Results and Discussion

Characterization of Activated Carbons

Table 3 shows the textural properties of the activated car-
bons synthesized and the commercial activated carbon 
F-400. As it can be observed, all the synthesized materi-
als showed large surface area, ranging between 439 and 
924  m2/g. Mesoporosity is another remarkable feature, 
since more than 90% of their pore volume corresponded to 
mesopore volume. The existing differences between surface 
area values of the synthesized carbons are related to the acti-
vation conditions. The activation time has a positive effect 
on the surface area, as the highest values were obtained in 
experiments 5–8, in which the activation time was at its 
highest level (3 h). Furthermore, the activation temperature 
seems also have a positive effect on the surface area, since 
the experiments with both variables at their high level (7 
and 8) led to the carbons with the largest surface area val-
ues. That behavior is examined in depth in the experimental 
design results. Commercial F-400 carbon shows the largest 
area (1117  m2/g). This is logical considering that 70% of 
which is micropore area, with lower pore volume. The syn-
thesized carbon in the central point conditions showed an 
intermediate surface area, higher than the carbons activated 
for 1 h, but lower than the ones activated 3 h. Regarding the 
pore size distribution, Table 3 also displays the maximum 
diameter of each material pore size distribution, obtained 
with the BJH method. Despite the utilization of silica gel 
with pore size of 60 Å as template, the mesoporous carbons 
displayed a wider pore size distribution, with a maximum 
ranging between 90 and 130 Å. This can be attributed to 
the synthesis process, since thermal and mechanical treat-
ments may cause the expansion and collapse of the small 
pores into larger ones. It can be observed that the average 
pore size is inversely proportional to the BET surface of 
the carbons, since the smaller the pores were, the larger the 
surface area would be. That is why long activation times 
led to a long development of the textural surface structure, 
with smaller pores. In any case, all the materials belong to 
the mesopore range (20–500 Å). On the other hand, F-400 

carbon shows a maximum pore diameter at 22 Å more typi-
cal of microporous materials, being most of its pores in the 
micropore range.

The  N2 adsorption–desorption isotherms are shown in the 
Fig. 1. The shape of the isotherms of the mesoporous car-
bons can be associated to a type IV, according to the IUPAC 
[25], characteristic of mesoporous materials, with an hys-
teresis loop due to capillary condensation. Mesoporosity is 
also suggested by the increase of the quantity of  N2 adsorbed 
in the 0.5–0.95 relative pressure interval, which indicates a 
wide pore size distribution. Besides, the marked hysteresis 
tendency indicates the presence of mesopores wider than 
4 nm. There is a marked contrast between the shape of the 
isotherms for the mesoporous carbons and the one obtained 
for the F-400 carbon. F-400 isotherm happens to be much 
flatter, resembling a type I isotherm, common for micropo-
rous solids [25]. This supports the 70% of microporosity 
according to the t-plot analysis.

The Fig. 2 represents the FTIR spectra of the carbona-
ceous materials employed. The spectra of the synthesized 
mesoporous carbons are very similar, showing the same 
absorption peaks, although with different intensity. Most 
of these bands are related to oxygenated surface groups, 

Table 3  Textural 
characterization of activated 
carbons

Experiment 1 2 3 4 5 6 7 8 Central point F-400

SBET  (m2/g) 448 439 496 493 635 676 924 788 572 1117
Smeso  (m2/g) 299 297 320 317 470 529 696 522 410 330
Vpore  (cm3/g) 0.69 0.68 0.72 0.71 0.92 1.004 1.29 1.07 0.79 0.47
Vmeso  (cm3/g) 0.62 0.62 0.65 0.64 0.85 0.942 1.2 0.96 0.72 0.37
Pore size (Å) 129 127 129 130 112 90 100 113 130 22
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Fig. 1  N2 adsorption–desorption isotherms at –  196  ºC of activated 
carbons obtained at each activation experiment and commercial acti-
vated carbon F-400



