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Abstract: This work is focused on the removal of cobalt from aqueous solutions using the greenhouse
crop residue and biochars resulting from its pyrolysis at different temperatures, which have not been
previously used for this purpose. This study aims to provide insights into the effect of pyrolysis
temperature as a key parameter on the cobalt adsorption capacity of these materials. Firstly, the main
physicochemical properties of greenhouse crop residue and its biochars prepared under different
pyrolysis temperatures were characterized by elemental analysis and FT-IR, among others. Then,
the cobalt adsorption capacity of materials was evaluated in batch systems. The best results were
obtained for the biochar prepared by pyrolysis at 450 ◦C (adsorption capacity of 28 mg/g). Generally,
the adsorption capacity of the materials increased with pyrolysis temperature. However, when
the treatment temperature was increased up to 550 ◦C, a biochar with worse properties and behavior
than cobalt adsorbent was produced. Rather than surface area and other physical properties, functional
groups were found to influence cobalt adsorption onto the prepared materials. The adsorption
kinetics showed that the adsorption followed pseudo-second-order kinetics model. The obtained
equilibrium data were fitted better by the Langmuir model rather than the Freundlich model. Finally,
decomposition of loaded-materials was analyzed to assess their possible recycling as fuel materials.
The study suggested that greenhouse crop residue can be used as a low-cost alternative adsorbent for
cobalt removal from aqueous solutions.
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1. Introduction

Industrial development has led to a massive generation of different kind of wastes. Concretely,
the intensive agriculture, which consists of the culture of vegetables in greenhouses, has led to
the generation of huge amounts of residual biomass (greenhouse crop residue, GCR). Little research
has been carried out concerning this kind of waste. Greenhouses are productive systems characterized
by an intensive and effective use of primary resources. This waste is very abundant worldwide and is
currently used for compost production. This raw material has been studied and fully described in
previous works carried out in our group [1,2]. The search for alternative uses for these materials is
essential since it has both economic and environmental benefits.

On the other hand, another problem derived from some industrial activities is the pollution of water
resources, which is a major problem worldwide. Industries such as jewelry, chemical, metallurgical,
mining, tannery, electrical and electronics deliver heavy metals into the water, which are considered
very toxic pollutants, even at very low concentrations due to their nonbiodegradability [3]. Some of
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these elements are lead, cadmium, zinc, nickel, copper, mercury, chromium, cobalt and iron, which have
shown to cause health and environmental problems [4]. The elimination of heavy metals can be carried
out with a wide range of traditional technologies such as chemical precipitation, membrane filtration,
oxidation, ozonation, ion-exchange and electrodialysis [5]. One of the most promising technologies
is the biosorption—or bio-adsorption—which consists of the passive retention of the heavy metals
in a biomass material. It has the advantage of being an efficient, low cost and ecofriendly technique.
Additionally it gives a second use for a residual material [6]. A wide range of different materials such
as sawdust [7], coffee husk [8], pinecone shells [9] and olive stones [10] among others have been proved
as heavy metal biosorbents.

Recent studies have demonstrated the possibility of using different biomass waste as a precursor
in the preparation of biomass carbon material. For example, Pellera et al. [11] focused on Cu(II)
bio-adsorption by materials prepared at two different pyrolysis temperatures (300 ◦C and 600 ◦C).
Wang et al. [12] evaluated the conversion of industrial cork waste to biochar by slow pyrolysis;
Martín-Lara et al. [13] evaluated the lead adsorption capacity of carbonaceous materials obtained by
slow pyrolysis of olive cake; Gai et al. [14] analyzed the effects of feedstock and pyrolysis temperature on
ammonium and nitrate adsorption by biochar. Moreover, Liu et al. [15] investigated the bio-adsorption
capacity of corn stalks biochars for removing Pb(II) from water. They determined that the best pyrolysis
temperature for maximizing lead retention. These studies show the large potential of converting
biomass waste into carbon materials as an adsorbent by pyrolysis.

Apart from the thermal treatments, other researchers have demonstrated that the adsorption
capacity of the material can be enhanced by different chemical treatments with reactants such as citric
acid and sodium hydroxide [16–18].

Batch experiments are necessary to evaluate fundamental information of the bio-adsorption
process, such as adsorbent efficiency, optimum experimental conditions, adsorption rate and possibility
of biomass regeneration [19]. In this work, the use of the greenhouse residue and its derived biochars
prepared by pyrolysis at different temperatures as adsorbents for the removal of cobalt from aqueous
solutions was proposed. Furthermore, some chemical treatments were tested with the GCR material
in order to enhance its metal retention capacity. The main novelty is the use of the greenhouse crop
residue for metal retention, which have never been studied before to the best of our knowledge.

