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a b s t r a c t
This study developed a new adsorbent based on Jerivá coconut (Syagrus romanzoffiana), palm native 
from the Brazilian Atlantic Forest, for application in the monocomponent removal of toxic metallic 
ions present in a synthetic water matrix, such as Ni2+, Cd2+, Cu2+, and Zn2+. The characterization 
and experimental data showed that the raw material of natural source is a potential adsorbent. 
The adsorption trials showed that the developed adsorbent has affinity for the metallic ions and they 
preferably followed the Langmuir model. The adsorption was influenced by temperature. Greater 
adsorption capacity occurred for Ni2+, followed by Cu2+, Cd2+, and Zn2+. The thermodynamic param-
eters, such as ∆H°, ∆S°, and ∆G° indicated endothermal, spontaneous, and favorable adsorption for 
ions Ni2+, Cd2+, and Zn2+, and non-spontaneous for Cu2+. The results demonstrated that the adsorbent 
has potential for use in the treatment process of supply water contaminated with toxic metals.
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1. Introduction

The accumulation of metallic ions in human bodies 
occurs mainly by ingesting food [1] or by the direct inges-
tion of contaminated water. In Brazil, consolidation of decree 
n° 5/2017, of the Ministry of Health, disposes on the con-
trol and surveillance procedures of the quality of water for 
human consumption and its potability standards [2].

Adsorption is a prominent process among the eco-
nomically feasible and effective technologies for remov-
ing trace amounts of metallic ions in water. According to 

Tounsadi et al. [3], adsorption using activated carbon is 
one of the simplest and most effective methods, which can 
be produced from various sources. However, the deple-
tion of this resource encourages research using renewable 
materials and natural sources.

Studies on low-cost adsorbents applied to the removal of 
toxic metals can be found in literature, such as the work of 
Sousa et al. [4], who evaluated the use of the husk of green 
coconut, a biodegradable agroindustrial residue, to remove 
Pb2+, Ni2+, Cd2+, Zn2+, and Cu2+ ions, shown to be a feasible 
alternative to treat potable water.
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Activated carbons are artificial materials characterized 
by the high surface area and a great volume of pores, in 
addition to presenting extensive surface chemistry, which is 
responsible for the significant adsorptive properties of the 
materials [5–7]. It is possible to develop activated carbons for 
distinct applications when the contaminant to be removed is 
known. Since the first studies conducted on the removal of 
metallic ions, activated carbon was doubtless the most pop-
ular and widely used as an adsorbent to treat water all over 
the world [7–9]. Despite its vast use, these adsorbents are still 
an expensive material, with cost proportional to its quality. 
Therefore, there is increasing interest in finding alternative 
adsorbents, seeking cost reduction without decreasing the 
efficiency of the adsorption process [10].

In recent decades, the industry of activated carbon has 
used materials derived from natural sources and a few agri-
cultural [11] and industrial [12] residues, with the objective of 
appreciating such residues or byproducts [6].

Natural materials are presented as potential low-cost 
adsorbent sources, given their availability in large quanti-
ties, often residues of agricultural operations [7,13–15], such 
as husks, sawdust, and wheat bran, offering low economic 
value and presenting problematic disposal [1,16]. Many 
authors report the adsorption of heavy metals using a vari-
ety of low-cost activated carbons, such as sugarcane bagasse 
[17], peanut husk [1], almond husk, rice peel ash [16], coconut 
fiber and husk [18,19], cellulose adsorbents,15 among others. 
According to Nabais et al. [6], the use of such materials corre-
sponds to the production of more than 300 thousand tons of 
activated carbon per year, being wood and coconut husk the 
most relevant materials.

Among the possible adsorbents from renewable natu-
ral sources, Jerivá (Syagrus romanzoffiana) is a palm of the 
Arecaceae family, native to the Atlantic Forest and associ-
ated ecosystems in Brazil, such as restinga, dense ombro-
phylouse forests, semi-deciduous seasonal forests, decid-
uous seasonal forests, or other forestry formations, such 
as ciliary forests, swamp forests, and cerrado, growing in 
locations of tropical climate and capable of tolerating low 
temperatures [20]. It is a single stalk palm, reaching up to 
20 m of height [21], and 30 m in the middle of the forest, 
with a stalk of 25–45 cm of diameter. The inflorescence is 
interfoliar, emerging from within a woody and fissured spa-
dix of up to 26 cm of length, held by the peduncle. When 
the spadix opens, thousands of flowers emerge, with fruits 
denominated Jerivá coconut. The external portion of the 
fruit is fleshy, ovulated, and of yellow or orange coloration 
[20]. Internally, it presents a small chestnut similar to coco-
da-baía [22]. It has abundant production of fruits in a wide 
period of the year.

This adsorbent development study using the Jerivá 
coconut is unprecedented. Understanding the production 
mechanisms of an efficient adsorbent, such as the produc-
tion of activated carbon, such as functional surface groups, 
surface area, solid density, and micrographs of the physical 
structure, is necessary to produce activated carbon from this 
fruit, in addition to evaluating the application potential of 
adsorbent carbon. Due to this, this study aimed at develop-
ing and characterizing a new adsorbent using the thermally 
treated Jerivá coconut, which is economically feasible, acces-
sible, and it presents the potential application for removing 

monocomponent toxic metals present in water supply and 
effluent.

2. Material and methods

2.1. Materials

The adsorbent used was obtained from the fruit, in the 
unripe phase, of Syagrus romanzoffiana. The fruit was col-
lected in the northern region of Rio Grande do Sul, Brazil. 
The solutions of metallic ions were prepared with deion-
ized water based on their respective salts: CdSO4·8/3H2O, 
CuSO4·5H2O, ZnSO4·7H2O, NiSO4·6H2O (Vetec), with pH 
of approximately 5.5 (pH was chosen based on the solu-
bility curve, concentration vs. pH for the metals studied). 
To read the concentration of the remaining metals in the 
solution, after adsorption, an atomic absorption spectrome-
ter of continuous high-resolution source was used, coupled 
to automatic sampler (AnalytikJena – ContrAA 700), using a 
validated methodology [23].

