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A B S T R AC T

The aim of the present study was to investigate the effi  ciency of chemical treatments for peach 
palm sheaths, targeting the treatment of Pb(II) contaminated aqueous effl  uents. The modifi -
cation was done with sodium hydroxide and citric acid to introduce carboxyl groups. Pb(II) 
adsorption was evaluated in function of pH, contact time, metal concentration, desorption abil-
ity and thermodynamic factors. An infrared adsorption peak was observed at 1740 cm–1 due 
to the presence of carboxyl groups. The required time for the system to reach equilibrium was 
about 150 min, and the Pb(II) adsorption followed a pseudo-second-order kinetic model. The 
Langmuir model showed the best fi t for the adsorption data. The maximum adsorption capac-
ity and minimum desorption rate values of 65.32 mg g–1 and 74.72%, respectively were obtained 
for the NaOH-modifi ed peach palm sheath. After using the chemical treatment, the adsorbent 
properties improved and the system became more spontaneous, as confi rmed by low Gibbs 
energy values.
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1. Introduction

Lead is considered to be one of the major envi-
ronmental pollutants discharged mainly in effl  uents 
from industries (e.g., foundries, batt ery, paper and 
cellulose manufacturing) [1,2]. Besides having a high 
polluting potential, residues containing these metals 
can reach groundwater, reservoirs or rivers, which are 
water sources for the population [3], and contaminate 

human beings and other living organisms in the local 
environment.

Due to their toxicity and cumulativeness in the 
organism, these metals may cause several types of dis-
eases, such as allergic dermatitis and ulcers, possibly 
aff ecting the human immune system [4]. Considering 
this fact and also the high contamination eff ects on the 
environment, the CONAMA (Brazilian National Coun-
cil for the Environment) Resolution no. 357/2005 regu-
lates the maximum concentration level of these toxic 
metals in the environment; for Pb(II) it was established *Corresponding author.
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at 0.5 mg L–1, the same value was set by the EPA (US 
Environmental Protection Agency) [5].

Thus, the metal removal from water and effl  uents 
has become extremely important to protect public health 
and the environment [6,7].

Therefore, since there is a demand for balanced, sus-
tainable and alternative wastewater treatment technolo-
gies, the use of biomass as a biosorbent material has been 
pointed out to remove toxic metals by adsorption [8].

These technologies should present low operational 
cost and high pollutant removal effi  ciency. Besides, 
materials from renewable sources could be utilized. 
Hence, residues from agricultural activities have raised 
great interest over the past years [9].

Among the studies on toxic metal removal from 
wastewater by biomass, some noteworthy ones are: the 
use of tea leaves [10], Aspergillus fl avus [11], Rhizopus 
arrhizus [12], beet pulp [13], rice hulls [14], bean shells 
[15], Pinus sylvestris sawdust [16], to name but a few. 
Apart from them, palm residues seem promising mate-
rials for this kind of study, since palm harvesting gener-
ates about 54–82 tons of green mass (residue) per acre 
[17]. This biomass shows great capacity to retain metal 
ions through adsorption, which increases signifi cantly 
in the case of chemical modifi cations [18]. Therefore, 
the aim of the present study was to investigate the effi  -
ciency of chemical treatments for peach palm sheaths 
in order to estimate their bett er adsorption capacity – 
ability to retain toxic metals, particularly Pb(II) from 
wastewater.

2. Experimental

2.1. Reagents

Deionized water (Milli-Q Plus) was used for all 
procedures. Pb(II) solutions were prepared utilizing 
Pb(NO3)2 (Vetec, 98 %). To perform chemical modifi ca-
tions of the biomass and pH adjustments, the following 
reagents were used according to the protocol: NaOH 
(F. Maia, 97%), HCl (F. Maia, 37%), citric acid (F. Maia, 
99.5%) and KCl (F. Maia,  99.5%).

