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ABSTRACT. This study evaluated the use of Euterpe oleracea endocarp after chemical modification with
H202, H2SO4 and NaOH for the removal of Cd?*, Pb? and Cr* from water. Therefore, the adsorbent was
characterized for its chemical composition, Fourier Transform Infrared (FTIR) analysis, Scanning Electron
Microscope (SEM) images, and pH of point of zero charge (pHrzc), thermal stability and porosimetry.
Adsorption tests were conducted by using a Central Composite Design (CCD). Pseudo-first order, pseudo-
second order, Elovich and intraparticle diffusion models evaluated the adsorption kinetics, and sorption
isotherms were linearized according to Langmuir, Freundlich and Dubinin-Radushkevich. The effect of
initial concentration, temperature in the process and the desorption were also analyzed. SEM results
showed that the acaf adsorbents (or CA) had irregular and heterogeneous structure, and IR analysis
evidenced the presence of hydroxyl, aliphatic, phenolic and carboxylic surface groups; both analyses
indicate favorable adsorption characteristics. The pHpzc of the adsorbent is 4.41, 4.02 and 7.10 for CA
modified with H;0;, H:SO+ and NaOH, respectively. The optimum adsorption conditions were pH 5.0,
within 40 min, with 4 g L! as the ideal adsorbent dose. The predominance of chemisorption occurs, in
mono and multilayer. The adsorption is only spontaneous for Cd?* at 15 and 25°C. The CA has the
potential to increase the removal efficiency of Cd, Pb and Cr, when chemically modified, particularly with
H>02 and H2SO4.
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Introduction

The release of toxic elements into the environment is often caused by impacts of
different agricultural and industrial activities. Metals originating from human activities are frequently
detected in the environmental compartments; such as sediment, rivers, lakes, among others, causing
severe contamination in water bodies (Schiller et al., 2019). The metal contamination in
aquatic environments is worrisome because of its toxicity, abundance, permanence in the environment,
and subsequent accumulation in aquatic habitats, microorganisms, aquatic flora and fauna, can
enter the food chain and cause significant effects on human health in the long term (Conradi Jr.
et al.,, 2019).

According to Schwantes et al. (2019), the efficient removal of metal ions and pesticides from
wastewater has become an important issue. Some methods, such as precipitation, followed by
coagulation and membrane filtration, have been used to remove metals from water. However, these
processes become unfeasible due to the production of sludge, low metals removal, and high cost, thus
limiting the practical use. Among the various methods, the adsorption process is an effective method
used to remove toxic metals from aqueous solution (Conradi Jr. et al., 2019). The search for new
adsorbents has been focused on biomaterials, because they are economically viable, biodegradable, and
derived from renewable resources. In general, these materials are locally and easily available at large
amounts; also, they are inexpensive and have little economic value (Cutillas-Barreiro et al., 2014;
Quintans-Fondo et al., 2016).
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The agribusiness is one of the main generators of waste with adsorbing potential for various
contaminants. Among the diversity of crops in Brazil that can be used for this purpose, stands out the E.
oleracea crop, a native Brazilian tropical palm tree, found in the North and Northeast of the country. The
main production of E. oleracea is for juices, and in this process, approximately 80% of the total volume of
waste consists of endocarp or seed of E. oleracea (Pacheco-Palencia, Duncan, & Talcott, 2009; Nascimento,
Cicero, & Novembre, 2010).

Several studies demonstrate promising results in using biosorbents for removal or adsorption of metals.
Such as Moringa oleifera Lam. (Gongalves Jr. et al., 2013a; Meneghel et al., 2013), Crambe abyssinica Hochst
(Gongalves Jr. et al., 2013b; Rubio et al., 2013a; 2013b), cassava industry waste (Schwantes, Gongalves Jr.,
Strey, Schwantes, & Nacke, 2013), Jatropha curcas biomass (Nacke et al., 2016), pinus barks (Schwantes
et al., 2018a) and cashew nut shell (Coelho et al., 2014).

However, according to Schwantes et al. (2018a), in order to increase the sorption potential of natural
adsorbents, through the formation of new functional groups on the surface of the adsorbent, several studies
report the use of chemical alterations in adsorbents, especially those of plant origin (Schwantes et al., 2015;
2016).