2. Materials and Methods

2.1. Materials

The raw material used in this study was the greenhouse crop residue (GCR). It was collected from
a treatment plant of vegetable wastes located in Motril (Spain). The residue was provided in October
2016 when the predominant crop residue biomass produced by the greenhouse agriculture was that
derived from cultivation of Capsicum annuum L. (green pepper). Biomass sample was ground with an
analytical mill (IKA MF-10) and it was sieved in a high vibratory sieve (CISA). The fraction between
0.250 and 1 mm was selected.

Biochar samples were prepared in a tubular muffle furnace Nabertherm model R50/250/12.
Four pyrolysis temperatures were tested: 250 ◦C, 350 ◦C, 450 ◦C and 550 ◦C using an inert atmosphere
of nitrogen with a flow of 100 L/h and a residence time of 15 min. An approximate mass of 10 g was
weighed in the preparation of each sample. The samples were introduced in the oven once the set
temperature was stable. The samples remained in the oven for the fixed residence time and then,
the samples were removed from the furnace and kept in a desiccator until the temperature lowered.
Finally, the solid left after the process was weighed and stored.

2.2. Characterization of the Materials

Different characterization methods were used to examine the effects of temperature of pyrolysis
on the properties of the materials. All the measurements in this study were performed in duplicate to
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ensure the quality and repeatability of the work. Average values and standard deviations are presented
in the tables of the manuscript.

• Elemental analysis

The determination of the percentage of C, H, N, S and O was carried out by an elemental
analyzer Fison’s Instruments EA 1108 CHNS. Oxygen content was determined indirectly by difference,
considering the content of ashes present in each of the samples [20].

• Proximate analysis

The quantification of moisture, volatile matter, fixed carbon and ash contents by standards
methods was carried out. Ash content was determined according to standard ISO 18122:2015. Moisture
content was determined by drying in an oven following the method described in the standard ISO
18134-3:2015. Volatile matter content was determined as the loss in mass (minus that due to moisture)
when solid is subject to partial pyrolysis under standardized conditions following the procedure
described in standard ISO 18123:2015. Finally, fixed carbon percentage was obtained by difference
with moisture, ash and volatile matter percentages.

• Point of zero charge (PZC)

The point of zero charge was determined using the pH drift method, by adjusting pH of 100 mL of
Milli-Q water with the materials to a value between 2 and 11, using 0.1 M hydrochloric acid and sodium
hydroxide solutions.

• Fourier Transform Infrared Spectroscopy

Samples were analyzed in a FT-IR Spectrometer (Perkin-Elmer, Waltham, MA, USA, Spectrum,
Stamford, CT, USA 65) in the range of 4000–400 cm−1. This method enables the identification of pure
inorganic and organic compounds. However, it is not a quantitative analysis [21].

• Surface analysis

The specific surface area was determined by the Brunner–Emmet–Teller (BET) method [22], while
porosity was analyzed by porosimetry based on the calculation of adsorption–desorption isotherms
with nitrogen and argon, using an ASAP 2420 equipment.

2.3. Cobalt Adsorption Experiments in Batch Systems

Adsorption experiments were performed with cobalt solutions to study the relationship between
the solid phase concentration of cobalt (the amount of cobalt adsorbed per mass unit of solid material)
and the cobalt solution phase concentration. The adsorption experiments were carried out with different
initial cobalt concentrations (50, 100, 200, 400 and 800 mg/L). The stock solutions were prepared using
Co(NO3)2·6H2O salt and distilled water. Different samples were taken in each experiment: one before
starting the experiment, others at different contact times and another one after two hours under stirring.
The temperature was approximately 25 ◦C. A dose of 5 g/L of solid was used in each experiment.
The adsorbent materials used were GCR and the biochars obtained after pyrolysis at 250 ◦C, 350 ◦C,
450 ◦C and 550 ◦C. The pH was kept in the range between 5 and 6 in all cases (natural pH of the cobalt
solution), and always lower than 6.5 to avoid precipitation of cobalt as cobalt hydroxide.

The metal concentration was measured using an atomic adsorption spectrometer (Perkin-Elmer,
Waltham, MA, USA, model AAnalyst 200). The removal capacity, in mg/g, was calculated using
the Equation (1):

qe =
(ci − cf) × V

m
(1)

where qe is the removal capacity in mg/g, Ci and Cf represents the initial and the final metal concentration
in mg/L, respectively. V is the volume of the solution in L and m is the mass of the adsorbent in g.
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• Kinetics study

First, the study of adsorption kinetics was performed only for the native GCR material. A series of
experiments were carried out at different concentrations and sample was taken in each test at different
times in the interval between 0 and 120 min. Particular attention was paid in the first few minutes of
the trial, as it is the time when the most change is observed in the concentration values. Table 1 reports
the operating conditions for the various experiments carried out.

Table 1. Experimental conditions used for the study of the adsorption kinetics.