271Journal of Sustainable Metallurgy (2023) 9:266–279 

1 3

mostly obtained during the activation step. Those oxy-
genated groups are relevant in the cation adsorption pro-
cess due to their negative charge density [26]. The band at 
3400  cm−1 is assigned to the O–H stretching correspond-
ing to the  OH− ions in phenolic groups [27]. The band 
at 1700  cm−1 suggests the presence of –C=O groups, in 
ketones, aldehydes, carboxylic and benzenic acids [28]. 
The band around 1570  cm−1 is attributed to the –C=O 
stretching groups in lactones and carboxylic acids [29]. 
Finally, the peaks located between 1100 and 1200  cm−1 are 
widely associated to the –CO and –OH groups in phenolic 
and alcohol groups [30]. Having examined all the func-
tional groups presented in the carbons, it can be noticed 
that the surface of the materials showed principally car-
boxyl and phenolic groups. The phenolic groups can help 
to decrease the pH (acidify the aqueous solution) by giving 
 H+ to the system for its dissociation, acting like a Brønsted 
acid with a pKa value near 10 [31]. That behavior will 
prevent the cobalt precipitation phenomenon.

It can be appreciated that the mesoporous carbon synthe-
sized in the fifth experiment (− 1 − 1 + 1) shows the higher 
intensity in all previously mentioned peaks. As it will be 
indicated afterwards, this carbon is one which shows higher 
cobalt adsorption capacity. The activated carbon synthe-
sized with the standard conditions showed the highest band 
intensity at 3400  cm−1 and 1570  cm−1, proving the exist-
ence of a great deal of phenolic and carboxyl groups. For 
the F-400 carbon, the most important groups are located at 
3400 and 1100  cm−1 (C=O and O–H groups), along with a 
small peak at 2360  cm−1 that can be linked to the presence 
of O–H stretching groups of carboxylic groups. Since in the 
F-400 spectra, the height of the peaks is very similar, it can 
be concluded that the surface of this carbon is chemically 
heterogeneous. It shows many functional groups with no 
predominance whatsoever.

Experimental Design Results

The synthesis of mesoporous activated carbons involves the 
control of several variables such as the carbon source, the 
template, the thermal treatment, the particle size, among 
many others. In the present work, the last step of the syn-
thesis, the activation process, key to obtain a carbon with 
good adsorption properties, was studied. The three existing 
variables, flow, temperature, and time will affect the acti-
vation yield since it is a controlled oxidation thermolytic 
process. By controlling these parameters the optimization 
of the process is achievable [17]. Table 4 displays the cobalt 
adsorption results with all the carbons and the orthogonal 
view of the results is displayed in Appendix A (electronic 
supplementary material). The most remarkable results can 
be found with the activated carbons seized with experiments 
5 (− 1 − 1 + 1) and 7 (− 1 + 1 + 1), operating with low air 
flows and large activation times. The influence of these fac-
tors will be widely regarded hereinafter.

Once the results of the adsorption experiments were 
gathered, the A, B and C effects, the two-factor interaction 
effects, AB, AC, BC and the three-factor interaction effect, 
ABC, are estimated easily with linear combination, as well 
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Fig. 2  FT-IR spectra for the synthesized activated carbons and com-
mercial activated carbon F-400

Table 4  Results of the 
experimental design

Coded factors Cobalt removal (%)

Run A B C Replicate 1 Replicate 2 Total

1 − 1 − 1 − 1 33 37 (1) = 0.69
2  + 1 − 1 − 1 35 38 a = 0.72
3 − 1  + 1 − 1 27 29 b = 0.56
4  + 1  + 1 − 1 28 27 ab = 0.55
5 − 1 − 1  + 1 62 63 c = 1.24
6  + 1 − 1  + 1 18 23 ac = 0.42
7 − 1  + 1  + 1 61 61 bc = 1.22
8  + 1  + 1  + 1 7 3 abc = 0.1



272 Journal of Sustainable Metallurgy (2023) 9:266–279

1 3

as the contrasts and sum of squares calculation. The com-
plete calculation process can be found in Appendix B (elec-
tronic supplementary material).

