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Evaluation of kinetic and thermodynamic parameters in adsorption of lead
(Pb**) and chromium (Cr’*) by chemically modified macadamia (Macadamia
integrifolia)
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ABSTRACT

This study aimed to analyze the efficiency of in natura and chemically modified with sodium
hydroxide macadamia mesocarp as alternative adsorbents for removal of Pb** and Cr’* from
aqueous medium. The effect of chemical modification on the in natura macadamia mesocarp with
respect to chemical structure and morphological feature were verified by Fourier transform
infrared spectroscopy, scanning electronic microscopy, and zero point charge. The best adsorp-
tion occurred when pH ranged from 4.0 to 5.0. The adsorbent-adsorbate equilibrium time was
found to be at 200 min and followed the pseudo-second-order kinetic model. The maximum
adsorption capacity of the modified mesocarp for Pb** and Cr’* was found to be 91.40 and
81.63 mg g ', respectively. The thermodynamic parameters indicated an increase of the system
spontaneity after the modification, corroborated by the negative values of Gibbs” energy. Besides
greater adsorption, the modified material also had greater ion desorption, approximately 94%
for Pb?* and 70% for Cr**, and may be reutilized as a retention filter for metals in the future.

Keywords: Biosorption; Heavy metals; Macadamia integrifolia; Modified chemically

1. Introduction that are needed to supply the demand for new
products [1]. Companies that manufacture leather,
electroplating industries that produce stainless steel,
and textile industry are among the industries that are
liable for this kind of contamination due to their

The contamination by toxic metal has been increas-
ing in the past decades due to the industrial activities
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residues containing Pb** and Cr®". As a result, soil,
water, and sediment can be contaminated by these met-
als [2,3]. Lead is recognized worldwide as a poisonous
metal to human health and can cause several effects on
the central nervous system, blood pressure, kidneys,
and the reproductive system [4-6]. So, the guidelines
for the maximum allowed of Pb** in natural water sam-
ples (Class 1) established by CONAMA (National
Council for the Environment—Brazil, 2005) is
1.0 pug L', while the United States Environmental Pro-
tection Agency (US EPA) recognize Pb** as a primary
contaminant in drinking water, being not allowed any
concentration of this element in water [5,7]. Cr>* is con-
sidered an essential nutrient that can potentiate insulin
action and therefore influences carbohydrate, lipid, and
protein metabolism [8]. However, when high concentra-
tion of Cr®* is absorbed by human organism, it may
become toxic. Besides, when introduced to the environ-
ment, they quickly react with organic compounds,
spreading easily and causing more contamination [9].

Therefore, several methods to treat industrial efflu-
ents containing metal ions have been used including
reverse osmosis, chemical precipitation, filtration, ion
exchange, phytoremediation, electrodialysis, and coag-
ulation. However, the applicability of these methods
generally is limited due to incomplete ion removal,
capital and high operational costs, low selectivity,
toxic residue generation, or other residual products
that are difficult to remove [10,11]. Adsorption at
solid/solution interfaces is certainly one of the most
effective, inexpensive, and simplest techniques for
removing transition metal ions from aqueous media
[12]. This phenomenon occurs by adsorbate transport
from the bulk solution to the adsorbent surface con-
trolled by diffusion or adsorption process. The diffu-
sion can take place across the liquid film surrounding
the sorbent particles or through the sorbent pores
[13,14]. The most solid adsorbent materials involves
active coal, zeolite, and silica gel, but these materials
have high cost, making researchers seek for alternative
byproducts from agriculture such as rice hull, coconut
shell, hazelnut shell, nutshell, cottonseed shell, grape
stem, tree barks, sawdust, nut skin, peanut skin, and
sugarcane bagasse [15,16]. The utilization of these
materials has been satisfactory for the removal of
pollutants in aqueous flows, especially for heavy and
dyeing metal ions [17,18]. macadamia shell is one of the
alternative agro industrial materials that can be used
in the future because its byproduct corresponds to
77% of the fruit and it has been studied only for the
active coal preparation for adsorption [19].

The macadamia tree (Macadamia integrifolia Maiden
and Betche) belongs to the Proteaceae botanical family,
native from the tropical jungles of Australia [20]. From
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the several macadamia genera that produce edible nuts,
only M. tetraphylla and M. integrifolia, which better
adapts to the tropics, are commercially relevant [21].
The macadamia fruit is a follicle made of the carpel
(exocarp and mesocarp), shell (endocarp), and nut
(embryo). The nut is still little known in Brazil, but
very much appreciated in the international market.
The nut oil is mainly used by the cosmetics and
pharmaceutical industries. It has been relevant to the
food industry because it has high nutritional value
and can be eaten raw or roasted [22].