Test Number 1 2 3 4

Concentration, mg/L 25 50 100 200
Contact time, min 0, 5, 10, 15, 30, 60, 90, 120

pH <6–6.5
Adsorbent dose, g/L 5

Temperature, ◦C 25
Volume, mL 150

Then, tests were then carried out to analyze the adsorption kinetics of the biochar materials,
setting an initial cobalt concentration of 25 mg/L and maintaining the remaining conditions equal to
those indicated in Table 1.

• Equilibrium study

The experiments were conducted at different concentrations (50, 100, 200, 400 and 800 mg/L).
Two samples were taken in each experiment: one initial sample before each experiment and another
after two hours of shaking. The materials studied in this case were native GCR and biochar materials
obtained by pyrolysis at different temperatures (250 ◦C, 350 ◦C, 450 ◦C, 550 ◦C). Table 2 summarizes
the operating conditions used for each of the five materials studied.

Table 2. Experimental conditions used for the study of the adsorption equilibrium.

Test Number 1 2 3 4 5 6

Concentration, mg/L 50 100 200 400 800 1200
Contact time, min 0, 120

pH <6–6.5
Adsorbent dose, g/L 5

Temperature, ◦C 25
Volume, mL 150

2.4. Chemical Activation of the Material

To increase the adsorption capacity of GCR, different types of chemical treatment were tested
for material activation. The different methods carried out were based on the work carried out by
Romero-Cano et al. [23] and Feng et al. [16]. The methodology followed for the preparation of each of
the materials is described below:

• Material 1 (M1)

A treatment with citric acid was carried out, followed by a wash with distilled water and a heat
treatment at 120 ◦C. First, a citric acid solution (25 g of citric acid in 150 mL of water) was prepared.
Once prepared, 12.5 g of GCR were submerged in this solution and kept under agitation for 90 min.
The GCR was then recovered by filtration and washed with abundant distilled water. Finally, it was
introduced for 3 h in an oven at 120 ◦C in an inert atmosphere.

• Material 2 (M2)
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The procedure followed was the same as in the case of material M1, although the order of the steps
was altered. In this case, first of all, the washing with citrus was carried out, followed by the heat
treatment and finally the washing with distilled water.

• Material 3 (M3)

The procedure in this case consisted of a treatment with NaOH followed by a wash with distilled
water. First, a 0.1 M solution of NaOH was prepared and 20 g of GCR was introduced in 200 mL of
the dissolution. It was kept under agitation for 60 min.

• Material 4 (M4)

In this case, a basic treatment (NaOH) was combined with one acid (citric) and a wash. In this
case, NaOH treatment was carried out as described for material M3. Subsequently, a treatment with
citric acid was carried out 0.6 M for 2 h. Finally, the material was washed with distilled water.

• Material 5 (M5)

This material was prepared by treating the GCR with citric acid according to the procedure
described for the material M1 but without any thermal treatment. Then the material was washed with
distilled water.

2.5. Thermal Decomposition of the Loaded-Materials

The study of the influence on the thermal decomposition of the material due to adsorption of cobalt
in its surface was carried out by thermogravimetry in an inert atmosphere of nitrogen. All experiments
were conducted on a Perkin-Elmer thermobalance model STA 6000. In each experiment, an approximate
amount of 25 mg sample, a heating rate of 20 ◦C/min and a nitrogen flow of 1.2 L/h were used.

3. Results and Discussion

3.1. Characterization of the Materials

3.1.1. Elemental and Proximate Analysis and Zero Point of Charge

Table 3 summarizes the results of elemental and proximate analysis and zero point of charge.
The elemental analysis showed that all the materials contained negligible quantities of nitrogen
and sulfur. Hydrogen content decreased as the pyrolysis temperature increased, due to the loss of
volatile materials that occurs with heating. Carbon, meanwhile, decreased when pyrolysis treatment
occurred at higher temperatures (450 ◦C and 550 ◦C). This decrease in the carbon percentage was not
expected, as pyrolysis must generate a concentration of the carbon content in the samples (in the absence
of oxygen in heating, carbon does not have to disappear in the process of pyrolysis). The decrease
in carbon content may be due to the loss of carbon being lost with volatile materials during heating,
and also because during the process of handling and extracting the sample from the furnace, contact
with some oxygen can cause partial calcination. In general, the increase of the pyrolysis temperature
would result in the increase of carbon content at the expense of hydrogen and oxygen content [24].
As for the oxygen content, since it is obtained by difference also taking into account the ash content of
the sample, its value depends on the other parameters. Moreover, at 250 ◦C, the elemental analysis did
not change much, suggesting that the pyrolysis did not proceed to a significant extent. With regard to
the ratio of the C/H, it increased as the pyrolysis temperature increased, being especially significant
the increase of the C/H ratio when the pyrolysis temperature was changed from 350 ◦C to 450 ◦C.
The results of elemental analysis presented the same tendencies in similar studies carried out by other
authors, except for the carbon, which showed to increase in other works because of the aforementioned
reason [5].
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Table 3. Elemental analysis, proximate analysis and point of zero charge of the samples.