Table 5 summarizes the contrasts, effects, and sum of 
squares for the main factors and interactions in the facto-
rial design. The column referred as percent contribution 
measures the contribution of each term to the total sum of 
squares. The factor that dominates the process was A, the air 
flow, considering that its effect was nearly ten times higher 
than B and C effects. This consideration also affects to the 
interactions, being AC the most influential to the response. 
The air flow had a great influence together with the activa-
tion time, and vice versa. The other factors and interactions 
have significantly less impact in the process. An ANOVA 
hypothesis test was carried out to verify whether the cal-
culated effects are significant or not. The details of the 
ANOVA can be found in the Appendix C (electronic supple-
mentary material). The development of the regression and 
model calculation can be found in Appendix D (electronic 
supplementary material).

Finally, the main effects of the factors A, B and C, in 
conjunction with the two-factor interactions are plotted in 
Figs. 3 and 4. As it was established in preliminary analy-
sis, operating at the lower level for the temperature and for 
the air flow are positive to maximize the cobalt removal 
and the adsorption properties. On a physicochemical level, 
since the activation is a controlled oxidation thermolytic pro-
cess, working at mild conditions leads to a lesser amount 
of burned carbon, improving properties such as the surface 
area. Thus, energy savings can be achieved as well. Regard-
ing the activation time, working for 3 h returns a better out-
put since, as it was discussed in the characterization sec-
tion, in the experiments 5–8 the surface areas obtained are 
greater than the ones obtained with only 1 h of activation. 
The three main effect graphs have the same scale. Hence, the 
A factor (air flow) is the one with the highest importance, 
because of the steep slope. Comparing the FTIR of the sam-
ples activated with the flow in the higher level with those 
activated with the lowest flow (when the rest of variables 

are the same), it can be observed in Fig. 2 that reducing the 
flow in most cases led to an increase in the intensity of the 
bands, proving that an uncontrolled flow can negatively alter 
the surface chemical structure.

Table 5  Effects estimates, interactions, and sums of squares for the  23 
factorial design

Factor Contrast Effect Sum of Squares Percent 
contribution 
(%)

A − 1.9322 − 0.2415 0.2333 44.44
B − 0.6414 − 0.0802 0.0257 4.90
C 0.4627 0.0578 0.0134 2.55
AB − 0.3337 − 0.0417 0.0070 1.33
BC − 0.0304 − 0.0038 0.0001 0.01
AC − 1.9664 − 0.2458 0.2417 46.03
ABC − 0.2504 − 0.0313 0.0039 0.75
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Fig. 3  Individual factor graphs for the  23 factorial design. A factor 
effect (a), B factor effect (b), C factor effect (c) 
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Some worthwhile conclusions can be drawn from the 
interaction graphs. When the lines are not parallel and/or 
intersect, the interaction is significant [23]. Thereby, AB 

interaction is considerably low, especially when A is in the 
low level. Working in the higher level of A increases the 
interaction, and the temperature becomes an important factor 
in the process. Basically, at higher rates of air flow, increas-
ing the temperature leads to an uncontrolled combustion, 
to the point of partially burning the carbon. BC interaction 
barely has relevance, no matter in which level the tempera-
ture is. Increasing the activation time slightly improves the 
response. Finally, AC interaction seems to be the key to the 
system. While working at the lower level of the air flow, an 
increase in the activation time improves the results. With this 
moderate flow, the thermal treatment applied to the carbon is 
far smoother, with a controlled improvement in the surface 
properties, for instance the presence of oxygenated groups 
such as COOH, O–H and C=O (see FTIR of experiments 3, 
5 and central point in Fig. 2). With this combination, exem-
plified in the experiments 5 and 7, the best results can be 
achieved. On the other hand, while working with large air 
flow, the larger the time, the worse the results. In this case, 
the oxidation is totally uncontrolled through the process. 
While flow seemed to have a larger importance in the pres-
ence of functional groups, activation time (experiments 5–8) 
helped to increase the overall surface area of the carbons 
and, in inverse proportion, to decrease the pore size. Pore 
size that will be wide enough to achieve the fast adsorption 
of cobalt hydrated ions in any case.