Thus, the aim of the present research was to study
the applicability of in natura and chemically modified
with sodium hydroxide macadamia mesocarpas alterna-
tive adsorbents for Pb*" and Cr’* adsorption from
aqueous medium. The chemical modification of natu-
ral adsorbent was performed in order to improve its
adsorption capacity.

2. Materials and methods
2.1. Reagents

All the chemical products used in this study were
of analytical grade. The solutions of Cr** from Cr
(NO3); and Pb*" from Pb(NO;), (Vetec, 99%) were
prepared with deionized water. The solutions of
0.1 mol L™! hydrochloric acid (HCI) (F. Maia, 37%)
were used to adjust the pH of solutions. Solution of
0.1 mol L™! sodium hydroxide (NaOH) (F. Maia, 97%)
was utilized to modify the mesocarp and to adjust the
pH of solutions.

2.2. Adsorbent and chemical modification

The in natura mesocarp (M-Nat) was obtained in
the region of Umuarama, PR, Brazil, grounded and
sieved (Bertel sieve, 24 mesh). This material was sub-
mitted to chemical modification with sodium hydrox-
ide (M-NaOH), using 20.0 mL of sodium hydroxide
solution at 0.1 mol L™" concentration for each gram of
the material. The mixture was agitated for 2 h and the
supernatant was discarded. Next, the residue was
washed with deionized water until the rinsing water
reached pH close to 7.0; then, it was dried at 55°C for
24 h. This procedure was done to remove any impu-
rity that could interfere in the effluent quality, increase
the porosity of material, as well as to create new
chemical groups available to adsorb metal ion, as
already has been documented [23].

2.3. Characterization of adsorbents

The
Fourier

characterized
(FTIR)

adsorbents
Transform

were
Infrared

utilizing
spectroscopy;
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potential of zero pHg, and scanning electronic micro-
scopy (SEM). Infrared transmission spectra were
recorded in the 400-4,000 cm ™’ using a FTIR-8,300
FTIR spectrophotometer from Shimadzu (Kyoto,
Japan) at 4 cm ™" resolution and using the conventional
KBr pellet. The zero charge potential (pHp.,) was
determined to calculate pH where the surface charge
of the material surface is zero. Therefore, 0.5 g of in
natura residue (M-Nat) and modified residue
(M-NaOH) were agitated with 50.0 mL of KCl solution
at 0.1 mol L™" at different pH values (2.0, 3.0, 4.0, 5.0,
7.0, and 8.0). After 24 h, the final pH of supernatant
was measured. Finally, a pHgna (supernatant) x pHip;.
tial plot was constructed. Micrographs were obtained
to observe the morphological features of the byprod-
ucts (M-Nat; M-NaOH). The samples were deposited
on a double-sided carbon adhesive tape fixed in a tin
sample support. Afterwards, the samples were coated
with gold until the coating was 30 nm thick, utilizing
a Baltec Scutter Coater SCD 050 (Germany). The
images were obtained using a scanning electron
microscope, FEI Quanta 200 (Netherlands), 30 kV.

2.4. Adsorption experiments
2.4.1. Adsorption as a function of pH

After the characterization, the materials were
evaluated as adsorbents for Pb*" and Cr’" using batch
procedure [24]. The first studied factor that play
important role on the adsorption was the pH. The
experiment was carried out in triplicate by stirring
50.0 mL of Pb** or Cr’* solutions at 700.0 mg L™" con-
centration with 0.5 g of macadamia mesocarp (M-Nat
or M-NaOH) during 24 h. The sample pH was ranged
from 2.0 to 6.0. After the stirring time the mixture was
filtrated and the Pb** or Cr’* concentrations in the
supernatant was determined by flame atomic absorp-
tion spectrometry (GBC 932 plus). Then, the amount
of adsorbed metal per gram of residue (g.q) was deter-
mined using the Eq. (1).

Co—Ceq)V
Jeq = ( M q) (M
where Cy and Cq are the initial and equilibrium con-
centrations of the metal in the solution (mgL™),
respectively, V is the solution volume and M, the
residue mass.