Analysis
Greenhouse

Crop
Residue

250 ◦C 350 ◦C 450 ◦C 550 ◦C

Proximate
Analysis

% Moisture 7.43 ± 0.37 1.89 ± 0.09 4.31 ± 0.19 4.33 ± 0.21 3.00 ± 0.12
% Volatile

matter (VM) 56.66 ± 2.80 52.31 ± 2.14 41.11 ± 2.06 21.43 ± 1.01 15.36 ± 0.56

% Ashes 23.97 ± 1.09 30.31 ± 1.21 38.34 ± 1.45 52.35 ± 2.12 55.41 ± 1.87
% Fixed

carbon (FC) 11.95 ± 0.49 15.49 ± 0.70 16.23 ± 0.68 21.88 ± 0.87 26.24 ± 1.13

VM/FC ratio 4.74 3.38 2.53 0.98 0.59

Elemental
Analysis

% C 34.02 ± 1.70 35.29 ± 1.67 34.29 ± 1.41 28.84 ± 1.44 21.34 ± 1.01
% H 5.89 ± 0.92 4.83 ± 0.24 4.59 ± 0.32 1.39 ± 0.07 0.77 ± 0.03
% O 32.95 ± 1.56 28.08 ± 1.04 20.27 ± 1.10 16.22 ± 0.81 21.29 ± 1.60
% S 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.03 ± 0.01 0.05 ± 0.01
% N 3.15 ± 0.16 1.47 ± 0.07 2.39 ± 0.21 1.17 ± 0.60 1.14 ± 0.08

C/H ratio 5.78 7.31 7.47 20.75 27.71

Point of Zero Charge (PZC) 6.30 ± 0.25 6.28 ± 0.14 7.22 ± 0.30 7.77 ± 0.22 9.23 ± 0.18

In regard to proximate analysis, the results showed that moisture content was reduced after
the pyrolysis process and it seemed to be not very dependent on the pyrolysis temperature. The moisture
present in the samples corresponded to the equilibrium moisture. The depletion in the moisture could
be due to the increase of the hydrophobicity of the materials after the pyrolysis due to the degradation of
the sites which retain the water in the material. The destruction of those sites occurs at low temperature
(more or less 200 ◦C), and for that reason the moisture content did not strongly depend on the pyrolysis
temperature. Concerning to the volatile matter, it significantly decreased as the treatment temperature
increased, which is logical as the compounds which were mainly eliminated during pyrolysis at those
temperatures were volatiles. Fixed carbon showed an increase as the pyrolysis temperature increased,
although this increase is milder at higher temperatures, which would be related to what is indicated by
the decrease in carbon found in the elemental analysis. A little quantity of oxygen could have entered
in the container when it was removed from the muffle, causing a diminishing in the fixed carbon
content in the sample. With regard to ash content, it considerably increased with increase in pyrolysis
temperature. This is because the ashes are composed of inorganic elements that remain after heating in
the generated biochar and, therefore, their content is concentrated by the volatilization of the other
elements such as C, H, N and O. The results were very similar to those found by other authors for
pyrolysis of avocado seed [25], bone [26], poplar [24] or rice husk [27]. Finally, some authors have
reported that for a biochar to be stable, the ratio between its volatile matter content (VM) and its fixed
carbon content (FC) must be lower than 1. In addition, the biochar is more stable if the ratio approaches
zero [28]. From the VM/FC ratio calculated for the materials studied in this work, biochars obtained by
pyrolysis at 450 ◦C and 550 ◦C showed a stable structure, increasing with the increase in temperature.

Finally, PZC was increased from acidic values (6.30 and 6.28 for native and sample obtained from
pyrolysis at 250 ◦C) to a basic value of 9.23 for the material derived from pyrolysis at 550 ◦C. At a pH
solution value higher than the PZC, the surface of the materials is negatively charged; in contrast,
the surface turns positive at a pH solution value below PZC. In the adsorption tests, the pH was
kept in the range between 5 and 6. Therefore, during the adsorption tests all the samples carried a
net positive charge. Thus, the adsorption of cobalt cations on solid diminishes due to electrostatic
attraction, probably more for material pyrolyzed at 550 ◦C.

3.1.2. FTIR

Furthermore, infrared spectroscopy was carried out in order to investigate the changes in
the material structure caused by the pyrolysis process, as shown in Figure 1.
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Figure 1. Infrared spectrum of the greenhouse crop residue (GCR) and biochars resulting from pyrolysis
of GCR at different temperatures (250 ◦C, 350 ◦C, 450 ◦C and 550 ◦C).