Kinetic and Equilibrium Studies

The results for the adsorption experiments are displayed in 
the Fig. 5, including the experiment carried out with the 
central point conditions (experiment 9). Percentage of cobalt 
removal and adsorption capacity are shown. The average 
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value of the two adsorption experiments performed with 
each carbon (n = 2) is shown. For all experiments, the final 
pH was ranging between 3 and 4, decreasing from the initial 
pH of the cobalt aqueous solutions (around 5–6), because of 
the acidic character of the activated carbons. This guaran-
teed that precipitation was not occurring, since cobalt tends 
to precipitate when pH exceeds 8. The experiments 5 and 7 
showed the highest adsorption capacities, set in 1.1 mg/g. 
The experiment 9, the central point (0 0 0) reached the high-
est adsorption results. That performance can be accounted 
for the large number of oxygenated surface groups, accord-
ing to the intensity of the bands in Fig. 2. The activation 
process in those intermediate conditions achieved great 
properties, without an excessive burning of the carbon. The 
great deal of phenolic and carboxyl groups, especially the 
first ones, provide an important negative charge density, for 
the acidic character of that groups and the delocalized elec-
tron present in the benzene rings. As it was established in 
the experimental design, the activation using moderate air 
flows leads to a further development of the surface chemistry 
of these mesoporous carbons, with a considerable rise in 
the intensity of the absorption bands obtained in the FTIR 
analysis. More importantly, this balance between moderate 
air flows and large activation times can reach an equilibrium 
among the textural and chemistry properties of the activated 
carbon, conditions perfectly condensed in the carbon with 
the central point conditions. Therefore, the kinetic and equi-
librium studies will be performed with that carbon. Not only 
that, but a comparison with a microporous carbon, commer-
cial F-400 will be carried out [31], in order to determine how 
important the mesoporosity is to achieve faster adsorption 
kinetics.

Kinetic curves, represented in Fig.  6, showed that 
the removal of cobalt was considerably faster using the 
mesoporous carbon than using the microporous F-400. With 
the mesoporous material, the equilibrium was reached within 
the first 15 min (represented in the zoomed area), removing 
the 67% of the initial cobalt, with an adsorption capacity of 
1.7 mg/g. By contrast, the adsorption onto the F-400 carbon 
was slower, needing 24 h to reach equilibrium. At that point, 
the 77% of initial cobalt was removed, being 1.7 mg/g the 
adsorption capacity. The differences reside mainly in the 
porosity of each material. According to Table 3, F-400 has 
a pore size distribution centered in 20 Å, in the micropore 
range. On the other hand, the mesoporosity is notable for the 
synthesized activated carbon, having a 72% of mesoporous 
surface and a pore size distribution centered in 130 Å. This 
size is larger than the diameter of the hydration cobalt solva-
tion shell ([Co(H2O)6]2+) which is 8.46 Å [32]. Observing 
the FTIR spectrum, since the adsorption rates are similar, 
the remarkable presence of phenolic (F-400) and carbonyl/
carboxyl (mesoporous carbon) groups have their importance 
in the cobalt adsorption process by electrostatic interactions. 

Regarding the adsorption mechanism, it has four consecutive 
mass transfer steps: external diffusion, film diffusion, inter-
nal transport through the pore structure and adsorption [33]. 
Since the average pore size 15 times higher than the hydrated 
diameter of cobalt, internal diffusion resistance is expected 
to be negligible using mesoporous carbon, so the kinetics are 
faster. With the F-400 carbon, even though the average pore 
size is higher than the cobalt diameter, it might appear some 
steric hindrance, that can slow down the process. Therefore, 
more contact time is required to reach equilibrium.

To elucidate the adsorption mechanism, the experimen-
tal kinetics obtained were adjusted to three different kinetic 
models, such as the pseudo-first order (Eq. (3)), the pseudo-
second order (Eq. (4)), Elovich (Eq. (5)) and the diffusion 
model Weber-Morris (Eq. (6)). Pseudo-first order model 
identifies adsorption as a chemical reaction, where the rate 
constant k1  (min−1) is not concentration dependent. Pseudo-
second order model states that the overall process is con-
trolled by the proper adsorption step, and it does not depend 
on mass transfer resistance; k2 (g/min mg) represents the 
second order rate constant [34]. Elovich model is applied to 
adsorption onto energetically heterogeneous surfaces. For 
this model,  v0 is the initial adsorption rate (g/mg·min) and 
β (g/mg) is related to the surface coverage and activation 
energy [35]. Weber-Morris model tries to identify the diffu-
sion mechanism during the process. It establishes if there is 
intraparticle or boundary layer diffusion. C is the intersection 
to the ordinate axis and ki (mg/g·min1/2) is the intraparticle 
diffusion rate constant [36]. qe and q represent the adsorption 
capacities at equilibrium and at t time, respectively (mg/g). 
The fitted data graphs for the four models studied is repre-
sented in Appendix E (electronic supplementary material). 
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Table 6 summarizes the parameters for the kinetic models, 
while Table 7 shows the parameters for the Weber–Morris 
model.

