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Abstract
Activated charcoal was prepared from Acrocomia aculeata (macaúba) endocarp by ZnCl2 activation and then used for the
adsorptive purification of pretreated crude glycerol (CG) containing pigments, such as β-carotene. The pretreatment of glycerol
involved filtration of the K3PO4 formed by the addition of H3PO4 to the crude glycerol containing KOH. A mixture of 1.38:1 w/w
of ZnCl2:Acrocomia aculeata pulp was heated at 120 °C with stirring for 24 h. The mixture was activated by heating at 600 °C for
3 h. The activated charcoal was cooled to 25 °C, washed with a 1:1 mixture of methanol and water (100 mL) and heated at 150 °C
for 2 h. The surface properties of the activated charcoal (surface area 627 m2 g−1, pore volume 0.39 m3 g−1, Bronsted sites
118.23 μmol g−1, and Lewis sites 104.86 μmol g−1) and the adsorption capacity for impurities in H3PO4-pretreated crude glycerol
were investigated. The activated charcoal exhibited the most suitable surface properties for the purification of pretreated crude
glycerol, attaining a 95.99% glycerol concentration (by GC) using 10 g/L with gravity filtration through a column at room
temperature over a 48-h period. The purified glycerol was characterized by GC/MS, 1H- and 13C-NMR, and DSC and TG
analyses. The activated charcoal was regenerated by washing with methanol and hexane and heating to 150 °C for 5 h. The
activated charcoal could be re-used three times to remove all of the pigments before it was necessary to re-activate the charcoal by
heating with ZnCl2.
Keywords Endocarp pulp of Acrocomia aculeata . Microporous-mesoporous charcoal . Prepared charcoal . Purification of crude
glycerol by adsorption
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1 Introduction
Glycerol is the principal by-product of fatty acid methyl ester
(FAME) (“biodiesel”) synthesis obtained via
transesterification of triglycerides from vegetable oils or animal fats [1]. Approximately 10% w/w of glycerol is generated
from the production of biodiesel. Because of the increase in
biodiesel production [2–4], it is necessary to search for alternatives for the use of the glycerol by-product. Thus, various
methods have been used for the disposal or utilization of crude
glycerol (CG), including direct combustion [5, 6], fertilizer [7,
8], animal feed [9, 10], anaerobic digestion feedstock [8, 11],
thermo-chemical or biological conversion products of greater
value [12–18], additives (oxygenated additives) in fuels [19],
and as a solvent for organic reactions [20]. However, with the
rapid expansion of the biodiesel industry, the market is now
flooded with excess crude glycerol, and any increase in biodiesel production will significantly increase the quantity of
glycerol above the current market demand and decrease its
economic value. Thus, the discovery of new uses for the crude
glycerol so as to maintain or increase its value can improve the
cost effectiveness of biodiesel production.
The crude glycerol obtained from biodiesel production is
not suitable for use in its traditional applications because of the
presence of various contaminants, such as moisture, ash, soap,
alcohol, traces of glycerides, and vegetable color, which results in a low glycerol content in the chromatography gas [21,
22]. Recently, various studies have focused on methods for
the purification or enrichment of glycerol, such as simple vacuum distillation [23, 24], electrodialysis [25], ion-exchange
chromatography [26, 27], membrane filtration [28], and
chemical processes [29–32]. Adsorption is recognized as a
generally efficient and economical process for the removal
of organic compounds from an aqueous solution because of
the low energy consumption, the ability to operate at ambient
temperature and pressure, and the possibility of regenerating
the spent adsorbent, in addition to the broad availability of
adsorbents [33]. One such abundant and relatively cheap adsorbent is activated charcoal, which can be prepared by physical or chemical activation methods or by a combination of
both [34]. Chemical activation uses dehydrating agents that
influence the pyrolytic decomposition, inhibit tar formation,
and enhance the yield of charcoal [35]. In addition, the temperatures used in chemical activation are lower than those
used in the physical activation process, resulting in the development of a better porous structure and catalytic activity than
that obtained from the physical activation process [36].
Chemical activation of various types of carbonaceous materials, such as coal-tar pitch, biomass, and industrial and domestic wastes, typically employs alkali, such as KOH [32,
34–36] or NaOH [37, 38], and some Bronsted (HNO3 [39]
and H3PO4 [40–42]) and Lewis acids, such as ZnCl2 [43–45],
as activators. In this paper, activated charcoal was prepared

from the endocarp of Acrocomia aculeata (macaúba) using
ZnCl2 activation, and the product was evaluated for the production of a purified glycerol with a purity greater than the
limit established by the BS 2621 standard (specifications for
glycerol) (C 80% (w/w)). Acrocomia aculeata is a plant that is
native to Brazil, widely distributed and easily accessible. The
endocarp of the fruit has a high oil content, and the residue
from the plant can be used to produce charcoal.