2.2. Equipment

A Fourier transform infrared spectrophotometer 
(FTIR-8300, Shimadzu, Japan) at 4 cm−1 resolution was 
used to characterize possible alterations in the resi-
due chemical structures. The peach palm biomass sur-
face images were obtained using a scanning electron 
microscope (SEM, Quanta 200, FEI, Japan) at 30 kV 
in order to verify superfi cial changes in the residues. 
A fl ame atomic absorption spectrophotometer (GBC 
932PLUS, Australia) was used to determine the Pb(II) 
amount.

2.3. Residue modifi cation

Peach palm sheaths were obtained at a private 
estate located in Umuarama-Paraná, Brazil. They were 
washed, ground and later dried in an air ventilation 
oven at 60 °C to withdraw moisture from them. Then, 
the materials were sieved through a 42-mesh Bertel 
sieve to standardize  and obtain homogeneous granu-
lometry to carry out two modifi cations (A). The modifi -
cation with NaOH aims to remove residual impurities 
and also promote the extraction of lignin present in this 
material, thereby increasing the porosity of the adsor-
bent. Adding citric acid causes an esterifi cation reaction 
in the residue, possibly increasing the amount of bind-
ing sites with the metal ion.

2.3.1. Modifi cation with NaOH (B)

To perform the modifi cation with NaOH , 20 mL 
of 0.1 mol L–1 NaOH solution was added to the dried 
ground sheath. The mixture was agitated for 120 min, 
and the supernatant was discarded and sent to a spe-
cialized company to be treated. After that, the residue 
was washed several times with ultrapure water (Milli-
Q) until reaching pH 7 and dried in an oven at 55 °C 
for 24 h.

2.3.2. Modifi cation with NaOH and citric acid (C)

After treated with NaOH, the peach palm sheath res-
idue was modifi ed with citric acid (C6H8O7), according 
to the procedure recommended by Rodrigues [19]. The 
peach palm sheath residue was immersed in a 1.2 mol 
L–1 citric acid solution (proportion: 8.3 mL of solution/1 
g of sample), agitated for 30 min, and then the super-
natant was discarded. The residue was washed several 
times with ultrapure water (Milli-Q) until reaching pH 7 
and dried in an oven at 55 °C for 24 h.

2.4. Points of zero charge – PZC

PZC is defi ned as the pH at which the biomass sur-
face has a neutral charge. In this study, the methodology 
chosen to determine the PZC was the one described by 
Guilarduci [20]. This procedure consisted of mixing 0.5 
g of the biomass with 50 mL of an aqueous solution at 
diff erent initial pH values (1, 2, 3, 4, 5, 6, 8, 9, 10, 11 and 
12), adjusted using HCl and NaOH solutions. Besides, 
the solution ionic strength varied by adding three KCl 
concentrations (0.01, 0.1 and 0.5 mol L–1) which resulted 
in three PZC values for each biomass sample. After reach-
ing equilibrium (24 h), the fi nal pH was measured, allow-
ing constructing a fi nal pH vs. initial pH plot based on 
these data, and the PZC pH, related to the fi nal pH con-
stant value, was determined. All analyses were carried 
out in triplicate.
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residue samples A, B and C and 50 mL of the Pb(II) 
solution (700 mg L–1) were mixed. The pH was fi xed 
at 5.0, the agitation time was 8 h, and the following 
temperatures were established: 10, 20, 30, 40 and 60 °C. 
After that, the thermodynamic parameters –enthalpy 
(H), Gibbs free energy (G) and entropy (S) – were 
calculated: according to the procedure described by 
Gök and Chakravarty [21,22].

2.5.5. Desorption

Pb(II) desorption rates were also evaluated. The 
desorption experiments were preceded by Pb(II) 
adsorption tests. 100 mg L–1 Pb(II) solution and 0.5 g of 
residues A, B and C were mixed at pH 5 and agitated for 
8 h. After the adsorption assays, the residue was washed 
with Milli-Q water to remove any metal excess from the 
surface, and then the material was dried in an oven at 
50 °C for 24 h. Next, the residues were immersed in 25 
mL of 0.1 mol L–1 HCl solution for 24 h to remove the 
adsorbed metal, and fi nally, the Pb(II) concentration and 
desorption rate were determined.