2.2. Methods

2.2.1. Adsorbent development

After harvest, the Jerivá coconut (Syagrus romanzoffiana) 
was taken for drying in an oven. Subsequently, the mate-
rial was ground, carbonized, and pyrolyzed at 500°C in 
furnace (Lavoisier, Model 400 D) for 2 h and 30 min, time 
determined by preliminary tests. After being carbonized 
and pyrolyzed, the adsorbent was sieved in 60 mesh, condi-
tioned in polyethylene flasks and stored in desiccator.

2.2.2. Adsorbent characterization

The adsorbent was characterized by the following tri-
als: particle size, moisture tests, volatile material, ashes, and 
fixed carbon. Experiments were conducted to determine 
the surface functional groups using the Boehm titrimetric 
method, Fourier transform infrared spectroscopy (FTIR), 
and point of zero charge (PZC) of the activated carbon. 
Helium gas pycnometry was used to determine the real den-
sity and porosity of the solid. The Brunauer–Emmett–Teller 
(BET) and Barrett–Joyner–Halenda (BJH) tests were con-
ducted to determine the surface area, pore volume, pore size 
distribution, and particle irregularity of the studied mate-
rial. Scanning electron microscopy (SEM) was used to obtain 
the micrographs of the physical structure of the sample.

2.2.2.1. Particle size

The determination of particle size was done by con-
ducting granulometric analysis, placing 100 or 200 g of 
activated carbon in sieves with standard mesh, which are 
mechanically agitated for at least 15 min (sieve agitator of 
the Minor Endecotts brand). The activated carbon retained 
in each sieve was separated and stored.

2.2.2.2. Moisture, volatile material, and fixed carbon contents

The moisture of the carbon was determined by heating 
the known mass at the temperature of 105°C in oven (Biopar, 
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Modelo B22ST), until stabilizing the weight. Moisture 
was obtained with the difference between the initial and 
final weights of the sample. After this stage, the remaining 
sample was placed in a furnace (Lavoisier, Model 400 D) 
at 950°C for approximately 5–7 min, cooled in desiccator 
and weighed, thus obtaining the volatile material content. 
To determine the ash content, the residual material of the 
previous analysis was placed in furnace, initially at room 
temperature, increasing until reaching 800°C, remaining 
until all the material was burnt. Subsequently, the residue 
was removed from the furnace, cooled in desiccator, and 
weighed. The contents of ash and fixed carbon were obtained 
by the difference between the initial and final weights [24].

2.2.2.3. Determination of the functional surface groups

The determination of the surface functional groups was 
done using the Boehm titrimetric method [25,26], in which 
2 g of the activated carbon sample was placed in contact 
with 50 mL of 0.1 N of the following solutions: NaOH, 
Na2CO3, NaHCO3, and HCl. The flasks were sealed and agi-
tated in Shaker (EQUILAM, model IB 9082A) for 24 h. After 
this period, the samples were filtered, obtaining aliquots 
of 10 mL. Respectively 15, 15, and 20 mL of the standard 
HCl (0.1 N) solution were added to the aliquot of NaOH, 
Na2CO3, and NaHCO3, along with the phenolphthalein 
indicator, performing a back titration with NaOH (0.1 N) 
solution. Phenolphthalein was added to an aliquot of HCl 
with further titration with standard NaOH (0.1 N) solution. 
The white tests (with no activated carbon) were performed 
according to the same methodology. The number of acid 
groups was determined considering that NaOH neutral-
izes the carboxyl, lactones, and phenolic groups; Na2CO3 
neutralizes carboxylic and lactone groups; and NaHCO3 
neutralizes only carboxylic groups. The carboxylic groups 
were determined by titrating the aliquot of Na2CO3. The lac-
tones groups were determined using the difference between 
the results of the Na2CO3 and NaHCO3 titration. The phe-
nolic groups were determined by the difference between 
the results found in the titration of NaOH and NaHCO3. 
The number of basic sites was calculated considering the 
amount of HCl that reacted with carbon. All solutions were 
standardized before the titrimetric trials.

Eq. (1) was used to calculate the acids group:

m
V N V V

Vg
t a bEq GA

am

al
( ) =

× × −( )  (1)

In which, Vb and Vam are the volumes of the NaOH 
standard solution expended in the titration of the white 
and aliquots, respectively (mL); Vt is the volume of HCl 
solution used in adsorption (mL); Val is the volume of the 
filtrated aliquot used for titration (mL), and Na is the concen-
tration of HCl solution.

Eq. (2) was used to calculate the basic groups:

m
V N V V

Vg
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am

al
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× × −( )  (2)

In which Nb is the concentration of the NaOH solution.

2.2.2.4. Fourier transform infrared spectroscopy

Attenuated total reflection (ATR) FTIR, was used to 
determine the surface functional groups of the samples. 
ATR is used since the analysis consists of a solid with 
adsorbent capacity. The samples were analyzed at room 
temperature, with a scanning range of 200–4,000 cm–1. The 
samples of the developed adsorbent material were washed 
in excess water to ensure the removal of possible contam-
inants. Subsequently, the samples were dried at 85°C for 
approximately 12 h to minimize the effect of moisture on 
the spectrum. The thermal drying of the carbon presented 
low-graduation not to alter the structure of the material. 
Posteriorly, samples were measured using an infrared 
spectrometer (SHIMADZU – Model IR Prestige 21, Greece).

2.2.2.5. Point of zero charge

The PZC indicates the pH value in which the solid 
presents charge electrically null on its surface, denoted by 
pHPZC. The surface of the adsorbent will be neutral when 
the pH value is equal to the pHPZC value. For pH values 
higher than that of the surface (pHPZC) of the adsorbent, the 
adsorbent becomes negatively charged, and for pH values 
inferior to pHPZC, there will be positive charges on the surface 
of the adsorbent [27,28]. The pHPZC was obtained by means 
of 12 solutions of 50 mL of deionized water added with ade-
quate amounts of HCl and NaOH in pH values ranging from 
1 to 12. Subsequently, 0.1 ± 0.0001 g of the adsorbent was 
added under agitation in the shaker at 140 rpm, for 24 h, at 
room temperature [27,28]. After 24 h, the pH was measured 
with pH meter of the Tecnopon brand.

2.2.2.6. Helium gas pycnometry

A helium gas pycnometry trial was conducted to deter-
mine the real density of the studied adsorbent. This trial was 
performed in Ultrapyc Pycnometer 1200e (Quantachrome 
instruments) from samples dried in an oven for 12 h at 100°C.