2.4.2. Adsorption kinetics

To carry out Pb** or Cr’* adsorption kinetic stud-
ies for macadamia mesocarp (M-Nat or M-NaOH),
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50.0 mL of solutions at 700.0 mgL™" concentration
under optimized pH (pH 5.0), were stirred with 0.5 g
of adsorbents at room temperature for 15 up to
500 min. The samples were then filtrated and analyzed
using a GBC 932 plus flame atomic absorption
spectrometer.

2.4.3. Adsorption isotherms

The maximum adsorption capacities of adsorbents
with respect to Pb*" or Cr’* were determined from
experimental isotherms. The experiments were carried
out in closed polyethylene flasks at room temperature
using 0.5 g of each adsorbent added to 50.0 mL of
100.0-1000.0 mg L' Pb** or Cr’* solutions at pH 5.0.
The mixture was stirred for 8.0 h under pH 5.0. The
mixtures were filtrated and the solutions were ana-
lyzed in a flame atomic absorption spectrometer,
model GBC 932 plus.

2.5. Thermodynamic studies

Thermodynamic parameters related to the energy
changes associated with the adsorption process
between the adsorbate and adsorbent including AH
(enthalpy variation), AS (entropy variation), and AG
(variation of Gibbs’ energy) were also determined.
Therefore, at pH 5.0, 0.5 g of adsorbents were stirred
with 50.0 mL of Pb** or Cr** solutions at 700.0 mg L™
concentration in the range of 10-80°C for 8 h. Again,
the mixtures were filtrated and the solutions were
analyzed in a flame atomic absorption spectrometer
(GBC 932 plus).

2.5.1. Elution/desorption

In order to assess the reuse of adsorbents, desorp-
tion experiment was performed. Thus, 0.5 g of adsor-
bents were stirred with 50.0 mL of solutions of Pb** or
Cr’* at 100 mg L™ concentration during 8 h. Then, the
solutions were filtrated and the ion concentration was
analyzed. Afterwards, the macadamia residues were
washed in deionized water repeatedly and dried for
24 h in an air oven at 50°C. The desorption process
was carried out by adding 25.0 mL of 0.1 mol L™ HCI
to the macadamia residues previously dried and sub-
mitted to stirring for 24 h. The liquid was filtrated and
analyzed in a GBC 92-plus model flame atomic
adsorption spectrometer and, through the results; the
percentage of desorbed metal was obtained.

For all experiments, the mean and standard devia-
tion were calculated using the software Biostart 5.0.
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3. Results and discussions
3.1. Characterization of adsorbents

The profile of infrared spectra for M-Nat and
M-NaOH byproducts were very similar and are
shown in Fig. 1. The main absorption signals were
observed at 3,402, 2,920, 1,740, 1,650, 1,151, and
1,054 cm™". The presence of strong broad band at
3,402 cm ! is attributed to the OH vibration and the
peak at 2,920 cm™' corresponds to the vibrational
stretching of (C-H) linking. The peaks located at 1,730
and 1,640 cm™' are characteristics of carbonyl group
stretching from aldehydes and ketones [25]. The peak
at 1,151 cm™! indicates the C-O stretching. The strong
bands at 1,054 cm ' confirmed the presence of
polysaccharides [26]. The absence of signal at
1,740 cm™" for M-NaOH byproduct indicates the
hydrolysis of carbonyl groups by NaOH addition [27].

After the modification, there was no emergence of
new functional groups, besides the ones that already
existed in in natura material, except for a change in
the peak shape at 1,421 cm™', referring to carbonyl
groups [23].

The micrographs of adsorbents are shown in Fig. 2.
According to the images of in natura mesocarp (Fig. 2(a)
and (b)), few cracks can be observed in the material
when compared to the modified mesocarp ones
(Fig. 2(c) and (d)). The morphological modification of
mesocarp surface was due to hydrolyses of some func-
tional groups present in the material. Similar results
have been observed after chemical treatment of by pro-
duct from agricultural using sodium hydroxide [27].

The pHpinar (supernatant) X pHinitia1 plot is shown
in Fig. 3 and makes possible to determine the point of
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Fig. 1. Infrared spectrum of macadamia mesocarp: M-Nat
(in natura mesocarp), M-NaOH (mesocarp modified with
sodium hydroxyl).

17741

zero charge representing the pH value, at which the
electric charge density on the material surface is zero.
As can be observed, the value of PHpc, became con-
stant at 6.0 and 7.7 for in natura mesocarp (M-Nat)
and modified mesocarp (M-NaOH), respectively.
Thus, when the pH solution is lower than the pH,.,
there is predominance of positive superficial charge in
the residue, and when the pH is higher than the
pHpez, the superficial liquid charge is negative. It can
be noticed that, after the modification with sodium
hydroxyl, there was a significant increase of the
superficial charge value of the material; this can be
attributed to the sodium hydroxide on the shell, even
after the material had been washed until the rinsing
water had pH 7.0 [24].