The removal of metals from contaminated waters using E. Oleracea wastes has been already studied by
Gongalves Jr. et al. (2016) with good results and perspectives, but only as a biosorbent. But we do not know
very much about the effectiveness in this material after chemical modifications yet. Besides, any attempt to
technify or improve the productive chain of an Amazon fruit is mostly welcome, because this may represent
a possibility of sustainable development to the Amazon Region, helping to simultaneously develop and
preserve the biodiversity and the tropical forest.

Thus, this study aimed (i) to evaluate the efficiency of chemically modified E. Oleracea endocarp
in the removal of Cd?, Pb%* and Cr> from contaminated solutions, and (ii) to study the
adsorption mechanism of interaction between the E. Oleracea based adsorbents and the evaluated metal
ions.

Material and methods

Preparation of modified adsorbents

The Euterpe oleracea M. endocarps were obtained in the city of Curindpolis, Para State, located in the
North region of Brazil (Amazonia). As one of the main common names for this fruit in Brazil is Ac¢af, and the
common name for its solid wastes is Cascas de Agaf or acai barks, so, we named the biosorbent from Euterpe
oleracea M. as CA.

The experiment was conducted in the Laboratory of Environmental and Instrumental Chemistry of the
State University of Western Parana - Unioeste, campus Marechal Cdndido Rondon.

The waste material was dried at 60°C for 48 hours. After drying, the wastes were sieved through 14 and
65 mesh aimed standardizing the size of particles to 0.212-1.40 mm and obtaining the fresh material
(biosorbent). The chemical modifications were carried out by immersing the fresh adsorbent in solutions of
1.0 mol L' H,0, H,SO, and NaOH, 1:10 (m v!) under constant stirring at 150 rpm at 60°C for 6 hours. Then,
the modified adsorbents were washed in ultrapure water to remove the excess of the modifying solution
and, after that, they were dried at 60°C until constant weight.

Material characterization

The concentration of total elements (K, Ca, Mg, Cu, Fe, Mn, Zn, Cd, Pb and Cr) was determined by
nitroperchloric digestion (Latimer, 2012), with latter concentration determination by means of flame atomic
absorption spectrometry (FAAS), using curves with certified standards for all metals (GBC 932 AA). The
surface morphology of the material was evaluated by scanning electron microscopy (SEM) using a JEO JSM
6360-LV microscope, equipped with dispersive energy microscopy.

The main functional groups in the adsorbents were also determined by infrared spectroscopy (IR), in a
FTIR-8300 Fourier Transform spectrometer (Shimadzu Infrared Spectrophotometer) in the region between
400 to 4000 cm™!, with 4 cm™ resolution, whose transmittance spectra was obtained using KBr pellets. The
determination of the zero-charge point (pHpzc) of the adsorbent was conducted using the methodology
adapted from Mimura, Vieira, Martelli, and Gorgulho (2010). In order to verify the thermal stability of the
adsorbent mass, thermal analyses were carried out using a thermogravimetric analyzer (TGA 4000 Perkin
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Elmer), where the samples were heated from 30 to 900°C at a heating rate of 10°C min.! under N?
atmosphere. Aiming to check the accessibility of adsorbates inside the adsorbents, the specific surface area
(SSA), volume and size of pore of the adsorbent materials were determined by using the equipment
Quantachrome Nova 1200e. To this end, 500 mg material were heated to 200°C under vacuum for
approximately 4 hours, followed by adsorption and desorption of nitrogen. The SSA and pore volume were
calculated using a method adapted from the standard Brunauer, Emmett, and Teller (1938) and the pore size
was obtained using a method adapted from Barrett, Joyner, and Halenda (1951).

Multivariate analysis for adsorbent dose and pH influence

The ideal conditions of adsorption were defined with the use of a Central Composite Design (CCD),
testing five levels of mass (adsorbent doses) and pH levels using real values, coded, and three repetitions in
the central value. Tests of adsorbent mass and pH were performed with five increasing values (250.0, 396.4,
750.0, 1103.6, 1250.0 mg) and five conditions of pH (3.0, 3.6, 5.0, 6.4 and 7.0), adjusted with HCl or NaOH
solutions (0.1 mol L) (Table 3). These values of mass and pH are combined with fixed volumes of 50 mL
containing 10 mg L' monoelementar water solutions of Cd*, Pb? and Cr*, prepared from cadmium nitrate
salts [Cd(NOs),4H;0], lead nitrate [Pb(NOs),], and nitrate of chromium (III) [Cr(NOs)s 9H,0]. Following, they
were stirred in thermostatic shaker (200 rpm at 25°C) for 90 min.