As expressed in Table 6, pseudo-second order model 
fits better (higher R2 value) for both mesoporous and 
F-400 adsorption of cobalt. Thus, due to adsorption pro-
cess is controlled by the adsorption step, the external and 
internal mass transfer resistances do not affect the overall 
process. This conclusion agreed with the previously dis-
cussed results since pore size is enough to allow complete 
mobility of the hydrated molecules through the internal 
structure of the solid. It can be asserted that, since the 
controlling mechanism for the mesoporous materials is 
not the internal diffusion, the textural changes observed 
in the different activation conditions will not substantially 
affect the adsorption process. Instead, the variation in the 

(3)Ln
(

q
e
− q

)

= Ln
(

q
e

)

− k
1
∙ t

(4)
t

q
=

1

k
2
q2
e

+
1

q
e

t

(5)q =
1

�
∙ Ln

(

v
0
∙ �

)

+
1

�
∙ Ln(t)

(6)q = ki ∙ t
1

2 + C

surface chemistry gains importance for the adsorptive per-
formance. It is also interesting to appreciate how well the 
Elovich model fits the data from the F-400 adsorption, in 
contrast to the poor adjustment to the mesoporous data. 
As it was affirmed in the FTIR analysis, the surface of 
the F-400 carbon has a marked heterogeneity, while the 
surface of the mesoporous carbon is mainly constituted by 
carboxyl and phenolic groups. The Weber–Morris model 
applied to the F-400 experimental data does cross the 
coordinate origin, so the intraparticle diffusion can affect 
the adsorption process. Nonetheless the fit is worse than 
the previously obtained with the pseudo-second order and 
the Elovich models.

To elucidate the nature of the adsorption interactions, 
the enthalpy in the cobalt-mesoporous carbon adsorp-
tion was calculated by carrying out kinetic experiments 
at 25 ºC, 35 ºC and 45 ºC. In these experiments it was 
observed that adsorption capacity only varied a 6% 
amongst experiments, it was almost constant (see Table 8). 
From these values, the equilibrium constant was calcu-
lated with Eq. (7), Gibbs free energy (ΔGº (kJ/mol)) was 
determined with Eq. (8), and standard enthalpy (ΔHº (kJ/
mol)) and entropy (ΔSº (J/mol K)) were calculated apply-
ing the Van’t Hoff equation, Eq. (10). In these equations, 
C0 and Ce are the initial and equilibrium cobalt concentra-
tion (mg/L), and R represents the universal gas constant 
(8.134 J/mol K).

Table 6  Kinetic fitting 
parameters for F-400 and 
mesoporous activated carbon

Adsorbent Pseudo-first order Pseudo-second order Elovich

qe k1 R2 qe k2 R2 v0 β R2

mg/g min−1 mg/g g/mg·min g·mg/min g/mg

F-400 0.617 0.001 0.919 1.725 0.024 0.999 144.13 8.89 0.989
Mesoporous carbon 0.091 0.001 0.693 1.713 2.357 0.999 1.22·1028 43.29 0.515

Table 7  Diffusion model fitting 
parameters for F-400 and 
mesoporous activated carbon

Adsorbent First section Second section

ki C R2 ki C R2

mg/g·min1/2 mg/g mg/g·min1/2 mg/g

F-400 0.172 0.152 0.879 0.006 1.362 0.932
Mesoporous carbon 0.444 0.367 0.744 7.95E−04 1.685 0.137

Table 8  Thermodynamic 
analysis of the cobalt adsorption 
onto mesoporous carbon

T (K) qeq (mg/g) KC ΔGº (kJ/mol) R2 ΔHº (kJ/mol) ΔSº (J/molK)