2 Experimental
2.1 Raw materials and chemicals
Crude glycerol was obtained from the transesterification of
waste cooking oil, obtained from local restaurants, with methanol using KOH as the catalyst, as described by
Komintarachat and Chuepeng [46]. Acetone, zinc chloride,
sodium carbonate, commercial activated charcoal, and concentrated sulfuric and phosphoric acids from VETEC were
used as purchased.

2.2 Analysis of feedstock and products
Purified glycerol content and yields were determined on a
Shimadzu GC/MS-QP5050. Gas chromatograph/mass spectrometer equipped with an AOC-20i auto injector and an
NA-WAX (30 m × 0.25 mm; 0.25 μm film thickness) column.
Direct insertion spectra were measured by electron impact at
70 eV; injector temperature, 250 °C; interface temperature,
250 °C; split ratio, 100; temperature program, isotherm at 50
°C for 2 min; followed by an increase of 10 °C min−1 to 230
°C, where the temperature was maintained for 15 min. The
carrier gas was helium with a flow rate of 1.1 mL min−1. The
volume injected was 1.0 μL. MS acquisition rate is 45 m/z at
550 m/z from 10 to 35 min. 1H- and 13C-NMR spectra were
recorded on Bruker Avance 400 Spectrometers. The refractive
indices of the samples were measured on a Reichert ABBE
Mark II refractometer.
The DSC curves were obtained in the Shimadzu DSC60
cell, calibrated with indium (Tonset = 156.63 °C, ΔHfus = 28.45
J/g) under a dynamic nitrogen atmosphere with a flow rate of
50 mL/min, a heating rate of 10 °C/min from 30 to 400 °C in a
closed aluminum crucible, and a sample mass of 1.5 mg were
used. The temperature indicative of the phenomenon is defined by Tonset (°C) and enthalpy (ΔH) or transition energy,
expressed in J/g. The thermal gravimetric (TG) curves were
obtained on the Shimadzu DTG60 thermobalance with a
heating rate at 10 °C/min from 30 to 600 °C under a dynamic
nitrogen atmosphere with a flow rate of 50 mL/min. An aluminum crucible and sample mass of approximately 2.5 mg
were used.
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2.3 Treatment methods

2.3.3 Acidity of prepared and commercial activated charcoals

2.3.1 Pretreatment of crude glycerol using H3PO4

Quantification of the Brönsted and Lewis acid sites was performed by pyridine absorption spectroscopy. The spectra were
recorded on a Perkin Elmer Frontier spectrometer using the
KBr pellet method with known mass. Samples of commercial
charcoals and the charcoal prepared in the laboratory from the
macaúba pulp were dried for 2 h at 120 °C. The pellet, after
having its spectrum recorded in the infrared region, was stored
in a desiccator in the presence of 2.0 mL of pyridine for 1 h.
The infrared spectrum was recorded, all the measurements
being performed at room temperature.

Purification of crude glycerol was performed using a combination of chemical and physical treatments with solvent extraction, as described by the literature [18, 19, 28]. A 200-mL
portion of crude glycerol was obtained from the
transesterification of waste cooking oil with methanol using
KOH as the catalyst [47]. The methanol from the
transesterification process was evaporated with the aid of a
rotary evaporator, and the crude glycerol residue (135.10 g)
was pretreated by the addition of H3PO4 (85%) to a pH of 2,
followed by shaking for 1 h at a constant rate of 200 rpm and
allowing to stand for 12 h for phase separation by decantation.
The top layer contained FAME, fatty acids, and soap; the
middle layer was rich in glycerol; and the bottom layer
contained a salt-rich solid (K3PO4) which was filtered. The
liquid mixture was transferred to a separation funnel, the upper phase was separated, and the intermediate glycerol phase
was neutralized by the addition of KOH pellets to pH 7.0,
centrifuged to remove the salt and extracted with propanol;
the solvent was separated from glycerol using a rotary evaporator. All the experiments were performed in triplicate.

2.3.2 Preparation and activation of charcoal from Acrocomia
aculeata
The raw material used for preparing the activated charcoal was
the endocarp of the macaúba fruit from the American palm
tree Acrocomia aculeata. The vegetable oil contained in the
macaúba fruit was extracted into hexane from a 100-g portion
of fruit using 100 mL of hexane. The mixture (fruit and hexane) was stirred with a mechanical stirrer at a constant rate of
200 rpm for 1 h at room temperature and filtered. The solid
residue of the fruit was dried in an oven at 150 °C for 2 h.
Finally, the fruit residue was ground in an industrial blender
and sifted through an 80-mesh sieve to yield a size range of 1–
2 mm. The preparation of the activated charcoal from
Acrocomia aculeata endocarp was performed in the two main
steps of pyrolysis and activation. For the pyrolysis step, approximately 50 g of the sifted fruit residue was mixed with
70 g of ZnCl2 and heated at 600 °C in a muffle furnace for 2 h
before being cooled slowly to room temperature. The sample
was crushed and sifted to obtain a size smaller than 0.25 mm.
Ready-to-use charcoal was obtained after washing with 100
mL of deionized water and 100 mL of methanol to constant
pH and drying at 150 °C for 2 h. The textural properties of
activated charcoal obtained from Acrocomia aculeata endocarp were measured with a surface area analyzer using the
Brunauer-Emmett-Teller (BET) method. All the experiments
were performed in triplicate.