2.2.2.7. BET adsorption

BET adsorption isotherm was used to calculate the 
surface area of the microporous adsorbents. Created in 
1938, by Brunauer et al. [29] the method is based on the 
determination of the volume of nitrogen adsorbed at various 
pressures, at the temperature of liquid nitrogen, employed 
in the equation deduced by them, allowing the determina-
tion of the volume of nitrogen necessary to form a mono-
molecular layer over the adsorbed material. To do so, the 
volume of the monolayer is obtained by the volume of gas 
adsorbed at a certain pressure. To conduct the adsorption 
trial, approximately 100 mg of the sample of activated car-
bon were weighed and placed in a quartz crystal cell, in 
which the samples were prepared to remove the residual 
moisture and remaining volatiles present. To do that, the 
samples underwent a degassing process in a gas station of 
the equipment, in which they remained for 20 h, at 200°C, 
and under 0.1 mm Hg vacuum. After this treatment, the 
sample was conditioned in an analysis station, where it 
remained immersed in liquid nitrogen during all the trials 
to maintain thermal stability.
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2.2.2.8. Barrett–Joyner–Halenda

Barret et al. [30] developed a mathematical method 
denominated BJH, which is used until now to calculate the 
distribution of the pore sizes. The method uses the Kelvin 
equation and it assumes the progressive emptying of the 
pores filled with liquid, with the decrease in pressure. 
It can be applied for both adsorption and desorption, since 
the decrease in pressure begins where the pores are consid-
ered completely full, normally for P/P0 equal to 0.95, or at a 
pressure of 95% of saturation.

2.2.2.9. Scanning electron microscopy

The SEM is an equipment that allows obtaining struc-
tural information of several samples. A high-energy thin 
beam of electrons focuses on the sample surface, in which, 
when interacting, a part of the beam is reflected and col-
lected by a detector that converts this signal into a BSE image 
– backscattered electron image – or, in this interaction, the 
sample emits the electron, producing the SE (secondary 
electron) image. The emission of X-rays also occurs, pro-
viding the elementary chemical composition of a point or 
region of the surface, allowing the identification of prac-
tically any element present. The microscopic images were  
obtained using the SEM ZEISS, model EVO MA10 (Arcadia).

2.2.3. Adsorption thermodynamic – evaluation of the 
application potential of adsorbent carbon

Monocomponent adsorption equilibrium studies in 
batch reactor between the developed adsorbent and the 
metallic ions present in aqueous solution (Ni2+, Cd2+, Cu2+, 
and Zn2+), were performed at the temperatures of 23°C, 
33°C, and 43°C ± 1°C and at 150 rpm. 0.2 ± 0.0001 g of adsor-
bent (best result obtained in preliminary tests) were added 
to nine Erlenmeyers of 100 mL. To conduct the equilibrium 
trials, the solutions were prepared with the pure compo-
nents and distilled water in the following concentrations: 
100, 90, 80, 70, 60, 50, 40, 30, and 20 mg L–1, with pH adjusted 
at 5.5 ± 0.1. The pH was chosen based on the solubility curve, 
concentration vs. pH for the metals studied. The equilib-
rium time was obtained in preliminary tests. All adsorption 
trials were performed in duplicate.

The number of metallic ions adsorbed in the equilibrium, 
qe (mg g–1), in each Erlenmeyer, was calculated by Eq. (3), 
obtained by a mass balance.

q
C C V

we
e=

−( )×0  (3)

in which C0 is the initial concentration (mg L–1), Ce is the 
equilibrium concentration in the liquid phase (mg L–1), 
V is the volume of the solution (L), and w is the adsorbent 
mass (g).

The concentration of solute in the liquid and solid phases 
in the solid and liquid interface can be related by an adsorp-
tion isotherm. The most used equilibrium isotherm models 
are presented in Table 1.

In which the Langmuir parameter b (L mg–1) is a con-
stant related to the adsorption energy or net enthalpy, 

binding affinity of active sites [31]; qmax (mg g–1) is the max-
imum adsorption capacity on the monolayer; kF (L g–1) 
and nF (dimensionless) are empirical Freundlich parame-
ters, which depend on many experimental factors and they 
are related to the adsorption capacity and intensity of the 
adsorbent [32–36]. The Freundlich constant kF indicates the 
adsorption bonding strength. The value of nF is the het-
erogeneity factor that represents the distribution of the 
adsorption bonds and intensity [37].

To predict the favorability of the isotherm, the Langmuir 
parameters can be expressed in terms of a dimensionless 
separation factor, defined by Eq. (5). The isotherm is con-
sidered favorable when the Langmuir separation factor is 
between 0 < RL < 1, and the value of nF is between 1 < nF < 10.

2.2.3.1. Temperature effect

The thermodynamic adsorption parameters, such as ∆H° 
(enthalpy variation) and ∆S° (entropy variation), will be cal-
culated from the inclination and interception of the lnKc vs. 
1 T–1 curves for the adsorption of metallic ions of the Jerivá 
coconut adsorbent, respectively, using the following relation:

lnK H
RT

S
Rc = −

°
+

°∆ ∆  (7)

where ∆G° (free energy variation) will be calculated using 
the following relation:

∆ ∆ ∆G H T S° = ° − °  (8)

in which, R (8.314 J mol–1 K–1) is the constant of the gases, 
T (K) is the absolute temperature, and Kc (L mg–1) is the 
thermodynamics equilibrium standard defined by qe Ce

–1.

2.2.3.1. Non-linear regression analysis

In this work, all the parameters in the isotherm models 
were fit by non-linear regression using software STATISTICA 
10. To compare and evaluate the better fit to the experimen-
tal data, between the Langmuir and Freundlich models, 
besides determining the coefficient (R2), five different error 
functions were used. In each case, the isotherm parame-
ters were determined by minimizing the respective error 

Table 1
Isotherm adsorption models of metallic ions in the developed 
adsorbent

Isotherms Equations

Langmuir (Langmuir [65], 
Ruthven [32], Luz et al. [33], 
Shahbazi et al. [34])

q
q b C
b Ce
L e

L e

=
+
max

1 Eq. (4)

R
b CL
L e

=
+

1
1 Eq. (5)

Freundlich (Freundlich [66], 
Ruthven [32], Luz et al. [33], 
Shahbazi et al. [34])

q k Ce F e
nF=
1

Eq. (6)
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function across the liquid-phase concentration range using 
the solver add-in with Microsoft’s spreadsheet Excel (Excel® 
software for Office 365 MSO 32 bits (Microsoft, USA).