3. Results and discussion

3.1. Adsorbent characterization

Initially, the analysis of modifi ed and unmodifi ed 
adsorbent samples was carried out with and without 
modifi cation using infrared spectrometry, which pro-
vides information on cellulose, hemicellulose and lignin 
functional groups that may be present in the adsorbent 
structure and cause changes in it. Fig. 1 shows the spec-
tra for residues A, B and C.

The strong wide band at 3402 cm–1 is att ributed to the 
O–H stretch vibration. The peak at 2518 cm–1 refers to 

2.5. Pb(II) adsorption experiments

2.5.1. Adsorption as a Function of pH

The Pb(II) adsorption assays were performed in 250 
mL Erlenmeyer fl asks by mixing the metal solution in a 
heterogeneous medium of materials. 0.5 g of natural (A) 
and modifi ed (B) materials (C) were separately added to 
50.00 mL of the studied Pb(II) solution at an initial con-
centration of 100 mg L–1. The pH of the mixture ranged 
from 2 to 6, and it was adjusted with 0.1–1 mol L–1 NaOH 
and HCl solutions. After that, the mixture was agitated 
in a shaker for 24 h and fi ltered through folded paper 
fi lter in a funnel. The metal concentration was evalu-
ated by fl ame atomic absorption spectrometry, and the 
adsorbed metal content was determined according to 
the mass conservation principle expressed as follows:

0 eq
eq

( )C C V
q

M
−

=   (1)

where C0 and Ceq are the metal initial and equilibrium 
concentrations, respectively, in the solution (mg L–1); 
V is the solution volume (L); M is the residue sample 
mass (g).

2.5.2. Adsorption as a function of time

In order to observe the metal adsorption as a func-
tion of time, 0.5 g of biosorbent material was mixed with 
the Pb(II) solution at 100 mg L–1 initial concentration and 
pH 5. The agitation speed was 300 rpm, and the agita-
tion time ranged from 15 to 1440 min. In total, 10 mea-
surements were performed. From the obtained data, the 
amount of adsorbed Pb(II) per gram of sample (qeq) was 
calculated. 

2.5.3. Adsorption isotherms

Solutions with diff erent Pb(II) concentrations (100–
1000 mg L–1) were used to obtain isotherms. For the 
adsorption, 50 mL of Pb(II) solutions were mixed indi-
vidually with 0.5 g of each peach palm sheath sample 
(A, B and C) and agitated in an orbital shaker for 4 h. The 
solution pH was adjusted by NaOH or HCl and kept 
constant at 5.0. Then, the mixtures were fi ltered, and 
the solutions were analyzed by fl ame atomic absorp-
tion spectrometry in order to determine the initial and 
fi nal metal concentrations. From the obtained data, the 
amount of adsorbed Pb(II) per gram of sample qeq was 
calculated.

2.5.4. Adsorption as a function of temperature

Thermodynamic parameters were obtained from 
an analysis of the Pb(II) adsorption as a function of 
temperature. To carry out these experiments, 0.5 g of 

Fig. 1. Infrared spectra of peach palm sheath residues (A), 
(B) and (C).
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the C–H stretch vibration. The wavenumber for the car-
bonyl group adsorption in compounds containing ester 
and carboxyl groups is approximately 1740 cm–1 [23].

The peak at 1421 cm–1 can be att ributed to the C=O 
stretch [24]. The peaks observed at 871–771 cm–1 confi rm 
the presence of aromatic rings and C–H ethyl groups 
[25]. It can be pointed out that for the sample modifi ed 
with NaOH, the emergence of a peak at 765 at 601 cm–1 
refers to the fl exion outside the O–H stretch of the aro-
matic ring, indicating that this modifi cation has caused 
the appearance of new aromatic sites containing O–H 
bonds in their structure that may interact with the metal 
ions in the solution.

Thus, the existence of hydroxyl, carbonyl and car-
boxyl groups in the peach palm sheath residues can 
be verifi ed. An alteration in peak intensity at 1740 
cm–1 was observed for the modifi ed material, indicat-
ing an increase in the carboxyl group amount. These 
data corroborate the study performed by Rodrigues 
[19] in which the appearance of carboxyl groups was 
demonstrated for the metal adsorption on NaOH- and 
citric-acid-treated Paraju sawdust. These groups are 
important because they become negative depending on 
pH variation, and contribute to greater interactions with 
the metal ions [26].