2.3.4 Purification of the pretreated crude glycerol
The adsorptive purification of the pretreated crude glycerol
was carried out at room temperature (25 °C) and ambient
pressure using a column (15.0 cm height by 1.0 cm diameter) containing the activated charcoal (10 g). Small aliquots
of crude pretreated glycerol were added to the column until
a total volume of 1 L of glycerol was added. The adsorption
lasted 48 h. The purity of the filtered glycerol was determined by GC/MS, 1H- and 13C-NMR, and DSC and TG
analyses. The regeneration of used activated charcoal was
performed after shaking at 250 rpm with methanol in the
ratio of 3:1 (v/w) for 1 h to remove the adsorbed glycerol.
The activated charcoal was separated from the solution by
filtration, rinsed with hexane to remove the excess solvent,
and heated in a muffle furnace at 150 °C for 5 h for reactivation. After using the charcoal three times, it no longer
retained all of the pigments and required reactivation by
heating with ZnCl2.

3 Results and discussion
3.1 Characterization of prepared and commercial
activated charcoal
The pretreatment of the crude glycerol was performed
with concentrated sulfuric and phosphoric acids.
However, the results of the treatment with sulfuric acid
were inferior (75.85% purity), so only treatment with
H3PO4 was used to yield glycerol of 95.99% purity.
This result is similar to that obtained by Manusak
et al. [19]. In addition to the fact that K2SO4 is slightly
soluble in glycerol, H2SO4 is a much stronger acid than
H3PO4 and can catalyze side reactions of glycerol [18].
The refractive index of the purified glycerol was 1.4600
(Glycerol standard (Sigma-Aldrich), 1.4704). The remaining 4.01% is probably water.
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Fig. 1 Nitrogen adsorption and desorption isotherms of prepared and
commercial charcoals

3.1.1 Nitrogen adsorption
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Hysteresis in the isotherms, characteristic of capillary condensation phenomena, and typical of materials containing mesopores
[48], was observed for the prepared and commercial charcoals.
In fact, the textural properties such as the surface area and

porosity of adsorbents have a great influence on the adsorption
properties, because some factors combined with surface chemistry govern the free energy of adsorption of the crude pretreated
glycerol [49]. A careful analysis of these textural properties is
needed because a larger mesoporous presence in the adsorbent
can favor mass transportation, whereas a large presence of micropores can result in a constrains to the diffusion process.
Because of the behavior of the isotherms, we clearly noted the
large presence of micropores in both adsorbents, as is evidenced
in the low pressure regions (Fig. 1). The prepared charcoal had a
larger total specific surface area (SBET = 627 m2 g−1) than that of
the commercial charcoal (SBET = 470 m2 g−1). In addition, 73%
of the total area in the commercial charcoal was microporous
area (SMic = 342 m2 g−1), whereas the prepared adsorbent material contained only 23% (SMic = 147 m2 g−1) of micropores in
its structure. The total pore volume in the prepared charcoal was
0.39 cm3 g−1, of which only 0.09 cm3 g−1 was related to the
microporous volume. However, in the commercial adsorbent,
the total pore volume was 0.29 cm3 g−1, of which 0.19 cm3
g−1 was related to the micropores. In summary, the prepared
charcoal had a higher mesoporous area than the commercial
charcoal. This observation is corroborated by the BJH distributions (Fig. 1, inset), in which the mean pore size for both
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The acidities of the prepared and commercial activated charcoals were determined by infrared spectroscopy after adsorption of pyridine by the samples. The areas of the bands at 1545
and 1450 cm−1, characteristic of the interaction between
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3.1.2 Acidity of prepared and commercial activated charcoals
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samples was shown to be ~ 2.5 nm. However, the curve is wider
in the case of prepared charcoal than for the commercial sample.
This fact indicates that a large number of mesopores exist on the
prepared charcoal, which makes it more suitable for use as an
adsorbent in the purification of glycerol than commercial
charcoal.
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Fig. 5 TG curves of untreated glycerol (thick solid line), glycerol
pretreated with H3PO4 (thin solid line), and commercial glycerol
(dashed line), under dynamic nitrogen atmosphere at 50 mL min−1 and
heating rate of 10 °C min−1