The sum of the squares of the errors (ERRSQ), hybrid 
fractional error function (HYBRID), Marquardt’s percent 
standard deviation (MPSD), the average relative error 
(ARE), and the sum of the absolute errors (EABS) were 
obtained as follows [31,38]:

ERRSQ:

ERRSQ calc meas= −( )
=
∑
i

p

e e i
q q

1

2

, , ; (9)

HYBRID:

HYBRID meas calc

meas

=
−

−( )













=

∑
100

1

2

p n

q q

qi

p
e e i

e
i

, ,

,

; (10)

MPSD:
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ARE:

ARE calc meas

meas

=
−

=
∑

100
1p
q q
qi

p
e e

e i

, ,

,

 (12)

EABS:

EABS calc meas= −
=
∑
i

p

e e i
q q

1
, ,  (13)

where qe,meas is the observation from the batch experiment 
i; qe,calc is the estimate from the isotherm; n is the number 
of observations in the experimental isotherm, and p is the 
number of parameters in the regression model. The smaller 
function value indicates the best curve fitting; however, due 
to the difference in scale among the error functions, it is 
necessary to normalize error functions (SNE) to perform it 
accurately [31].

3. Results and discussions

3.1. Adsorbent characterization

3.1.1. Physical characterization

The adsorbent used in this work was developed from 
the thermally treated Jerivá coconut (Fig. 1). The use of 
thermal treatment is justified by the mitigation of a few 
issues relative to the application of in natura lignocellulosic 
materials. According to Šoštarić et al. [28], the application of 
these in natura materials for adsorption processes presents 
additional disadvantages, such as low adsorption capac-
ity and component release to the solution. Therefore, such 
materials must be subjected to activations. Thus, the solu-
ble organic compounds are extracted, and the adsorption 

performances are improved. To obtain a good adsorption 
performance, after drying and grinding, the adsorbent was 
carbonated and pyrolyzed at 500°C in a furnace for 2 h 
and 30 min (best result obtained in preliminary tests).

After carbonating and pyrolyzing the adsorbent, it was 
selected in a range of intermediate particle size of 60 mesh, 
which presented better adsorption results in the prelimi-
nary tests. The influence of the adsorbent particle size for 
adsorbing metallic ions was also studied by Sousa et al. [4], 
who verified an increase in the adsorption capacity as the 
particle size decreased. Similar results were found in this 
work.

After particle size classification, the physical charac-
terization trials were conducted, during which 26.47% of 
volatile material (dry basis), low moisture (1.17% dry basis), 
low ash content (13.53% dry basis), and high fixed carbon 
content (58.83% dry basis) were found.

According to Grimwood and Ashman [35], the constit-
uents of the coconut husk included approximately 29% of 
lignin, 23% of cellulose, and 26% of pectin and hemicellulose, 
in addition to 5% of inorganic matter and 26% of volatile 
material, such as water compounds. According to Luz et al. 
[33], the results of low moisture, low ash content, and high 
fixed carbon content demonstrate that this adsorbent can be 
qualified as a good material for the adsorption process.

According to Šoštarić et al. [28], the advantage of 
using lignocellulosic materials to treat water is that cellu-
lose (which generally dominates the composition of these 
materials) presents good chemical stability and mechanical 
resistance due to its crystalline structure. However, cellulose 
has a limited number of hydroxyls available to bond with 
the metallic ions. This occurs because most of these groups 
are involved in the formation of a large number of inter 
and intramolecular hydrogen bonds.

Fig. 1. Jerivá coconut (Syagrus romanzoffiana).
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3.1.2. Determination of functional groups

When a solid such as a carbonaceous material is sub-
merged into water, it develops a charge on its surface from 
the dissociation of surface functional groups. This surface 
charge depends on the pH of the medium and the surface 
characteristics of the coal. The positive surface charge comes 
from the dissociation of acidic surface groups such as car-
boxylic and phenolic groups. The origin of the negative 
surface charge in coals without nitrogen groups is more 
uncertain, as it may come from basic oxygen groups, such 
as pyrones or chromenes, or from the existence of regions 
with high pi electrons in the graphemic layers, which act 
as a Lewis base. Thermal activation promotes basic groups 
on the surface of the adsorbent, as this procedure allows 
fixating oxygen in the active sites generated by the decom-
position of carboxylic acids, lactones, and phenolic groups. 
These new oxygen-containing surface groups are basic, 
such as pyrone groups, which result from the combination 
of ether-type oxygen groups and the rest of the carbonyl 
groups [36].

In this work, the thermally treated adsorbent showed 
basic functional groups (9.58 × 10–4 m Eq g–1) and acid sur-
face groups (2.82 × 10–4 m Eq g–1). Among the acid surface 
groups found, the activated carbon presented higher con-
tent of lactones (2.16 × 10–4 m Eq g–1), carboxyl and pheno-
lic groups (2.5 × 10–5 and 4.16 × 10–5 m Eq g–1, respectively). 
Similar results were found by Zhu and Kolar [37], who 
studied the removal of p-cresol in coconut husk activated 
carbon. Further details regarding the functional groups 
present on the surface of the newly developed adsorbent 
can be seen in the results of the FTIR characterization.

3.1.3. Fourier transform infrared spectroscopy

Infrared spectroscopy allows identifying compounds 
in a sample due to the vibration of the molecules in a 

certain number of waves [39]. The presence of functional 
groups such as C–O, C=O, C–H, and O=H is one of the 
main characteristics attributed to the presence of cellulose, 
hemicellulose, and lignin, characteristic of natural fibers [40].

Fig. 2 represents the infrared spectroscopy related to 
the sample of carbon material produced from the carbon-
ation and pyrolysis of the Syagrus romanzoffiana fruits.

The most prominent characteristic of this spectrum 
is the presence of a wideband at 3,450.6 cm–1. This region 
generally belongs to the elongation of the hydroxyl [41] 
–OH carboxyl and/or phenol [42] groups. It is known that 
the frequency region for bonds containing hydroxyl is 
found in the range of 3,800–2,700 cm–1 [43].