With the values obtained for final concentration, response surface graphics were constructed using the
amount adsorbed of metals, calculated by Equation 1.

Qads = (CO—Cf)m/V )

where:

Qads is the amount of metal ions adsorbed per gram of adsorbent at equilibrium (mg g!);
m is the mass of adsorbent (g);

Co represents the initial concentration of ions in solution (mg L);

Cris the concentration of ion in solution (mg L!) and;

V is the volume of used solution (L).

Adsorption kinetic mechanism

With the obtained results of adsorbent dose and pH from the previous tests, we determined the optimal
time of sorption of metals. Thus, 200 mg of adsorbents were stirred for 12 different time intervals (5, 20, 30,
40, 50, 60, 80, 100, 120, 140, 160 and 180 min.) containing 50 mL monoelementar water solutions with
10 mg L of metal at pH 5.0. Solutions were filtered through qualitative filter paper and the equilibrium
concentration was determined by FAAS, which was used to estimate the kinetic mechanism that controls
the adsorption process. The pseudo-first order (Lagergren, 1898) pseudo-second order (Ho & Mckay, 1999),
Elovich (Roginski, 1948) and intraparticle diffusion (Weber & Morris, 1963) models were applied.

Adsorption and desorption efficiency, and the capacity of reusing the CA adsorbents

The experimental conditions of this step were based on the aforementioned results of dose, pH and
equilibrium time obtained in the previous tests. Thus, 200 mg adsorbents containing 50 mL of 10 levels of
monoelementar solutions of Cd%, Pb?" and Cr* (5, 20, 40, 60, 80, 100, 120, 140, 160 and 200 mg) at pH 5.0,
were stirred at 25°C and 200 rpm for 40 min. The solutions were filtered through qualitative filter paper and
the equilibrium concentration was determined by FAAS. The Q.4 was calculated according to Equation 1 and
the percentage of removal of metals was calculated by Equation 2.

9%R=100-(Ceqx100) )

where:
%R is the percentage of removal of ion by adsorbent, and;
C.q is the concentration of ion (mg L) adsorbed.

In order to check the reuse capacity of the materials, the adsorbents used in the process were
separated from the aqueous solution by filtration and oven-dried at 60°C for 24 hours. The mass of the
adsorbent obtained after drying was disposed with 50 mL HCI solution (0.1 mol L) and stirred for
40 min. (200 rpm at 25°C) to determine the final concentrations. Desorption percentage was calculated
using Equation 3:
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_(Ceq(des)
D_(Ceq(ads)) x 100 (3)

where:
Ceqesy (Mg LY) and Cequasy (mg L) are concentration desorbed, and the concentration adsorbed at
equilibrium, respectively.

Adsorption isotherms

From the results obtained by the aforementioned studies, adsorption isotherms were determined by non-
linear mathematical models of Langmuir, Freundlich and linear model Dubinin-Radushkevich (D-R),
respectively presented in Equation 4, 5, 6, and 7.

qmbC
= 4
1 (1 n bC) @
where:

q is the amount of solute adsorbed per unit of adsorbent mass (mg g'!);

gnmis a constant which represents the total number of available sites in the biosorbent material;

C is the equilibrium concentration of solute in the solution volume (mg L!);

b is a constant that indicates the affinity of ion for sites in the adsorbent material (Langmuir, 1916).

Qe = Ky x Ce'/™ )

where:
C. is the concentration at equilibrium and Q. is the adsorbed amount at equilibrium per unit of adsorbent
mass; Kr and n are the two parameters of Freundlich (1906).

InQeq = InQd — Bde? (6)

where:

Q., is the amount of ion adsorbed per unit of adsorbent mass (mol g!);

Q. is the adsorption capacity (mol L);

B,is a coefficient related to sorption energy (mol?]%) and ‘¢’ is the Polanyi potential.

£=RTIn (1 + 1/Ceq) 7

where:

R is the universal gas constant (k] mol! K'!);

T is temperature (K) and C., is the equilibrium concentration in the liquid phase (mol L) (Dubinin &
Radushkevich, 1947).

Temperature influence

In order to check the influence of the temperature on adsorption, thermodynamic studies were performed.
For this purpose, 200 mg of adsorbent material was added in 50 mL of solution containing 50 mg L! of Cd*, Pb*
and Cr*, at pH 5.0, then shaken at 200 rpm at different temperatures (15, 25, 35, 45 and 55°C).