In general terms, the absorbance decreased as the pyrolysis temperature increased, compared
to the raw material. The higher the treatment temperature was, the greatest changes were observed.
The identification of each peak for GCR sample was carried out in a previous study [2]. In this paper,
the changes observed due to thermal treatment at high temperatures were analyzed. The peak at
3330 cm−1 corresponded to –OH stretching. It was lowered considerably for temperature higher than
350 ◦C indicating the elimination of this kind of bonding. This is in accordance with the decrease
in O and H content observed in elemental analysis. At those temperatures the elimination of water
and the degradation of cellulose and hemicellulose occurred, decreasing the –OH peak. On the other
hand, the peaks observed between 2750 and 2980 cm−1 represented CH-stretching was not observed
at temperatures above 450 ◦C. The peak around 1730 cm−1 corresponded to C=O stretching. It was
totally eliminated at high temperatures, indicating the elimination of aldehyde, ketone and acid organic
components from the samples. The peak observed at 1620 cm−1 which represented the aromatic skeletal
vibration of lignin. It was also lowered but only at the highest temperatures (450 ◦C and 550 ◦C).
For that reason, it could be affirmed that the pyrolysis affected the lignin at those temperatures.
The peaks between 1509 and 1200 cm−1 corresponded to functional groups present in lignin. They were
the less affected after the pyrolysis treatment. It could be because among all the main components
of biomass materials (cellulose, hemicellulose and lignin), lignin was the most resistant fraction.
High peaks were observed for the raw GCR in the range of 1000 and 1200 cm−1 for raw biomass sample.
Those peaks were strongly lowered with thermal treatment, indicating that cellulose and hemicellulose
groups were broken due to depolymerization reactions. The most affected fraction by the thermal
treatment was hemicellulose, followed by cellulose. The lignin was the most thermal resistant fraction,
although at high temperatures it started its degradation.

3.1.3. BET Surface, Pore Size and Volume

Table 4 shows the surface properties of the materials including BET surface area, average pore
diameter and total pore volume. The BET surface area ranged from 6.2 to 9.2 m2/g. These values
are low when compared to commercial adsorbents such as activated carbon. The biochar exhibited
very low surface area compared to those reported in the literature [29,30]. This suggests that cobalt
adsorption was possibly carried out by ion exchange and complexation on the surface of the material
more so than physical adsorption. Low porosity also indicates that the process control mechanism
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was not diffusion [31]. If different samples are compared, the surface area showed a higher value
for the biochar obtained at 450 ◦C. In general, an increase in pyrolysis temperature until 450 ◦C
resulted in an increase in surface area, pore size and pore volume. These changes were attributed to
the degradation of the lignocellulosic structure, devolatilization of biomass components and opening
cracks in the material [15,26,32]. However, a further increase of temperature until 550 ◦C resulted in a
decrease of the surface area (7.5 m2/g), probably due to shrinkage and realignment in the char structure.
Similar results were also reported by other researchers as Alkurdi et al. [26], Angin and Sensoz [32],
Ji et al. [30], Liu et al. [15], Patel et al. [33] and Zhang et al. [34]. For example, Ji et al. [30] studied
the adsorption of methylene blue onto novel biochars prepared from Magnolia grandiflora leaves
and reported that when the pyrolysis temperature rose from 500◦C to 550◦C, the BET surface area
decreased. On the contrary, the pore diameter increased. These authors indicated that this might be
for the collapse of the pore wall caused by high temperature; thus, some small mesoporous become
large mesoporous.

Table 4. Brunner–Emmet–Teller (BET) surface area, average pore diameter and total pore volume of
the samples.

Material BET Surface Area, m2/g Average Pore Diameter, Å Total Pore Volume, cm3/g

GCR 6.2 ± 0.31 47.5 ± 2.83 0.0073 ± 0.0004
GCR 250-15 7.3 ± 0.73 45.6 ± 2.28 0.0116 ± 0.0005
GCR 350-15 9.1 ± 0.41 57.1 ± 2.68 0.0105 ± 0.0006
GCR 450-15 9.2 ± 0.64 62.7 ± 3.41 0.0142 ± 0.0010
GCR 550-15 7.5 ± 0.93 73.2 ± 3.36 0.0138 ± 0.0013

3.2. Cobalt Adsorption by GCR and Biochars Resulting from Its Pyrolysis

3.2.1. Effect of Contact Time and Adsorption Kinetics

Studying the effect of contact time to achieve equilibrium and analyzing the kinetics of cobalt
adsorption onto GCR and its biochars is crucial to be able to determine the nature of the adsorption
process. This study allows knowing the rate at which cobalt is removed from the aqueous medium
and serves to select the most favorable conditions for the treatment of effluents [35,36].