The spike at 1,635.64 cm–1 matches the presence of oxy-
genated (–C=O) and/or aromatic (–C=C–) (lignin) groups 
[39]. According to Baysal et al. [44] and Song et al. [45], 
they are generally found in the frequency between 1,600 
and 1,850 cm–1. The presence of aromatic groups (–C=C–) 
can also be reinforced by the presence of the aliphatic C–H 
group found in the spike at 2,956.87 cm–1 (3,000–2,800 cm–1) 
[45]. He et al. [41] evaluated the changes in physical prop-
erties of carbons, in which spikes in the frequency of 
1,000–1,800 cm–1 showed the presence of structures con-
taining oxygen. Aliphatic structures are commonly found 
in the range of 2,800–3,000 cm–1, and hydroxyls at 3,000–
3,600 cm–1 [45].

The spikes at 1,103.28 and 1,043.49 cm–1 suggest the 
presence of ether, phenolic, and alcohol groups, which, 
according to literature, are present in spikes between 1,300 
and 100 cm–1 [45,46].

Thus, it is believed that the analysis conducted in the 
infrared spectrometer, using the Jerivá carbon, reflects the 
presence of the groups above mentioned, which can be 
reiterated and observed in the data found by Silverstein 
et al. [43].

The results obtained from the FTIR analysis rein-
force those obtained in the determination of the surface 

Fig. 2. Fourier transform infrared spectroscopy (FTIR) of the Jerivá coconut.
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functional groups, which indicate the presence of basic 
and acid surface groups. The basic surface groups favor 
adsorption of metals, while acid surface groups, such as 
carbonylic, carboxylic, and phenolic, can develop a double 
layer on the surface of the adsorbent, also strengthening 
the adsorption of the studied metals.

3.1.4. Real density, pHPZC, and BET and BJH analyses

The real density of the material produced from Jerivá 
coconut was obtained by pycnometric analysis with helium 
gas, presented in Table 2, along with the results of BET 
and BJH area and charge point zero.

With the results obtained in the analysis of the density 
of the adsorbent material, it was possible to verify that it is 
very close to the densities obtained in studies using other 
materials. The activated carbon produced from Buriti seed, 
for example, presented real density of 1.759 kg m–3 [26]. 
Mohan and Gandhimathi [47] found an apparent density of 
2.510 kg m–3 using steering ashes of carbon as adsorbent. 
Kumar et al. [48] found the apparent density of 740 kg m–3 
for aerogel adsorbent.

For the point of zero charge analysis (pHPZC), a value 
of 8.6 ± 0.1 was obtained. It is worth noting that this 

parameter is extremely important, given that pH affects the 
adsorption of metallic ions. According to Appel et al. [49], 
the intensity of this effect can be higher or lower according 
to the charge of the surface of the adsorbent, which depends 
on its composition and characteristics. The pHPZC represents 
the character of the studied carbon, which can be acid, basic, 
or neutral, presenting, in this case, acid character, with a 
predominance of positive charges on the surface of the 
adsorbent. Observing the good adsorption capacity of this 
adsorbent (Table 3), and compared with literature results 
(Table 5), it can be said that the positive charges of the metal-
lic ions may be inducing some double layer adsorption on 
the surface of the adsorbent, which presents positive charges 
as well as negative charges that were generated by the  
thermal activation process.

The analysis of the structural property of the adsorbent 
includes the determination of the surface area, extension 
of the microporosity, and the distribution of the pore sizes. 
Fig. 3 represents the adsorption and desorption of nitrogen 
of the sample of the developed adsorbent.

By classifying the isotherms proposed by BET, the iso-
therm which represents the curve found in Fig. 3, by the 
adsorption of N2, is type II. The type II isotherm is char-
acterized by the formation of multiple layers of adsorbate 
molecules on the surface of the solid. This type, known 
as BET, has been found in non-porous solid systems [32]. 
The result is justified due to the low particle size presented 
by the adsorbent developed in this work for the adsorption 
of heavy metals.

The measures of relative pressure and adsorbed volume 
of the N2 gas are commonly used in many mathematical 
models to calculate the cover of N2 monolayer adsorbed to 
the surface of the adsorbent. The BET model was applied to 
the N2 adsorption data at the relative pressure of 0.05–1.00, 
when the cover of the N2 molecule monolayer is assumed 
to be complete, obtaining the surface area of the activated 
carbon [32].

The results of the textural characterization of the adsor-
bent demonstrated good surface area (107.57 m2 g–1), with 

Table 2
Results obtained for real density, BET and BJH area for the 
adsorbent produced from Jerivá coconut

Parameters Values

Real density 1,529.8 kg m–3

pHPZC 8.6 ± 0.1
Surface area 107.57 m2 g–1

Pore volume 0.048 cm–3 g
Mean diameter of the pores 34.5 Ǻ
Pore internal area 18.31 m2 g–1

Pore distribution 18–400 Ǻ

Table 3
Parameters of the Langmuir and Freundlich models

T (°C) Langmuir Freundlich

qmax (mg g–1) bL (L g–1) R2 nF kF R2

Cu2+

23 16.01 0.85 0.89 12.12 11.32 0.87
33 22.76 0.38 0.87 4.66 9.55 0.84
43 25.08 0.30 0.90 0.22 10.27 0.85

Ni+2

23 5.55 0.05 0.99 4.15 1.63 0.99
33 29.07 0.07 0.87 2.12 3.15 0.61
43 36.99 0.11 0.81 2.39 7.18 0.75

Cd+2

23 16.38 0.34 0.98 4.52 6.69 0.96
33 16.23 0.87 0.87 7.92 9.91 0.88
43 16.50 0.90 0.90 14.65 13.12 0.91

Zn2+

23 7.71 0.57 0.97 7.33 4.60 0.87
33 8.01 0.74 0.74 11.40 7.90 0.74
43 9.71 0.98 0.90 18.38 7.60 0.72
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pore distribution between the minimum value of 18 Ǻ 
and the maximum value of 400 Ǻ, presenting most pores 
between 20 and 50 Ǻ. Singh and Balomajumder [50] found 
a surface area of 81.82 m² g–1 in coconut husk activated 
carbon, stating that, for this value, the surface area of the 
material can be used as an adsorbent. Šoštarić et al. [28] 
found a surface area of 15.4 m2 g–1 for native apricot husk 
and 20.4 m2 g–1 for apricot husk treated with alkali. Alves 
et al. [51] found a surface area of 754 m2 g–1 for adsorbent 
from the babassu epicarp and mean pore size (20.79 Å). 
In this case, it was possible to remove micropollutants of 
a real matrix from the public water supply. Therefore, 
with the results obtained for BET, BJH, and real density, 
it is possible to verify the potential to apply the devel-
oped material in the adsorption processes of contaminated  
water.