3.2. Morphological characterization

The images of the peach palm sheath residue sur-
faces are presented in Fig. 2. They were obtained by 
scanning electron microscopy (SEM) and magnifi ed 
6000 times. When analyzing the obtained SEM images, 
it can be observed that all the samples have similar 
morphological characteristics, evidencing a fi brous and 
irregular nature as well as formation of fi ber layers over-
lapping tubes, channels and cracks, which allow adsorp-
tion areas. When comparing Fig. 2(A) and (B), the latt er 
presents a larger surface area. This fl at surface favors 
the adsorption on the walls of tubes and cracks as it 

increases the apparent surface area. Even after the reac-
tion with citric acid, the porosity profi le of the material 
can be observed as demonstrated in Fig. 2(C).

Mercerization can cause the breaking down of sur-
face tension and cellulose defi brillation, as observed in 
Fig. 2(B) and (C), increasing the available surface area 
of contact with the liquid matrix. Moreover, it facilitates 
access to the hydroxyl groups present in cellulose chains 
[27]. This morphology promotes adherence of the metal 
ions present in the aqueous solutions to various sections 
of the biosorbent irregular surface.

3.3. Point of zero charge (PZC) determination

PZC describes the condition when the electrical 
charge density on a surface is zero, and it was deter-
mined herein for the biomass in order to check the pH 
at which the biosorbent surface charge changes from 
predominantly positive to negative. In the present 
study, PZC was evaluated based on the methodology 
proposed by Guilarduci [20]. The adsorption capacity 
of the sheath samples is related to their ion exchange 
capacity, chelation and physical adsorption [28]. 
According to Aksu [29], in general, these mechanisms 
involve surface groups which are able to capture and 
retain metal species in an aqueous medium where they 
can be modifi ed by pH variation aff ecting the adsorp-
tion process. Therefore, through PZC determination, a 
preliminary study of the peach palm sheath acid–base 
behavior in the aqueous medium was carried out. The 
results are shown in Fig. 3 for 0.5 mol L–1 KCl only, 
because the values obtained for the other concentra-
tions are almost the same, indicating that the ionic 
strength did not change PZC.

PZC pH values were found to be 8.55 for residue 
B, 2.75 for residue C and 4.42 for residue A, thus, char-
acterizing  the surface buff ering eff ect for which the 
PZC of the peach palm sheath was considered. For the 
solutions at pH lower than the PZC, the residue would 

Fig. 2. Micrographs of peach palm sheath residues (A), (B) and (C).
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present predominantly a positive surface charge, and 
at pH higher than the PZC, the liquid surface charge 
would be negative.

It was observed that the pH was above 7.0 only for 
residue B which could be explained by the possible pres-
ence of residual sodium hydroxide in the palm fi bers, 
although the material was washed until the water had 
pH of approximately 7.0.

3.4. pH eff ect

pH has a direct eff ect on metal ion adsorption, result-
ing in the competition between metal and H+ ions for 
active sites. Its dependence on adsorption of metal spe-
cies by biomass can also be justifi ed by association–dis-
sociation of certain functional groups, such as carboxyl 
groups [30]. At low pH values, the carboxyl groups are 
not dissociated and cannot be linked to the metal ions in 
the solution, although they may participate in chelation 
reactions [31]. This behavior is evident in Fig. 4 which 
represents the results of Pb(II) adsorption as a function 
of pH values. Thus, there was an increase in the adsorp-
tion capacity when increasing the pH, and the maxi-
mum values were obtained at around pH 5.0 for residue 
B (71.14 mg g–1) and residue C (64.20 mg g–1), and at pH 
6.0 only for residue A (31.63 mg g–1).