298 1.713 1.95 -1.65 -4.73 -10.31
308 1.611 1.82 -1.53 0,99
318 1.562 1.73 -1.45
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Table 8 shows the results for the thermodynamic analy-
sis. Since ΔGº and ΔHº values are below zero, this can be 
stated as an exothermic process. Standard enthalpy value, 
− 4.73 kJ/mol, is lower than the minimum value for chem-
isorption, which is − 50 kJ/mol [33]. Standard Gibbs free 
energy value, − 1.65 kJ/mol, falls inside the range between 
0 and − 20 kJ/mol, again a measure of physisorption [37]. 
Adsorption onto the mesoporous activated carbon is ruled 
by the weak van der Waals forces, induction, dispersion, 
and dipole–dipole interactions. ΔSº below zero indicates 
a decrease in the disorder degree of the system, caused 
by the immobilization of the  Co2+ ions in the adsorbent 
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surface. The plot of Van’t Hoff equation is displayed in 
Appendix F (electronic supplementary material).

The determination of the equilibrium mechanism or the 
mesoporous carbon (equilibrium isotherm) is shown in the 
Fig. 7. Langmuir isotherm (Eq. (11)) suggests adsorption 
in monolayer, in energetically homogeneous surfaces. The 
molecules are sorbed in well-defined sorption sites. In this 
model, bL (L/mg) represents the affinity between adsorb-
ate and adsorbent. Freundlich isotherm (Eq. (12)) applies to 
energetically heterogeneous systems, with a varied surface 
chemistry. In this model, kF (L/mg) is the adsorption coef-
ficient, representing the adsorbate adhesion onto the surface 
and 1/n is related to the heterogeneity of the adsorbent sur-
face. Sips isotherm (Eq. (13)) develops the Langmuir model 
with three parameters. It adds the n parameter to evaluate the 
heterogeneity of the surface. In these expressions, qe y qsat 
represent the adsorption capacities at equilibrium and the 
maximum capacity of adsorption, respectively (mg/g). Ce 
is the cobalt concentration in the equilibrium (mg/L) [38].

As it can be seen in Table 9, Freundlich and Sips mod-
els properly fit the experimental data for the mesoporous 
adsorption isotherm. Both models are suitable to describe 
adsorption in multilayer, and a predominant heterogeneous 
and disordered surface. Plus, according to the Sips model, 
the value of n = 2.83 obtained during the fitting supports the 
idea of a heterogeneous surface, since this value is close to 1 
in homogeneous surfaces (Langmuir equation). The satura-
tion of this carbon occurs at 5.8 mg  Co2+/g carbon.

Finally, Table 10 overviews the advantages of using 
mesoporous activated carbons in terms of kinetics and cobalt 
removal efficiency, as a comparison with other microporous 
and mesoporous materials found in literature.

The main benefits of using mesoporous activated carbons 
are highlighted in Table 10, mostly the ultra-fast kinetics 
reached, and the optimal cobalt removal achieved, very 
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Fig. 7  Cobalt adsorption isotherms onto mesoporous activated car-
bon. Conditions: T = 25ºC, speed = 1100 rpm, carbon dosage = 10 g/L

Table 9  Isotherm fitting 
parameters for mesoporous 
activated carbon

Adsorbent Langmuir Freundlich Sips

qsat bL R2 kF nF R2 qsat bS n R2

mg/g L/mg L/mg mg/g L/mg

Mesoporous carbon 5.85 0.11 0.91 1.47 3.36 0.96 22.68 0.07 2.83 0.96
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similar to other materials such as zeolites and natural sor-
bents, with the advantages of lesser contact times and the 
energy savings associated with it.

Desorption Experiments

With the aim of recovering the adsorbed metal and per-
forming an integral treatment to the polluted water, a final 
acid desorption study was performed, with HCl,  HNO3 
and  H2SO4 as alternatives. Acid pH was adjusted to 2.5. 
Figure 8 presents the results of the desorption test, per-
formed right after an adsorption trial with the mesoporous 
activated carbon. The desorption rate was calculated as 
final concentration/adsorbed concentration. The adsorp-
tion tests were performed in triplicate (overall  Co2+ 
removal = 65%), so after that each point was put in con-
tact with each acid.  H2SO4 was the best performing acid, 
recovering almost the 100% of the adsorbed acid from 
the carbon. HCl and  HNO3 only achieved 71% and 74% 
recovery degrees, respectively. The desorption process 
can be explained for the decrease in the pH of the media, 
which makes the surface of the adsorbent more and more 

positive. Therefore, the electrostatic repulsion for the 
growing existence of free  H+ ions in the system increases, 
so the cations are removed from the surface [41].