Table 5
Comparison of some heavy metals adsorbed on various adsorbents material from a natural source

Adsorbent Modifying agent (s) Heavy metal Temperature (K) C0 (mg L–1) qmax (mg g–1) Source

Apricot husks
Alkaline pre-treatment 
NaOH

Pb2+

323 6–120

22.19

[28]
5.06

4.24Zn2+

Cu2+

Buriti fibers
Alkaline pre-treatment 
NaOH

Cd2+

301 100–500

635.00

[55]
159.62

153.75Ni2+

Cu2+

Coconut husk No treatment
Cu2+

293 100–500

443.0

[18]
404.5

338.0Ni2+

Zn2+

Mustard peel No treatment Cd2+ 293 1–5 42.85 [56]

Cellulosic waste 
orange peel

No treatment Cu2+ 293 10–40 63.30 [59]

Cashew nut shells No treatment
Cu2+

303
10–50 20.0 [57]
10–50 18.9 [59]Ni2+

Coconut shells NaOH and H2SO4
Cr2+

303 5–300
18.7 [62]

19.9 [63]Cu2+

Corncob No treatment Cd2+ 298 5–120 5.1 [63]

Orange peel Grafted copolymer
Cd2+

303 50–1,200
293.3

[58]
162.6Ni2+

Lemon peel No treatment

Cu2+

301 100–800

70.92

[64]

37.87
Pb2+ 27.86
Zn2+ 80.00
Ni2+

54.64Cd2+

Fig. 3. N2 adsorption and desorption isotherm for Jerivá coconut 
activated carbon.
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3.1.5. Scanning electron microscopy

The images of the activated carbon surface were 
obtained using SEM, in the magnifications of 250; 507; 1,070; 
and 2,000 times, and they are presented in Fig. 4. In Fig. 4, it 
is possible to verify a rough surface, confirming the results 
of the structural characterization, in which the distribution 
of pore sizes ranged from 20 to 50 nm, with a predominance 
of mesopores (intermediate diameter of approximately 
34.5 nm).

3.2. Adsorption thermodynamic equilibrium

The adsorption equilibrium provides fundamental infor-
mation to elucidate the applicability of the adsorption pro-
cess [52]. The adsorption study was conducted with the 
objective of determining the maximum adsorption capacity 
of metallic ions by the developed adsorbent and evaluating 
its efficiency. The time consumed until reaching the equilib-
rium between the solution compounds and the adsorbent 
was obtained in preliminary tests (30 min), with similar 
results found by Malik et al. [18], who studied the adsorption 
of copper, nickel, lead, and zinc in aqueous solution using 
coconut husk adsorbent.

The initial pH of adsorption for all metals studied in the 
monocomponent solution was 5.5 ± 0.1. After the adsorp-
tion equilibrium experiments, the pH found for the studied 
metals were: 6.9 ± 0.1 for Cu2+, 7.3 ± 0.1 for Cd2+, 7.6 ± 0.1 
for Ni2+, and 7.3 ± 0.1 for Zn2+. These results are consistent 
as the point of zero of charge found for this adsorbent was 
8.6 ± 0.1. This high value of pHPCZ causes an increase in the 
pH of the solution after equilibrium. This same behavior 
was observed in Liu et al. [53] and Huang et al. [54].

Therefore, the number of contaminants removed per 
mass unit of the adsorbent solid was determined by Eq. (3). 
All results experimentally obtained for adsorption equi-
librium of metallic ions Cu2+, Ni2+, Cd2+, and Zn2+ in the 
temperatures of 23°C, 33°C, and 43°C were adjusted using 
the minimum square method of software STATISTICA 10, 
according to the Langmuir and Freundlich models (Table 1). 
The values of bL (L mg–1), qmax (mg g–1), kF (L g–1), nF (dimen-
sionless), and respective determination coefficient (R2) were 
calculated considering the 95% confidence level, and they 
are shown in Table 3.

The approach of determination of the isotherm param-
eters for the four metallic ions by nonlinear regression 
appears to give acceptable fits to the experimental data 
with respective regression coefficients (R2 values) close 

 

 
Fig. 4. Scanning electron microscopy in the magnifications of 250; 507; 1,070; and 2,000 times.
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to unity, as shown in the Tables 3. Overall, the Langmuir 
model the highest R2 values, whereas the Freundlich val-
ues are considerably lower. The values of R2 indicate that 
the Langmuir isotherm model obtained better fit to the 
experimental data (R2 varying between 0.89 and 0.99). 
But comparison for better fit to the experimental data, 
between the Langmuir and Freundlich models using only 
R2 is not sufficient. Therefore, a statistical analysis was also 
performed using different error functions, which indicated 
the significance between the Langmuir and Freundlich 
models. The parameter sets were determined by nonlinear 
regression using the five different error functions as detailed 
earlier. The process of minimizing the respective error 
functions across the experimental concentration ranges 
examined yields the isotherm parameters. The isotherm 
parameters so obtained, along with the values of the error 
measures for each isotherm and the final sum of the nor-
malized error values (SNE), are presented in full in Table 4.

A comparison of the scaled errors can be undertaken, 
and hence, identification can be made of the isotherm con-
stants, which would provide the closest fit to the measured 
data.

The comparison and analysis of the parameters of the 
isotherms that best fit the experimental data were made 
with a view to the data sets presented in Table 4. For Cu2+ 
ion, the lowest normalized error values (SNE) at 23°C and 
33°C were better approximated by HYBRID; and at 43°C by 
EABS. At 23°C, the lowest SNE was obtained from Langmuir 
isotherm parameters and at 33°C and 43°C, the SNE is close 
to and within the 95% confidence interval, that is, within 
the error range of 5% for both models studied. Thus, the 
parameters that best approximate the experimental data of 
the metallic ion Cu2+ at temperatures 33°C and 43°C are the 
parameters obtained from the parameters of both Langmuir 
and Freundlich isotherms; and at 23°C they are based on 
Langmuir isotherm parameters.