Therefore, pH 5.0 was fi xed for the other experi-
ments, since the formation of some Pb(II) precipitates 
was observed at pH 6.0. However, this pH value (5.0) 
was below the PZC for residue B (8.55); this indicates 
that the biomass surface would be predominantly 
positive, contradicting the presented values, because a 
metal ion has positive charge, and the ion would not be 

att racted by the adsorbent as this surface is also posi-
tively charged [32]. Nevertheless, in the modifi cation 
(B) of the residue, apart from increasing the adsorbent 
porosity, the higher adsorption capacity may be related 
to the increasing number of hydroxyl groups which pos-
sibly chelate the metal ion.

3.5. Adsorption time eff ect

The eff ect of contact time in Pb(II) adsorption by the 
palm sheath is shown in Fig. 5. It was verifi ed that the 
Pb(II) adsorbed amount increased during the fi rst 150 
min of contact, and the adsorption stability occurred 
within 150–500 min. After this time, the biosorption 
process reached equilibrium and did not present a sig-
nifi cant variation of the Pb (II) adsorbed amount when 
increasing the contact time.

Fig. 4. pH eff ect on Pb(II) adsorption by peach palm sheath  
residues (A), (B) and (C).

Fig. 5. Pb(II) adsorption kinetics for peach palm sheath  resi-
dues (A), (B) and (C).

Fig. 3. Point of zero charge (PZC) characterization of peach 
palm sheath residues (A), (B) and (C). KCl concentration: 0.5 
mol L–1.
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The highest Pb(II) adsorbed amount was 69.59 mg 
g–1 for residue B, 59.04 mg g–1 for residue A and 53.14 
mg g–1 for C, as seen in Fig. 5. It was determined that the 
Pb(II) adsorption was greater on residue B than on the 
other adsorbents, corroborating the data obtained from 
the experiments on Pb(II) adsorption as a function of 
pH. This result is mainly a consequence of increases in 
the number of hydroxyl groups (Fig. 1) as well as in the 
material surface porosity (Fig. 2).

Considering the kinetic data, each adsorbent can be 
characterized by using pseudo-fi rst-order and pseudo-
second-order kinetic models. The pseudo-fi rst-order 
kinetics follows the Lagergren model expressed by Eq. 
(2) [27–33].

eq eq)( − = −q q q K tlog log
2.303t

1  (2)

where qt is the metal adsorbed amount (mg g–1) at time 
t; K1 is the pseudo-fi rst-order constant (min–1). qeq and K1 
can be calculated using linear and angular coeffi  cients of 
the log (qeq – qt) vs. t plot, respectively. It can be observed 
that the qeq values obtained experimentally diff er from 
those calculated with Eq. (2). Besides, the r2 values are 
far from unity, suggesting that the adsorption did not 
follow the fi rst-order equation. Therefore, the pseudo-
second-order model (Eq. (3)) was applied to assess the 
Pb(II) adsorption kinetics for the peach palm sheath 
residues [34].

eq eq

= +t
q K q

t
q

1
t 2

2  
(3)

where K2 is the pseudo-second-order constant (g mg–1 

min–1) obtained from the linear coeffi  cient of the t/qt vs. 
t plot, since qeq can be evaluated through the angular 
coeffi  cient. The calculated and experimental qeq, K2 and 
r2 values are shown in Table 1. They prove that bett er 
adjustments can be made using the pseudo-second-

order model (Eq. (3)), as the values obtained through 
it are close to those determined experimentally, and 
consequently, r² values close to unity, confi rming that 
the speed control mechanism was based on a strong 
interaction between the adsorbent and adsorbate, thus, 
indicating the availability of more energetic adsorption 
sites [35].

In many cases, the pseudo-fi rst order kinetic model is 
not an appropriate method. It is predominantly used at 
initial stages of adsorption processes in order to describe 
a reversible reaction at equilibrium between liquid and 
solid phases [36].

3.6. Adsorption isotherms

It was observed that the adsorption capacity and 
intensity values increased for residue B, showing that 
the characteristics of this adsorbent were improved after 
its treatment (Fig. 6). The NaOH/citric acid-modifi ed 
sample (residue C) did not cause a signifi cant increase 

Fig. 6. Pb(II) adsorption isotherms for peach palm sheath 
residues A, B and C.