Firstly, trials were conducted with the native material at different initial concentrations of cobalt,
as shown in Figure 2. For the native GCR, the adsorption process was fast, since for all the concentrations
studied, equilibrium was reached before 30 min of operating time. Two important stages could be
observed. The first one was before the 5 min of operation, when the 50% or more of the total
cobalt was adsorbed on the solid surface for all tested initial cobalt concentrations. The second one
occurred after 5 min of operation. It showed that cobalt removal rate increased gradually until reach
the equilibrium. It should be highlighted that the equilibrium was reached faster for the lowest initial
cobalt concentration. In contrast, the amount of cobalt adsorbed onto GCR was higher when the initial
concentration was higher, reaching values of around 14 mg/g for an initial concentration of 200 mg/L.
These results indicated that increasing the initial cobalt concentration promoted the interaction between
the cobalt ions and the material surface, and provided a significant driving force for mass transfer
between the adsorbate and the adsorbent which is advantageous for adsorption [12,37].

The adsorption kinetics of the different materials (native GCR and its biochars derived from
pyrolysis at different temperatures) was then analyzed, choosing an initial cobalt concentration
of 25 mg/L, as shown in Figure 3. Similar trends were observed in all of them: they all reached
the equilibrium around 30 min and the fastest adsorption phase occurred in the first 5 min of operation.
In addition, the results clearly show that pyrolysis at the temperature of 250 ◦C did not affect
the adsorption capacity of the material. The highest adsorption capacity was obtained for temperatures
of 350 ◦C and 450 ◦C at an initial cobalt concentration of 25 mg/L. Both temperatures offered very
similar results, reaching a value close to 4 mg/g. On the other hand, it is observed that the temperature
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of 550 ◦C produced a decrease in adsorption capacity, although it is still higher than that of untreated
GCR. Therefore, it could be concluded that the pyrolysis temperatures that most favored the adsorbent
capacity of the GCR are 350 ◦C and 450 ◦C. The pyrolysis temperature 550 ◦C would constitute an
unnecessary energy expenditure that also does not maximize the adsorption capacity of the material.
These results could be related to the characterization results obtained for this material, for example,
it had a specific surface area lower than biochars obtained at a temperature of 350 ◦C or 450 ◦C, and a
very high PZC.
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Experimental data were fitted to the kinetic models of pseudo-first order [38] and pseudo-second
order [39]. These kinetic models are summarized in the Equations (2) and (3):

qt = qe ×
(
1− e−k1× t

)
(2)
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qt =
t

1
k2×qe

2 +
t

qe

(3)

where qe and qt are the amount of cobalt adsorbed (mg/g) at equilibrium and at time t (min),
respectively; k1 (min−1) and k2 (g·mg−1

·min−1) are the pseudo-first and pseudo-second order rate
constants, respectively.

Table 5 shows the parameters of both models. The pseudo-second order model fits the experimental
results very well, with R2 values close to the unit. Likewise, the calculated values of the equilibrium
adsorption capacity (qe) from pseudo-second order show good agreement with the experimental
values meaning that chemical effect is involved in the adsorption of cobalt on the studied materials.
This result indicates that chemical adsorption such as ions exchange or coordination is involved in cobalt
adsorption process [40]. However, although the pseudo-first order model shows a worse adjustment
of the results, the calculated qe values are also very close to the experimental ones. With regard to
the kinetic constant, in general, for both the pseudo-first order model and the pseudo-second order
model, the kinetic constant decreases as the temperature of the pyrolysis process rises, indicating that
while adsorption generally reaches higher adsorption capacities the process goes down more slowly
until equilibrium is reached, although the changes are not relevant because it is not evident in Figure 3.
These results are in accordance with those obtained by other authors in metal adsorption studies using
residues or biochars derived from pyrolysis of residues [12].

Table 5. Kinetics parameters of the pseudo-first order and pseudo-second order models.

Material
Pseudo-First Order Pseudo-Second Order

qe k1 R2 qe k2 R2

GCR 2.036 0.162 0.987 2.057 0.243 0.998
GCR 250-15 1.855 0.145 0.963 1.933 0.164 0.999
GCR 350-15 3.745 0.196 0.975 3.842 0.138 0.998
GCR 450-15 3.846 0.112 0.959 4.086 0.051 0.998
GCR 550-15 2.905 0.107 0.959 3.177 0.045 0.998

3.2.2. Effect of Initial Cobalt Concentration and Adsorption Isotherms

Cobalt adsorption isotherms were obtained, as shown in Figure 4. The adsorption isotherms were
all type-I, characterized by a sharp increase at the initial stage (low cobalt concentrations) followed by
a low-moderate progress at higher concentrations. The maximum adsorption capacity is similar for
native material and biochars prepared at the lowest temperatures (250 ◦C and 350 ◦C). The highest
uptake of cobalt was obtained for the biochar prepared by pyrolysis at 450 ◦C with a maximum
adsorption capacity of approximately 28 mg/g. Also, the biochar prepared at 550 ◦C showed a good
adsorption capacity close to 22 mg/g. Others researchers as Saletnik et al. [41] studying the adsorption
of cadmium, lead and cobalt with a biochar obtained from cones of larch and spruce, obtained the best
adsorption capacity for the treated material at 500 ◦C for 5 min, these being conditions very similar to
the optimal conditions obtained between work (450 ◦C and 15 min).