3.2. Adsorption experiments
3.2.1. Adsorption as a function of pH

The values of gq in function of pH for the residues
(M-Nat and M-NaOH) are represented in Fig. 4. After
the modification, a significant improvement on metal ion
adsorption was observed, mainly for Pb*" ion. This
occurred owing to the availability of new binding sites
that are able to interact with metal. It was also verified
that metal ion adsorption was lower in acid medium due
to the protonation of binding sites, which makes the ana-
lyte adsorption less effective. The best adsorption of both
metal ions on M-NaOH was found to be in the range
4.0-5.0. It is important to stress out that although the
value of pHy,, for M-NaOH was found to be 7.7, the best
Pb** and Cr’* adsorption occurred at pH 5.0. Thus, the
adsorption phenomena may be explained not only by
electrostatic interactions, but also by other processes as
complex formation with metal ions. Thus, pH 5.0 was
chosen to carry out the other adsorption experiments.
Furthermore, at pH 6.0, the Pb** and Cr** salts can be
cconverted to hydroxide species [24].

3.2.2. Adsorption kinetics

The Fig. 5 shows the adsorption kinetics built at
optimized pH (pH 5.0).

As one can see from Fig. 5, the equilibrium time
was reached at 200 min, which is considerably lower
than other adsorbents such as sugarcane bagasse and
Saccharomyces cerevisine with 24 h and 48 h, respec-
tively [24,28].

To describe the adsorption kinetic behavior of the
adsorbents towards Pb** and Cr®*, kinetic models
including pseudo-first-order, pseudo-second-order,
Elovich, and intra particle diffusion were applied to
the experimental data [28-33].
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Fig. 2. Mesocarp micrographs: in natura (a and b); modified with NaOH (c and d). Images a and ¢ were magnified 800x,

and images b and d, 3000x.

The kinetic parameters for pseudo-second-order
models are presented in Table 1. It can be observed that
the mesocarp for both metal ions follows the pseudo-
second-order models since better regression coefficient
were obtained ranging from 0.98 to 0.99, this model,
indicates that the adsorption speed is proportional to
the lower adsorption rate processes. Besides, it can be
verified that the calculated values of g.q for the pseudo-
second-order model were very similar to the experi-
mental values, indicating that this model would be the
most compatible to this adsorption. The other models
had regression coefficient below the 0.95.

3.2.3. Adsorption isotherms

The isotherms of adsorption were used to describe
the relationship between the amount of adsorbate taken
up by the adsorbent (g.) and the adsorbate
concentration remaining in the solution after the system

attained the equilibrium (C,), in this case 200 min. Fig. 6
shows the isotherms of residues (M-Nat and M-NaOH)
carried out at room temperature.

We can see that the adsorption capacity of
M-NaOH-Pb** is higher than that of M-NAT-Pb**, so
does Cr’*, this may be due to insertion of negative
groups in the residue, with maximum adsorption
capacity of 90.0 to the Pb’*and 80.0 mgg ' to the
Cr’*. There are several isotherm models to analyze
experimental adsorption equilibrium data. In this
work, the models of Langmuir, Freundlich, Dubinin—
Radushkevich (D-R), and Temkin, were applied
[34-38].

Analyzing the values of Table 2, where the adsorp-
tion isotherm parameters are represented, it was veri-
fied, based on regression coefficients, that Langmuir
model is the best isotherm for both metal ion Pb** and
Cr’* on residues (M-Nat and M-NaOH). The other
models had determination coefficient below of the
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Fig. 3. Values of initial and final pH obtained in the
experiment of pH,., measurement of potassium chloride
(KCD) at 0.1 mol L™". M-Nat (in natura mesocarp), M-NaOH
(mesocarp modified with sodium hydroxide). Temperature:
25°C.
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Fig. 4. Effect of the pH on Pb*" and Cr®* adsorption in
macadamia mesocarp: M-Nat (in natura mesocarp), M-
NaOH (mesocarp modified with sodium hydroxide).
Experimental conditions: metal ion concentration at
700 mg L', agitation time: 24 h, temperature: 25°C.