Table 1
Pb(II) adsorption pseudo-fi rst-order and pseudo-second-order kinetic parameters for peach palm sheath residues

 qeq(exp.)  Pseudo-fi rst-order   Pseudo-second-order

  K1 (10-3) qeq(cal.) r2 K2 (10-3) qeq(cal.) r2

A 61.36 2.24 2.87 0.42 3.45 61.35 0.99

B 69.79 0.95 1.70 0.22 8.83 69.83 0.99

C 53.61 5.39 4.76 0.48 3.87 53.76 0.99

Obs.: A, B and C stand for the peach palm residues.
qeq (exp.) and qeq(cal.) values are expressed in mg g–1.
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in Pb(II) adsorption, and the values obtained for this 
residue were lower than those determined for resi-
due A. Although the presence of carboxyl groups was 
assumed, their insertion was not enough to cause bett er 
Pb(II) adsorption. The reverse was observed for residue 
B, where the metal sorption capacity increased probably 
due to two factors: (1) the availability of greater amount 
of hydroxyl groups; (2) the increase of material porosity, 
as previously discussed.

Pb(II) adsorption was adjusted to the Langmuir (Eq. 
(4)) and Freundlich (Eq. (5)) models.

eq eq

eq

1

m m

C C
q q b q

= +  (4) 

where b is the adsorption intensity constant; qm is the 
maximum adsorption capacity.

eq f eq
1log log logq K C
n

⎛ ⎞= + ⎜ ⎟⎝ ⎠
  (5)

where Kf is the adsorbate–adsorbent affi  nity parameter; 
n is the adsorbent surface heterogeneity factor. If 1 < n 
<10, then favorable adsorption takes place [37].

The Langmuir model assumes that there is no inter-
action between adsorbed molecules, but there is only 
interaction between them and the adsorbent; besides, 
it considers that adsorption occurs onto monolayers at 
homogeneous fl uid–solid interfaces. The Freundlich 
model is based on the idea that metal ions are infi nitely 
accumulated onto the adsorbent surface [38], and it sug-
gests that the adsorption energy decreases logarithmi-
cally with the solute surface coverage, thus diff erently 
from Langmuir equation [39].

According to the values obtained from each model 
(Table 2), it can be seen that the Pb(II) adsorption 
behavior on the peach palm sheath residues is bett er 
described using the Langmuir model (near-unity r² val-
ues). Furthermore, for all the samples, the n values are 
greater than unity, indicating that Pb(II) adsorption was 
favorable.

Correlating the qm values obtained for the residues of 
the present study with those determined by other stud-
ies on Pb(II) adsorption by various biosorbents, it can 
be observed that the highest Pb(II) adsorption capacity 
value (65.32 mg g–1) belongs to residue B when com-
pared to other adsorbents (Table 3), being around 1.7–8 
times. This value was defi ned by the Langmuir isotherm 
– a model widely used to estimate the adsorption capac-
ity (qm) of several chemical elements and species, even at 
high concentrations [40].

3.7. Thermodynamic parameters

The thermodynamic parameters: enthalpy (ΔH), 
entropy (ΔS) and Gibbs free energy (ΔG), which deter-
mine whether the adsorption process was spontaneous, 
exothermic or endothermic, were evaluated according to 
Eqs. (6) and (7). The obtained values are given in Table 4.

dlnG RT KΔ = − ⋅   (6)

dln ( / ) ( / )1/K S R H R T= Δ − Δ   (7)

where Kd is the adsorbate distribution coeffi  cient (L g–1) 
corresponding to the qeq-to-Ceq ratio; T is the temperature 
(K); R is the universal gas constant (8.314 J (K. mol)–1).

The linear coeffi  cient, ΔH and ΔS values were esti-
mated by plott ing ln Kd versus 1/T and calculating the 
straight line slope. The ΔG variation values – a funda-
mental criterion for spontaneity of processes – were 
all negative, meaning that Pb(II) adsorption process 
occurred spontaneously at any given temperature 
[46–48].