From the obtained results the Gibbs free energy (AG), enthalpy (AH) and entropy (AS) were estimated, in
order to evaluate the adsorption thermodynamics and investigate the nature of the process (Farghali,
Bahgat, El Rouby, & Khedr, 2013).

Results and discussion

Characterization of the adsorbent materials

Total elements composition

The chemical characterization of the CA adsorbents is shown in Table 1, where it is possible to observe a
reduction on the concentration of K (79%), Ca (82%), Mg (43%), Cu (58%), Zn (15%), Mn (43%), Fe (96%) and
Pb (37%), for CA modified with NaOH.

Also it is observed a reduction of K (84%), Ca (84%), Mg (75%), Cu (24%), Zn (33%), Mn (99%), Fe (100%)
and Pb (23%), for CA modified with H,SO,; and a reduction of K (71%), Ca (83%), Mg (61%), Cu (4%), Zn
(9%), Mn (54%), Fe (92%) and Pb (3%), for CA modified with H;Ox.
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Table 1. Characterization of total elements in the fresh a¢af endocarp (CA) and modified with H20z, H:SO4 and NaOH.

Adsorbents K Ca» Mg Cu Zn Mn Fe_ Cd Pb Cr
gkg' mg kg™
Fresh CA 4.39 9.01 0.98 5.53 15.50 172.13 80.07 <LQ 15.30 <LQ
CA NaOH 0.91 1.64 0.56 2.30 13.20 98.10 3.10 <LQ 9.60 <LQ
CA H2804 0.70 1.43 0.24 4.20 10.40 2.10 <LQ <LQ 11.70 <LQ
CA H:0; 1.26 1.53 0.38 5.30 14.10 78.20 6.20 <LQ 14.90 <LQ

LQ (Limit of Quantification): K=0.01; Ca = 0.005; Mg = 0.005 (g kg'); Cu = 0.005; Fe = 0.01; Mn = 0.01; Zn = 0.005; Cd = 0.005; Pb = 0.01; Cr = 0.01 (mg kg™).

These changes/reductions are mostly caused by the contact/chemical reactions between the modifying
agents (NaOH, H,SO, and H;0:) and the structures and chemical composition of the lingo-cellulosic
materials of agal. It is important to point out that Cd and Cr were only detected in levels below the limits of
quantification (LQ) of the used method.

As observed, the simple activation with NaOH can modify the surface of the fresh CA. As it is well
known, sodium hydroxide when dissociated in water releases hydroxyl ions (OH"), constituting a strong base
with high corrosive power. That corrosion can destroy and/or modify the surface of the materials that is in
contact with the base (Chazin, 2012).

Such results are perfectly understandable according to Bohli, Ouederni, Fiol, and Villaescusa (2015), because,
as observed, the activating material significantly influences the characteristics of the final product. In addition,
authors such as Schwantes et al. (2018a) brought up changes observed in the chemical composition after
chemical modifications with H,SO,, NaOH and HO,, in different vegetable biomass. Moreover, washing the
material to neutral pH after the whole process may have contributed to the variation in the chemical composition
of the adsorbents (Nacke et al., 2017; Schwantes, Gongalves, Varennes, & Braccini, 2018b).

Scanning Electron Microscopy (SEM)

The microstructure of the fresh CA is observed under amplifications of 160x, 1200x and 12000x and the
modified adsorbents under resolutions of 50x, 400x and 1600x (Figure 1). The surface of fresh CA, according
to the Figure (1a, b, ¢), has fibrous and rough appearance with voids.

It is also possible to identify a laminar structure with crevices and pores in the surface, which are
favorable characteristics for the adsorption of metal ions (Goncalves Jr. et al., 2016). For CA modified with
H,0, (Figure 1d, e, f), it can be observed heterogeneity on the adsorbent surface in sponge shape, with pore-
shaped fissures created by the oxidizing power of H;O..

The dehydrating action of H>SO,4 (1.0 mol L) configured an irregular and heterogeneous surface, with
many fissures (Figure 1g, h, i). As NaOH is a strong base of high solubility, it possibly caused irregular,
heterogeneous surface and cavities (Figure 1j, k, 1).

In fact, these characteristics assist in the adsorption of metals by increasing the surface area of the adsorbent.
Some studies have already been conducted, such as described by Schwantes et al. (2016), which evidence the
efficiency of metals adsorption using chemical pre-treatment of plant adsorbents from the agribusiness.