Langmuir [42] and Freundlich [43] isotherm adsorption models were used to fit the experimental
data of cobalt adsorption. These kinetic models are summarized in the Equations (4) and (5):

qe =
b qmCe

1 + b Ce
(4)

qe = KFC
1
n

e (5)

where qe (mg/g) is the equilibrium adsorption capacity of the adsorbent; qm is the maximum adsorption
capacity (mg/g); b (L/mg) is the constant of the affinity between the adsorbent and the adsorbate;
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Ce (mg/L) is the equilibrium concentration after adsorption; KF (mg/g)·(L/mg)1/n is the Freundlich
constant related to the adsorption capacity and 1/n describes surface heterogeneity.
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Table 6 shows the fitting parameters. The Langmuir model reproduced experimental data better
than Freundlich model. In addition, the fit was better for biochars prepared at a higher temperature of
pyrolysis. With regard to the results obtained with the Langmuir model, it is observed that the biochar
prepared at 450 ◦C showed a higher cobalt adsorption capacity, with a qm value close to 31 mg/g,
much higher than the value obtained with the native material (13.58 mg/g). However, the loss of
mass in pyrolysis is important when assessing the improvement of its adsorptive properties. If a
great mass is lost during pyrolysis, it may not compensate the improvement of its properties as
adsorbent. The mass loss during different pyrolysis treatments at different operating temperatures are
also shown in Table 6. Significant impact of increasing pyrolysis temperature was observed on mass
loss. The mass loss increased with increasing pyrolysis temperature from 8.96% at 250 ◦C to 59.08%
at 550 ◦C. With increasing pyrolysis temperature, the thermal degradation of GCR into compounds
of low molecular weight (released as volatiles including no condensable and condensable gases)
occurred, leading to the increase the mass loss. A corrected adsorption capacity value was calculated
taking into account this mass loss (qm,cor). The adsorption capacity was still higher for the biochar
obtained at an operating temperature of 450 ◦C, but the difference with native material was very low.
With respect to the results shown by the fit to the Freundlich model, the values of n were lower than 1,
indicating favorable adsorption of cobalt ions by studied materials under the selected experimental
conditions [44].

Table 6. Parameters of the Langmuir and Freundlich isotherm models.

Material
Langmuir Model Freundlich Model

qm, mg/g Loss of Mass, % qmcor, mg/g b, L/mg R2 n KF, (mg/g)·(L/mg)1/n R2

GCR 13.584 0.000 – 0.010 0.985 2.259 0.706 0.850
GCR

250-15 14.339 8.960 13.054 0.005 0.980 1.778 0.304 0.899

GCR
350-15 12.289 50.740 6.054 0.012 0.997 2.525 0.857 0.897

GCR
450-15 30.984 55.100 13.912 0.007 0.997 2.090 1.157 0.948

GCR
550-15 25.548 59.080 10.454 0.009 0.993 2.419 1.459 0.963
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Finally, in order to compare the results with those obtained in previous studies by other researchers,
Table 7 shows the values of the cobalt adsorption capacity obtained using different materials. The GCR
has reasonable cobalt adsorption capacity, although it is lower than many other materials studied earlier.

Table 7. Adsorption capacities of different materials.

Material qm, mg/g Reference

Treated carob shells 17.41 Farnane et al. [44]
Coir pith 12.82 Parab et al. [45]

Glebionis coronaria L. 24.52 Tounsadi et al. [46]
Diplotaxis harra 33.02 Tounsadi et al. [46]

Lemon peel 22.00 Bhatnagar et al. [47]
Seaweed 20.63 Vijayaraghavan et al. [48]

Hemp fibers 13.58 Tofan et al. [49]
Black carrots 5.35 Güzel et al. [50]
P. Capillacea 52.60 Ibrahim [51]

Rose waste biomass 13.90 Javeda et al. [52]
Sunflowers 11.68 Oguz and Ersoy [53]

Activated carbon prepared
from hazelnut shells 11.57 Demirbas [54]

Greenhouse crop residue 13.58 This work

3.2.3. Chemical Activation of the GCR

In order to improve the adsorption capacity of the GCR through an alternative procedure, the effect
of different types of chemical activation process was tested. The cobalt removal (%) and the adsorption
capacity of the different materials (native and chemically activated) were calculated, using two initial
cobalt concentrations, 25 and 100 mg/L, as shown in Figure 5.
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Figure 5. Adsorption capacity (left) and removal (%) (right) of cobalt adsorption onto GCR and materials
resulting from chemical activation of GCR.