Table 2
Comparison of Langmuir and Freundlich isotherm 
parameters for Pb(II) adsorption by the peach palm sheath 
residues

 Langmuir   Freundlich

 qm (mg g–1) b (L mg–1) r2 Kf (mg g–1) n r2

A 43.31 7.29–2 0.990 1.88 2.13 0.984

B 65.32 1.20–2 0.942 4.44 2.30 0.667

C 36.06 1.99–3 0.975 0.47 1.70 0.970

Obs.: A, B and C stand for the peach palm sheath residues.

Table 3
Comparison of various biosorbents for Pb (II)

Adsorbents qm (mg g–1) References

Peanut shell 39.40 [41]

Coconut shell 11.40 [42]

Sawdust 21.05 [43]

Nut peel 8.08 [44]

Sugarcane bagasse 30.70 [45]

B – NaOHa 65.32 Present study
aNaOH-modifi ed peach palm sheath (Residue B).
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For residue B (Table 4), a decrease in the ΔG value 
was observed, becoming more negative when compared 
to the other residues. Therefore, it was noticed that Pb(II) 
adsorption was more favorable for this type of modifi -
cation. It was verifi ed that the adsorption was more 
spontaneous for residue B which presented the highest 
qm value, related to the increase in the system sponta-
neity when increasing the metal adsorption capacity, as 
shown in Table 2.

The positive ΔH values obtained for residues A 
and C show that this adsorption process was endo-
thermic, and, only for residue B, it was exothermic. 
The ΔS values higher than zero, observed for residues 
A, B and C, demonstrate an increase in disorder at 
the solid–solution interface, indicating that entropy 
contributed to the adsorption reaction spontaneity for 
these samples.

3.8. Pb(II) desorption

The Pb(II) desorption experiments were performed 
using 0.10 mol L–1 HCl solution. Under this condition, 
H+ ions are expected to substitute the cation adsorbed 
through the ion exchange mechanism.

The desorption results are presented in Table 5, dem-
onstrating that over 70% of the adsorbed metal species 
was desorbed individually from all the tested materials, 
which means that Pb(II) adsorption by the peach palm 

Table 5
Pb(II) adsorption-desorption values for peach palm sheath 
residues (Pb(II) initial concentration: 100 mg L–1)

Material Adsorbed  Desorbed Desorption
 concentration  concentration rate (%)
 (mg L-1)  (mg L-1)

A 79.76 61.79 77.46

B 91.20 68.15 74.72

C 87.39 71.54 81.86

Obs: A, B and C stand for the peach palm sheath residues.

Table 4
Thermodynamic parameters obtained from Pb(II) 
adsorption results for  peach palm sheath residues

 Kd
* ΔG (kJ mol–1)a ΔH (kJ mol–1) ΔS (J K–1 mol–1)

A 4.77 –11.24 9.75 72.30

B 7.13 –16.78 –4.04 48.26

C 4.03 –9.49 9.53 64.97

Obs: A, B and C stand for the peach palm sheath residues.
aValues calculated at 30 °C.

sheath residues was mainly reversible. Thus, after being 
used, this biomass can be dried and reutilized or possi-
bly incorporated into concrete blocks, reinforcing them 
in order to prevent environmental pollution.

4. Conclusion

The chemical modifi cations of the peach palm sheath 
were verifi ed by the alterations observed in the infrared 
spectra and the porosity increase determined via SEM. 
The Pb(II) adsorption capacity depended on pH, and the 
greater effi  ciency was obtained at pH 5.0. Residue B was 
more effi  cient in spite of presenting the PZC pH value 
higher than 5.0. The system reached the equilibrium after 
150 min, and the residues followed the pseudo-second-
order kinetic model. The maximum adsorption capacity 
value of 65.32 mg g–1 was obtained for residue B using 
Langmuir equation. Considering the thermodynamic 
parameters, the Pb(II) adsorption process was determined 
as spontaneous, causing the increase in disorder. Bett er 
desorption values obtained for the residues indicate their 
reusability, especially for residue C, which presented 
Pb(II) desorption value of 81.86%. Therefore, peach palm 
residues showed good sorption capacity and may be uti-
lized in the future to pre-treat Pb(II)-containing effl  uents.
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