values for Langmuir. Thus, the maximum adsorption
capacity (g,) were found to be 91.4 and 81.6 mgg '
for Pb*" and Cr**, respectively, when using the modi-
fied mesocarp (M-NaOH). were calculated, and after
Pb** ion modification, it had the greatest adsorbed
amount of 9140 mgg ', when compared to Cr’*
(81.63 mg g™ ). These values are close to the maximum
adsorption measured experimentally. Pb** was mostly
adsorbed onto materials in comparison to Cr’*
probably due to its higher electronegativity and ionic
radius [39].
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Fig. 5. Amounts of adsorbed Pb** and Cr’* per gram of
residue (qeq) in function of time (minutes). M-Nat (in nat-
ura mesocarp), M-NaOH (mesocarp modified with sodium
hydroxide). Experimental conditions: metal ion concentra-
tions at 700 mg L', pH 5 and temperature: 25°C.

In Table 3 is presented the maximum adsorption
capacity of residue M-NaOH used as alternative
adsorbent. By seeing this Table, it is noted that
adsorption capacity of proposed adsorbent with
respect to Pb®* and Cr’* is higher when compared
with other natural adsorbents.

3.2.4. Adsorption thermodynamics

After obtaining the maximum adsorption capacity,
adsorption experiments in function of temperature
were performed to obtain the energies involved in
process (enthalpy (AH), entropy (AS), and Gibbs’ free
energy (AG)). Using the graphic of In Kq vs. 1/T, the
value AH (—AH/R) was calculated from the angular
coefficient of the straight line, which provided TAS
(AS/R), according to Eq. (2):

AS AH\ 1

where Ky is the adsorbate distribution coefficient
(L g") which corresponds to the ratio between geq and
Ceq, T is the temperature in Kelvin (K), R is the uni-
versal gas constant (8.314 ] K" mol™"). With the calcu-
lated values of enthalpy and entropy, it is possible to
determine AG values, Eq. (3), which refer to the
adsorption spontaneity, that is, the more negative AG
value of is the more spontaneous adsorption is:

AG = AH — TAS €)]
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Kinetic parameters obtained through the linearization of pseudo-second-order model, for Pb** and Cr’*, utilizing the
adsorbents: M-Nat (in natura mesocarp), M-NaOH (mesocarp modified with sodium hydroxide)

Samples
M-Nat-Pb** M-NaOH-Pb** M-Nat-Cr® M-NaOH-Cr**
pseudo-second-order K, (107°) (g mg™" min™") 0.16 5.35 0.08 1.51
t 1 t
1 — + L
TR, T . _
L Geq (mg g™ 45.49 64.79 17.70 35.11
R? 0.99 0.99 0.98 0.99
feq exp (MG ) 49.53 65.27 20.06 38.41

Notes: g, is the amount of adsorbed metallic ions (mg g™') in t time (min); Jeq is the amount of adsorbed metal per gram of residue
(mg g7"); K, is the pseudo-second-order constant (g mg ' min'); R* coefficient of determination.

100
80
“en 60
en
E
T 40
o
—8— M-Nat-Pb”
20 1 —8— M-NaOH-Pb™
—A— M-Nat-Cr*
0 —¥— M-NaOH-Cr™*
0 200 400 600 800 1000
-1
Ceq (mgL")

Fig. 6. Pb®*and Cr**adsorption isotherm. M-Nat (in natura
mesocarp), M-NaOH (mesocarp modified with sodium
hydroxide). Experimental conditions: agitation time of 8 h,
pH 5 and temperature: 25°C.

The values of enthalpy, entropy, and Gibbs’ free
energy are shown in Table 4. It was possible to verify
that after the residue modification, there was a

Table 2

decrease of AG value to make the process more favor-
able. In addition, for “in natura” residues, the values
were also negative, indicating spontaneity of this
system.

All the enthalpy (AH) values were negative for this
adsorption, indicating that adsorption has exothermal
nature; besides, it was verified that it became more
negative after the modification, which can be
explained by the increase between adsorbent and
adsorbate [40], in accordance to the data of By,
obtained in Temkin isotherm. For entropy (AS), it was
also observed that the values were negative, demon-
strating that a certain metal ordering occurred on the
mesocarp surface [41-44] mainly when the residue
was modified. Thus, it was verified that, the system
was more spontaneous, exothermal and more ordered
after the modification, corroborating a greater adsorp-
tion capacity (Table 2).