All chemical treatments provided an improvement in the adsorption capacity of the material
and in the cobalt removal. The improvements were most noticeable for the initial concentration of
100 mg/L. The material that offers less satisfactory results was the M3. The rest of the treatments offer
quite similar results. The M5 was chosen as the best treatment, since, apart from offering good results,
the method of preparation of the material is the simplest and most economical and does not require
temperature application.

Once the M5 material was chosen, the cobalt isotherm of the material was developed and compared
to that of the native material, as shown in Figure 6. At low concentrations the adsorption capacity of
both materials was very similar. However, when concentration increased, the differences were more
evident. Additionally, it should be highlighted that the native material had practically already achieved
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its maximum adsorption capacity at a concentration of around 400 mg/L. However, the M5 material
showed a positive trend with an upward slope, which seems to indicate that the differences between
the native material and the M5 will become even more noticeable at high concentrations. The data for
the material processed M5 were adjusted to the Langmuir model to compare with the results obtained
with the native material. The results showed a qm value for M5 of 27.39 mg/g (R2 = 0.998), much higher
than that obtained for the native material (13.58 mg/g). However, again, the loss of mass that occurred
during the treatment of the material should be considered, in order to obtain a corrected qm value
which could be more comparative. In this case the qm,cor value for the sample with the M5 treatment
was 19.88 mg/g. This work is focused on making the cost of using this material the lowest possible.
Although the value of qm,cor is still higher than that obtained with the native material, this increase in
adsorption capacity does not justify the use of treatment for this material.
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3.3. Thermal Decomposition of the Cobalt-Loaded GCR

During the adsorption process, cobalt is retained by the material. One of the possibilities of final
disposal of cobalt-loaded materials is its use for power generation. Therefore, it is important to know
the effect that metal impregnation has on the thermal decomposition of the material. The thermal
decomposition of the GCR and biochars resulting from pyrolysis of GCR at different temperatures
(250 ◦C, 350 ◦C, 450 ◦C and 550 ◦C) was performed, as shown in Figure 7. Differences were observed
in the amount of residual solid after thermal decomposition of different materials. The material
that left the most fraction of residual solid is the native GCR. On the other hand, the material that
left fewer residual solid at the end of thermal decomposition was the washed GCR. With respect to
the cobalt-loaded samples, its residue content was lower than that of the native material, which is
justified by the adsorption process because similar thermogravimetric curves between cobalt-loaded
and washed sample was observed. However, as the initial cobalt concentration used in adsorption was
higher, the final solid fraction after the thermal decomposition process was higher. This suggested
that the cobalt remained as part of the ashes. Furthermore, the decomposition of the native GCR
occurs at a lower temperature indicating that cobalt could have a stabilizing effect, delaying the onset
of thermal decomposition of the material. In addition, when the concentration of cobalt increased,
the peak which appeared around 350 ◦C decreased its intensity in the derivative thermogravimetric
curve (DTG), indicating a loss of mass at a lower rate in that temperature range. Finally, when cobalt
concentrations were high, there was no decomposition at 750–800 ◦C, which means that perhaps cobalt
prevents the volatilization of some inorganic compounds.
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4. Conclusions

In this research, the GCR and biochars prepared by pyrolysis at different operating temperatures
were analyzed for the cobalt removal from aqueous solutions. The characterization results indicated
that modification resulted in the reduction of volatile matter and increase on carbon content. Also, a very
little increment of the BET surface area, average pore diameter as well as total pore volume was
observed. Both GCR and the prepared biochars showed good adsorption capacity for cobalt ions.
The pseudo second-order kinetics model was suitable for describing the removal of cobalt by all
the materials. The Langmuir model fitted very well the experimental isotherm data. The higher
maximum adsorption capacity was obtained for biochar derived of pyrolysis of GCR at 450 ◦C reaching
a value of 30.98 mg/g. Chemical treatments provided an improvement in the adsorption capacity
of the material and in the cobalt removal. The improvements were most noticeable for the initial
concentration of 100 mg/L. The M5 was chosen as the best treatment, since, apart from offering good
results, the method of preparation of the material is the simplest and most economical and does not
require temperature application. Finally, based on the study of thermal decomposition of materials,
cobalt showed a stabilizing effect, delaying the onset and rate of thermal decomposition of the materials.
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Cobalt also seems to remain as part of the ashes due to the increase in the final solid fraction kept after
the thermal decomposition process when cobalt-loaded GCR was used.
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