pyridine and acid sites, were used to calculate the acidity of
each Brönsted and Lewis site, respectively, by means of the
equation: qB, L = (AB, LπD2)(4wEB, L)−1where, D is the
tablet diameter (cm), w is the sample mass (g), AB, L is the
integration of the characteristic band areas (absorbance), EB,
L is the extinction coefficient of the pyridine interaction with
the Brönsted acid sites = 1.67 ± 0.12 cm μmol−1 and Lewis
acid sites = 2.22 ± 0.21 cm.μmol−1.
Commercial charcoal: Bronsted sites, 183.35 μmol/g;
Lewis sites, 264.39 μmol/g; charcoal produced from the
macaúba pulp: Bronsted sites, 118.23 μmol/g; Lewis sites,
104.86 μmol/g
Samples-pyridine method-KBr pellets-infrared
Charcoal: m = 0.0687 g containing 1.42 × 10−4 g of commercial charcoal (0.207%), diameter = 0.90 cm, Brönsted area
(1545 cm−1), Lewis area (1450 cm−1).
Charcoal produced from the macaúba pulp: m = 0.0761 g
containing 7.60 × 10−4 g of the sample (0.998%), diameter =
0.90 cm, Brönsted area (1545 cm−1), and Lewis area (1450
cm−1).

3.1.3 Purification of crude glycerol with activated charcoal
The glycerol obtained from the transesterification of waste
cooking was pretreated by filtering the K3PO4 formed by the
addition of H3PO4 to the crude glycerol containing KOH. The
activated charcoal prepared from the macaúba residue was
used for the adsorptive purification of pretreated CG to remove the pigments, such as β-carotene. The analyses described below demonstrated that the purified glycerol was
95.99% pure. The remaining 4.01% was identified as water
by GC and thermal analysis.

The activated charcoal produced from the macaúba endocarp has a larger surface area (627 m2 g−1) than that of commercial activated charcoal (470 m2 g−1). It was also more
effective for the removal of pigments from crude glycerol than
the commercial charcoal. The commercial activated charcoal
did not remove all the carotenoid pigments from the glycerol.
The vegetable oil contains carotene and chlorophyll. The latter
is more extensively degraded during the transesterification
than the carotenoids, and the carotene can be carried over to
the glycerol. The pigments were more effectively removed by
prepared charcoal than by the commercial charcoal because it
has a greater mesopore area and might also possess a more
active surface. The larger pore size permits the penetration of
larger molecules. The commercial charcoal possesses more
acid groups than the prepared charcoal. Therefore, its surface
might be more polar and have a lower affinity for the carotenoid molecules.
3.1.4 1H- and 13C-NMR analysis of the purified glycerol
The high degree of purity of the glycerol obtained using treated charcoal was confirmed by the NMR analyses (Figs. 2 and
3). The signal with a chemical shift at 64.4 ppm in the 13CNMR spectrum (Fig. 3) corresponds to the methylene carbons
of glycerol, and the signal at 63.9 ppm corresponds to the
methine carbon.
In Fig. 2, a double doublet (J 4 Hz) centered at 3.50 ppm
and a double doublet (J 4 Hz) between 3.54 and 3.60 ppm
correspond to the methylene hydrogens of glycerol. The multiplet from 3.62 to 3.68 ppm corresponds to the methine hydrogen. The hydroxyl hydrogens absorbed at 4.8 ppm.
3.1.5 Thermal analysis of the pretreated glycerol
and the crude glycerol
The commercial glycerol samples and samples of glycerol
treated with H3PO4 showed similar enthalpy curves, as can
be seen in Fig. 4, where a broad endothermic event between ~
130 and 230 °C corresponding to thermal decomposition can
be seen, with almost total mass loss in a single ramp (Fig. 5,
glycerol pretreated with H3PO4—thin solid line and commercial glycerol—dashed line). The TG curves indicate a mass
loss between ~ 30 and ~ 120 °C, corresponding to the moisture. The untreated glycerol decomposes in two stages (Fig. 5,
dashed dotted line), which is a characteristic of a complex
decomposition mechanism, as previously described [50–54].
This behavior suggests the presence of components that interfere in the process, as expected, because the untreated sample
might contain residues from the synthesis. The thermal behavior of untreated glycerol, DSC (Fig. 4) and TG curves (Fig. 5)
confirms the presence of synthetic impurities, an aspect to be
considered when producing glycerol.
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4 Conclusion
We demonstrated that the activated charcoal produced from
the macaúba endocarp has a larger surface area (627 m2 g−1)
than that of commercial activated charcoal (470 m2 g−1). It
was also more effective for the removal of pigments from
crude glycerol than the commercial charcoal. The method
employed using only filtration through activated charcoal after
the pretreatment with phosphoric acid to remove the KOH
furnished glycerol of 95.99% purity.
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