Once evaluated the potential of sulfuric acid for cobalt 
desorption, a pre-concentration experiment was executed. 
The previous experiment was repeated, but only using 
 H2SO4 in a lower volume: 15, 10 and 5 mL. Figure 9 
exemplifies the adsorption and reconcentration results. 
By reducing the acid volume to 15 or 10 mL, the cobalt 
was reconcentrated to the 165% of the adsorbed cobalt 
concentration (from 12 to 20 mg/L). By employing only 
5 mL of  H2SO4 the reconcentration was even amplified, 
and a 38 mg/L cobalt solution was obtained. That repre-
sents a concentration of 325% from the adsorbed cobalt 
concentration and a 190% from the initial cobalt solution 
(20 mg/L).

It can be concluded that this acid is efficient both for 
cobalt desorption and pre-concentration. This pre-con-
centration allows to explore the possibility of reusing this 
recovered cobalt as secondary raw material source in future 
studies.

Table 10  Cobalt removal 
capacities and kinetics of 
different adsorbents

Adsorbent qmax (mg/g) Equilibrium time 
(min)

Reference

Ordered mesoporous carbon (CMK-3) 5.4 100 [21]
Ordered mesoporous carbon (PCK) 1.6 6 [22]
Dolomite 2.8 120 [39]
Microporous F400 activated carbon 3 5760 [28]
Microporous 13X zeolite 4 240 [40]
Disordered mesoporous carbon 5.8 15 This work
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Recycling of the Mesoporous Material

To approach the circular economy concept, the recycling 
of the activated mesoporous carbon should be studied. The 
regeneration of the carbon is one of the main advantages 
of the adsorption technology [33]. Hence, once stated in 
the previous section that acid desorption with sulfuric acid 
is highly efficient to release the adsorbed cations, a subse-
quent experiment was conducted. After the desorption step 
with  H2SO4 (pH 2.5), the x% of adsorbed  Co2+ ions were 
recovered from the material. The unloaded carbon was 
washed with deionized water, then dried in the oven over-
night. Another adsorption experiment was executed, with 
the exact same conditions than the performed throughout 
the work (dosage = 10 g/L,  [Co2+] = 20 mg/L, T = 25 ºC). 
The recycled and regenerated carbon showed only a 5% of 
loss of adsorption capacity, stating that it could be reused 
effectively. This can positively affect the economy of the 
process.

Conclusions

The optimization of the activation step in the mesoporous 
activated carbon synthesis has been carried out. It has 
been observed that air flow is the predominant factor, 
achieving better cobalt adsorption results working in the 
lower level of this variable. Temperature and time showed 
a slightly lower influence in the process, being the opti-
mal point working at low temperatures and large times. 
The interactions between all the factors have been proven 
as significant, except for the temperature—time interac-
tion. Air flow—time interaction had a 46% effect in the 
response, being the optimal point at low flows and large 
times. Working at extended times helped to increase the 
surface area of the carbons, and moderated air flows devel-
oped a greater number of oxygenated groups for cobalt 
adsorption. Kinetic studies demonstrated that activated 
mesoporous carbon enabled quick kinetics, reaching the 
equilibrium up to 99% faster than using a microporous 
F-400 activated carbon, only in 15 min the 66% of ini-
tial  Co2+ was removed. The obtained kinetics were fitted 
to a pseudo-second order model, so the adsorption step 
ruled the process. The equilibrium study proved that the 
maximum adsorption capacity was found in 5.8 mg/g. The 
experimental data showed an excellent fit to the Freundlich 
and Sips models, stating that there was a multilayer het-
erogeneous adsorption process. Desorption studies dem-
onstrated the feasibility of desorbing the adsorbed cobalt 
using sulfuric acid, and the pre-concentration of the des-
orbed cobalt was performed, up to 2 times the initial con-
centration value, by reducing the volume to the quarter.
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