Infrared Spectroscopy (IS)

The infrared spectra for fresh CA adsorbent was obtained from previous studies (Gongalves Jr.
et al., 2016), which showed vibrational stretches in regions of 3442, 2923, 1735, 1631, 1517, 1440, 1380,
1247, 771 and 667 cm’!. These vibrational stretches assigned to the presence of O-H bonds of hydroxyl
groups (cellulose, lignin) and water adsorbed on the adsorbent surface, C-H of alkane groups and carbonyl
groups (lignin and holocellulose), C-O bonds (amides and carboxylic groups), C-O stretch of phenols and the C-N
bonds, respectively. According to Gongalves Jr. et al. (2016), these groups favor the adsorption of metal ions.

The infrared spectra in the range 500-4000 cm! for the adsorbents modified with H,0,, H,SO, and NaOH
showed the presence of functional groups on the adsorbent surface (Figure 2).

In Figure 2, it is observed that materials modified with solutions of H;0,, H;SO, and NaOH showed
vibrational stretches in the region of 3382 and 3443 cm!, attributed to O-H bonds from primary amines and
amides, carboxylic and hydroxylic acids found in lignin, cellulose and water (Pavia, Lampman, Kriz, &
Vyvyan, 2010). The spectra in the region of 2922 cm'!, attributed to C-H bonds of alkanes groups, aliphatic
acids and aldehydes were also found in the three modified adsorbents. These groups have already been
registered in other plant waste from agribusiness, such as cashew nut shell (Coelho et al., 2014), Crambe
abyssnica H. meal (Rubio et al., 2013a; 2013b), Jatropha curcas L. meal (Nacke et al., 2016).
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Figure 1. Scanning electron microscopy for fresh E. Oleracea (CA) endocarp under magnification of 160 (a) 1200 (b) and 12000 (c)
times, and chemically modified with H202 under magnification of 50 (d), 400 (e), 1600 (f) times, modified with H2SO4 under
magnification of 50 (g), 400 (h), 400 (i) times, and modified with NaOH under magnification of 50 (j), 400 (k) and 1600 (1) times.
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Figure 2. Infrared spectra of fresh CA and CA chemically modified with H202, H:SO4 and NaOH.

The region of 1750 and 1751 cm™ in modification with H,0, and H»SO,, and stretch of 1632, 1645 and
1638 cm! for H,0,, H,SO, and NaOH, may be related to the C=0 bonds of aldehydes, ketones, carbonyls,
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amides and esters, respectively (Smidt & Meissl, 2007; Pavia et al., 2010). The stretch 1513 cm! for the
modification with H,0, refers to the presence of the aromatic skeleton of lignin (Smidt & Meissl, 2007).

The spectra in the regions 1395, 1382 and 1402 cm™ for CA H;0;, H;SO, and NaOH may be related to N-H
bonds of amines (Smidt & Meissl, 2007; Pavia et al., 2010). The stretches in the region 1059 cm™ for CA H,0,
and 1072 cm™! for CA H,SO, and NaOH, may be related to sulfoxides of S=0, C-OH bonds of oligosaccharides
(Smidt & Meissl, 2007; Movasaghi, Rehman, & Rehman, 2008).

The adsorption of metal ions is related to the presence of functional groups, such as lignin, alcohols,
carboxylic groups, proteins and carbohydrates. Various functional groups of fresh CA remained after the
treatment with the modifying solutions indicating the presence of cellulose and lignin, which provide active
sites for the adsorption process (Figure 2). However, other groups were also detected, such as sulfoxides and
oligosaccharides, and thus alterations in the surface of the adsorbent have occurred in function of the
modifying agents NaOH, H,SO, and H,0,.

In general, the infrared spectra evidenced that the fresh CA and modified have in its surface, functional
groups such hydroxyl, aliphatic, phenolic, carboxylic, which are the most likely to interact with the Cd, Pb
and Cr in solution by physical interactions.

Point of zero charge (pHpzc)

Studies developed by Gongalves Jr. et al. (2016) reported that the pHpzc of fresh CA is 5.09. However,
according to Figure 3, the results obtained by pHpzc tests after treatment with the modifying solutions
indicated that the point of zero charge for CA H,0,, H,SO, and NaOH, changed to 4.41, 4.02 and 7.10,
respectively. These changes were expected since the variation in pHpzc occurred according to acidification or
alkalinization power of each modifying solution, resulting in protonation, deprotonation or hydroxylation
of chemical groups of CA.