At temperatures of 23°C and 43°C the metallic ions Cd2+ 
and Zn2+ presented lower SNE for HYBRID and at 33°C for 
EABS and ARE, respectively. Despite being close to 23°C, the 
lowest values were based on the Freundlich isotherm para-
meters. At 33°C and 43°C the SNE of Cd2+ was lower from 
Langmuir isotherm parameters. The SNE of Zn2+ at 33°C 
and 43°C are within the 95% confidence level, so the param-
eters that best approximate the experimental data are both 
Langmuir and Freundlich isotherms.

The metallic ion Ni2+ demonstrates lower SNE values 
at 23°C for ERRSQ, 33°C for MPSD, and 43°C for HYBRID. 
The SNE at 43°C from the Langmuir and Freundlich iso-
therm parameters, although close, the lowest SNE was found 
from the Freundlich isotherm parameters. On the other 
hand, the differences between the SNE at 23°C and 33°C are 
within the 5% error range, indicating that the parameters 
that best approximate the experimental data of Ni2+ may be 
Langmuir and Freundlich isotherms.

Therefore, at 33°C and 43°C, the parameters that best 
approximate the experimental data of the metallic ion Cu2+ 
are from both Langmuir and Freundlich models, for Cd2+ 
the Langmuir model and for Zn2+ for both Langmuir and 
Freundlich models. At 23°C, Cu2+ was best approximated 
by the Langmuir model for Cd2+ and Zn2+ by the Freundlich 
model. The metallic ion Ni2+ at 23°C and 33°C, both Langmuir 

and Freundlich models and at 43°C, was better approximated 
by the Freundlich model.

Figs. 5a–d show the results of the experimental adsorp-
tion isotherms for the studied metals, presenting the best 
result of the adjustments, obtained by the Langmuir model 
from minimum errors calculated and shown in Table 4.

Considering that the temperature of 43°C presents 
the best adsorption of metallic ions Cu2+, Ni2+, Cd2+, and 
Zn2+, it was observed by regression coefficients (R2 values) 
that the Langmuir isotherm was the model that best fit the 
experimental data. On the other hand, by analyzing the 
five error functions shown in Table 4, for the ions Cu2+ and 
Zn2+, both Langmuir and Freundlich isotherms fit well with 
the experimental data, and for Cd2+ Langmuir’s isotherm 
model and for Ni2+ Freundlich’s isotherm model presented 
a better fit, respectively. The adsorption of ions Cu2+, Ni2+, 
Cd2+, and Zn2+ by the developed adsorbent demonstrated 
that the Langmuir isotherm model obtained better fit to the 
experimental data, with R2 varying between 0.89 and 0.99.

The data of the dimensionless separation factor, com-
monly known as Langmuir parameter RL, ranged from 0.01 
to 0.54, indicating favorable adsorption for all studied metal-
lic ions. The Freundlich parameter nF revealed no favorable 
adsorption for any of the studied metallic ions (1 < nF < 10).

Regarding the temperature with higher adsorption 
capacity, it can be seen in Tables 3 and 4 that qmax has the 
highest value for the temperature of 43°C. Similarly, it can 
also be checked via kF except for Cu2+. The maximum adsorp-
tion capacity is an important characteristic to know the 
performance of the adsorbent. The adsorption of the studied 
metallic ions with the developed adsorbent was endother-
mal. The parameters demonstrated in Table 4 show a bet-
ter adsorption capacity for Ni2+ (36.99 mg g–1), followed by 
Cu2+ (25.08 mg g–1), Cd2+ (16.50 mg g–1), and Zn2+ (9.71 mg g–1), 
for the highest temperature studied (43°C).

Table 5 presents some literature results of the metallic ions 
adsorption under adsorbents obtained from natural source 
raw material, showing the maximum adsorption capacity for 
some metals under certain experimental conditions.

Through Table 5, we verify that Šoštarić et al. [28] 
found a maximum adsorption capacity for metallic ions of 
22.19 mg g–1 for Pb2+, 5.06 mg g–1 for Zn2+, and 4.24 mg g–1 
for Cu2+ when studying alkali-treated apricot husks at a tem-
perature of 50°C. de Melo et al. [55] demonstrated a maximum 
adsorption capacity for metallic ions of Cd2+ (635.00) > Ni2+ 
(159.62) > Cu2+ (153.75) mg g–1 using buriti fibers subjected 
to an alkaline pre-treatment at a temperature of 28°C (ini-
tial metallic ions concentration was 100–500 mg L–1). Studies 
conducted by Malik et al. [18] demonstrated a maximum 
adsorption capacity of metallic ions of 443 mg g–1 for Cu2+, 
404.5 mg g–1 for Ni2+, and 338 mg g–1 for Zn2+, for the coconut 
husk adsorbent. According to these authors, who used the 
initial concentrations from 100 to 500 mg L–1 of the metal-
lic compounds, the maximum adsorption capacity increases 
according to the increase in concentration of adsorbate 
and adsorbent mass, increasing the motor strength for 
transportation. The studies conducted by Meena et al. [56] 
demonstrated maximum adsorption capacity for the Cd2+ 
ion in the mustard peel of 42.85 mg g–1. Guiza [57] obtained 
maximum adsorption capacity for Cu2+ in Orange peels 
of 63.30 mg g–1. Feng et al. [58] performed an orange peel 
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polymeric treatment for the adsorption of Cd2+ and Ni2+ 
ions, achieving maximum capacities in the order of 292.3 
and 162.6 mg g–1, respectively. The studies of Kumar et al. 
[59,60] revealed a maximum adsorption capacity of 20.00 
and 18.89 mg g–1 for adsorbent made from cashew nut shells 
without any chemical modification in the removal of metal-
lic ions Cu2+ and Ni2+, respectively. Acid and alkaline mod-
ified coconut shells were also used in the adsorption of Cr2+ 
(18.7 mg g–1) [61] and Cu2+ (19.9 mg g–1) [62]. Leyva-Ramos 
et al. [63] investigated the application of corncobs to remove 
Cd2+ at concentrations ranging from 5 to 120 mg L–1, finding 
5.1 mg g–1 as maximum adsorption capacity. The study of 
Thirumavalavan et al. [64] demonstrated that lemon peels 
can be used to remove metallic ions since the authors have 
been able to obtain significant adsorption capacities for dif-
ferent metals such as Cu2+ (70.92 mg g–1), Pb2+ (37.87), Zn2+ 
(27.86 mg g–1), Ni2+ (80.00 mg g–1), and Cd2+ (54.64 mg g–1).