3.2.5. Elution/desorption

In order to check the reuse of the residues for the
adsorption of Pb*>" and Cr’*, desorption experiments
(Table 5) were carried as expected, higher adsorption

Isotherms of Langmuir models for Pb%* and Cr** adsorption in macadamia: M-Nat (in natura mesocarp), M-NaOH (meso-

carp modified with sodium hydroxide)

Samples
M-Nat-Pb>* M-NaOH-Pb** M-Nat-Cr** M-NaOH-Cr**
Langmuir
= L+ fm (mg g 1) 55.89 91.40 59.17 81.63
b (L mg") 0.07 0.01 0.01 6.63
R? 0.97 0.84 0.86 0.90

Notes: geq is the amount of adsorbed metal per gram of residue (mg g "); b is a constant that indicates the adsorption intensity; gy, is the
capacity measurement that indicates the maximum adsorption intensity; Ceq is the concentration in equilibrium of the solution (mg L™).
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Table 3
Comparison among different biosorbents for Cr* and Pb**
Adsorbents pH Mass(g) gmmgg HCr’ pH Mass(g) gm(mgg ') Pb*  Refs.
Sugarcane bagasse 5 0.50 41.81 5 0.50 52.63 [12,24]
Peanut shell 4 0.20 3.34 4 0.20 4.59 [15,16]
Orange peel 5 0.50 75.64 5 0.50 84.50 [19]
Lichen (Parmelinatiliaceae) 5 4.00 52.10 5 4.00 75.80 [21]
Mesocarp-NaOH 5 0.50 81.63 5 0.50 91.40 This study

Table 4

Thermodynamic parameters, enthalpy (AH), entropy (AS), and Gibbs’ free energy (AG) for Pb** and Cr’* adsorption in
M-Nat (in natura mesocarp), M-NaOH (mesocarp modified with NaOH)

Sample AG® (k] mol™) AH (k] mol ™) AS JK ' mol™)
M-Nat-Pb —13.80 -19.62 -19.51
M-NaOH-Pb -18.15 —66.15 -161.07
M-Nat-Cr -13.39 —23.80 —34.94
M-NaOH-Cr -16.28 —26.87 —35.55

Notes: Experimental conditions: metal ion concentration at 700 mg L™, agitation time of 8 h, pH 5.

Values calculated at 25°C.

Table 5

Values of Pb** and Cr*" adsorption and desorption at initial concentration of 100 mg L™": M-Nat (in natura mesocarp),
M-NaOH (mesocarp modified with NaOH). Experimental conditions: agitation time of 8 h, pH 5 and temperature: 25°C

Adsorbents Adsorbed concentration (mgL™") % Adsorption  Desorbed concentration (mgL™") % Desorption
M-Nat-Pb 74.70 82.46 65.48 87.55
M-NaOH-Pb  87.56 96.66 82.98 94.76
M-Nat-Cr 80.62 85.72 54.87 68.06
M-NaOH-Cr  85.03 95.69 59.80 70.32

was noticed for Pb**, and Cr®* when using modified
mesocarp. As already observed from Langmuir model,
the amount of Pb** adsorbed onto residue M-NaOH
was considerably higher. On the other hand, the use
of 0.1 mol L™" HCI desorbed Pb** ions uptaken by the
M-NaOH immediately (94.76%), in which indicates
that Pb®* is not strongly linked to the matrix, when
compared to Cr**. Thus, ion charges may be a possible
explanation for this event, corroborated by significant
increases of b parameters (Langmuir isotherm) and B,
(Temkim isotherm) for Cr**, indicating an increase in
the adsorbent-adsorbate interaction, respectively.

4. Conclusions

The in nature macadamia byproduct (mesocarp) and
especially when modified with sodium hydroxide are
alternatives to remove Pb** and Cr’* from aqueous

medium. Through kinetic studies, it was proved that
the residues follow pseudo-second-order kinetics for
Pb** as well as Cr’*, indicating a strong adsorbent-
adsorbate interaction. Moreover, when using several
isotherm models, the experimental data were better
adjusted to the model proposed by Langmuir, indicat-
ing that adsorption occurred in monolayers. From this
isotherm model, the maximum adsorption capacity
(@) were found to be 91.4 and 81.6 mgg™' for Pb**
and Cr’*, respectively, when using the modified meso-
carp (M-NaOH). These data are considerably higher
when compared to the g, of in natura residue.

The adsorption process of the residues for both
solutions is spontaneous due to the negative values
presented by Gibbs” energy. Desorption results were
satisfactory, mainly for Pb*" solution, reaching 94.76%
of desorption for the modified residue, indicating that
the adsorbent and the ion can be reutilized.
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