3.2.1. Effect of temperature

Fig. 6 shows the lnKc plot vs. 1 T–1 of the studied metals 
under the carbon obtained from the Jerivá coconut. It was 

verified that the adsorption of the metallic ions increases 
according to the increase in temperature (from 23°C to 
43°C). The increase in adsorption capacity proportionate to 
temperature indicates an endothermic process. The increase 
in adsorption may be attributed to either increase in the 
number of active surface sites available for adsorption on 
the adsorbent or the desolvation of the adsorbing species 
and the decrease in the thickness of the boundary layer sur-
rounding the adsorbent with temperature, so that the mass 
transfer resistance of the adsorbate in the boundary layer 
decreases. At higher temperatures, the possibility of solute 
diffusion within the pores of the adsorbent may not be over-
looked. Since diffusion is an endothermic process, greater 
adsorption will be observed at higher temperatures [57]. 
Thus, the diffusion rate of ions in the external mass transport 
process increases with temperatures. The results demon-
strated above were further substantiated by the various 
adsorption thermodynamic parameters evaluated (Table 3).

The adsorption thermodynamic parameters such as 
∆H° (enthalpy variation) and ∆S° (entropy variation) were 
determined with the inclination and interception of the Vant 
Hoff graphic vs. 1 T–1 (Fig. 6).
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Fig. 5. Adsorption isotherm of the metallic ions in aqueous solution using the developed adsorbent: (a) Cu2+, (b) Ni2+, (c) Cd2+, and 
(d) Zn2+. The best adjusted isothermal parameters; Temperatures of 23°C, 33°C, and 43°C (±1°C); w = 0.2 ± 0.0001 g; pH = 5.5 ± 0.1; 150 rpm.

 
Fig. 6. Vant Hoff graphic of the adsorption of metallic ions.
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Table 6 presents the thermodynamic parameters ∆H°, 
∆S°, and ∆G° for the adsorption of metallic ions under 
the developed adsorbent. It is possible to verify that Ni2+, 
Cd2+, and Zn2+ presented positive ∆H° values, indicating 
that the adsorption process is endothermal, while Cu2+ 
obtained negative value, indicating an exothermal process. 
The endo thermal process can also be confirmed by observ-
ing the results of the maximum adsorption capacity (qmax) 
in Table 4, which increases according to the increase in 
solution temperature.

The results for ∆S° were positive for Ni2+, Cd2+, and Zn2+, 
indicating adsorbent affinity. The negative sign for Cu2+ can 
be related to the decrease in the degree of freedom of the 
solid/liquid interface during adsorption. The results for 
∆G° were negative for Ni2+, Cd2+, and Zn2+, which indicates 
a spontaneous adsorption process for the three metallic 
ions evaluated at different temperatures, with the exception 
of Cu2+.

Therefore, the results presented in this work, that 
the increase in temperature (23°C to 43°C) increases the 
adsorption process of metallic ions using Jerivá coconut 
adsorbent, was also verified for other adsorbents in the lit-
erature. In the same manner as Liu et al. [53] the adsorption 
of ions Cu2+, Ni2+, and Zn2+ in the temperatures of 30°C, 60°C, 
and 80°C, and as Malik et al. [18], in the removal of ions 
Cd2+, Pb2+, Hg2+, Cu2+, Ni2+, Mn2+, and Zn2+, in the tempera-
tures of 20°C and 30°C.

4. Conclusions

The new absorbent developed from the Jerivá coconut 
presents good characteristics for the adsorption of metallic 
ions of synthetic water, with promising application variabil-
ity in water supply and effluent treatment.

The greatest adsorption capacity occurs for Ni2+, fol-
lowed by Cu2+, Cd2+, and Zn2+. The results of the character-
ization analyses of the developed adsorbent show that the 
basic surface groups favor the adsorption of the metals 

and that the acid surface groups strengthen the adsorp-
tion of the studied metals. In the pHPZC study, it was veri-
fied, predominance of positive charges on the surface of the 
adsorbent, and that along with the negative charges caused 
by the thermal activation process, they may be promoting 
double-layer adsorption.

It was possible to verify the potential for application 
of the developed adsorbent in adsorption processes by 
means of the surface area (107.57 m2 g–1) and real density 
(1,529.8 kg m–3).

The adsorption was strongly influenced by temperature. 
The increase in adsorption along with temperature can be 
attributed to an increase in the number of active surface 
locations available for adsorption in the adsorbent or in the 
desolvation of the chemical species, and in the decrease of 
the thickness of the limit layer surrounding the adsorbent 
with the temperature, for the transfer mass resistance of 
the adsorbate in the limit layer to decrease. The thermody-
namic parameters, such as ∆H°, ∆S°, and ∆G° confirm the 
endothermal, spontaneous, and favorable adsorption of ions 
Ni2+, Cd2+, and Zn2+, and non-spontaneous for ion Cu2+.

The values of the isothermal parameters b, qmax, kF, and 
nF were calculated considering 95% confidence level, ana-
lyzed by the value of the determination coefficient (R2) and 
statistical analysis using different error functions to minimize.

It can be concluded that Langmuir isotherm is a 
model that closely approximates experimental data, and 
Freundlich isotherm is a model that approximates exper-
imental data at some temperatures. That is, the Langmuir 
model best fitted the experimental adsorption data of the 
metallic ions Cu2+ at 23°C, 33°C, and 43°C, Cd2+ at 33°C and 
43°C, Zn2+ at 33°C and 43°C, Ni2+ at 23°C and 33°C; and the 
Freundlich model best fitted the experimental adsorption 
data of the metallic ions Cu2+ at 33°C and 43°C, Cd2+ at 23°C, 
Zn2+ at 23°C, Ni2+ at 23°C, 33°C, and 43°C.

When compared to other adsorbents presented in the 
literature, the Jerivá coconut adsorbent presented good 
efficiency in the removal of toxic metals. Therefore, it has 
great application potential for the treatment of water.
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