When the pH > pHpzc, the surface of the adsorbent is predominantly electronegative, favoring the
adsorption of metal cations, such as Cd*, Pb* and Cr*. If the pH < pHpz, the adsorbent surface is
predominantly electropositive, in which H* ions effectively compete with metal cations repelling them from
the surface, and reducing the efficiency of adsorption.

In the studies conducted by Ribeiro et al. (2017), the authors observed that at higher pH dye adsorption was
reduced, and at lower pH values, higher protonation occurred on the adsorbent surfaces, and that this favored the
removal of the anion in solution (dye). Khandaker, Toyohara, Kamida, and Kuba (2018), who produced
0,-oxidized bamboo activated carbon, found that the pHpzc of the activated carbon was 9.80, the authors state
that this result suggests that the adsorbent surface is characterized by positive charges at pH’s below of pHpzc.

Thermogravimetric analysis

The thermogravimetric analyses were performed to verify the dynamics of weight loss and thermal stability
after the treatment with H,O, H,SO, and NaOH. The TG and DTG curves are illustrated in Figure 4 for CA
adsorbents modified with H,0, (Figure 4a), H,SO. (Figure 4b) and NaOH (Figure 4c). The first loss of mass is
related to the release of moisture absorbed by the adsorbents, as well as the adsorption of water delimited by the
surface tension began at lower temperature for CA H»0, (66.81 to 100°C), CA H,SO4 (73.63 to 110°C) and CA
NaOH (72.42 to 100°C). This fact can be explained by the oxidizing power of this modifying agent.
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Figure 3. Point of zero charge (pHprzc) of fresh CA and CA modified with H202, H2SO4 and NaOH.
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The DTG curve related to decomposition of hemicellulose starts from 250, 250 and 230°C, for CA
H,0,, CA H,SO, and CA NaOH, respectively. However, the main cellulose loss for CA H;0,, CA H,SO,
occurred at 318.44 and 302.55°C, while for CA NaOH this step occurs at a lower temperature (287.90°C).
The decomposition of the lignin matrix and other compounds occurs above 392.50°C for CA H,0; and
CA H,S04, and above 324.26°C for CA NaOH. The total loss of mass for CA H,0, was 75 and 80% for CA
H,S04 and CA NaOH (Melzer, Blin, Bensakhria, Valette, & Broust, 2013; Moreira, Orsini, Vaz, Penteado,
& Spinacé, 2016).

BET isotherms

The adsorption and desorption isotherms of BET for CA modified with NaOH, H,SO, and H;O,, which are
used for determining the specific surface area of the modified adsorbents as well as pore volume and
diameter are presented in Figure 5.

It is possible to identify Type II BET isotherms, characteristic of non-porous or slightly porous systems.
The modified adsorbents indicate an adsorption with negative concavity, representing the formation of
monolayer. In this step high amounts of energy (Figure 5) are needed. A second convex segment refers to
multilayer adsorption, involving low energy levels (Conradi Jr. et al., 2019). The parameters of specific
surface area, pore volume and pore diameter are listed in Table 2.

According to Table 2, the specific surface area of adsorbents followed the sequence CA H;O, > CA NaOH > CA
H,SO,, and its values were, 0.5336, 0.1511 and 0.1396 m? g}, respectively, The pore volume in cm® g! observed
was 5.268 e*, 5.074 e*and, 3.330 e* for the sequence CA NaOH > CA H;SO, > CA H,0;. The pore diameter was
larger for CA NaOH (3.920 nm) > CA H,0; (3.909 nm) > CA H,SO, (3.291 nm). These results demonstrate that
adsorption can occurs predominantly superficially, and it is low the possibility for intraparticle diffusion.
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Figure 4. Thermogravimetric Analysis (TG) and Thermogravimetric Derivative (DTG) of CA chemically modified with H20: (a), H2SO4
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Figure 5. Adsorption and desorption isotherms of BET for CA chemically modified with NaOH (a), H2SO4 (b) and H202 (c).

Table 2. Surface area, volume and diameter of pores of CA chemically modified with NaOH, H2SO4 and H20a.

Parameters CA H202 CA HxSO4 CA NaOH
Surface area (SSA) (m?gt) 0.5336 0.1396 0.1511

Pore volume (cm® g'!) 3.330e™ 5.074e* 5.268 e
Pore diameter (nm) 3.909 3.291 3.920
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It is observed that the surface area found for adsorbents derived from fresh CA (0.53 m? g'! for CA H,0z;
0.13 m? g'!' for CA H,SOy; and 0.15 m? g! for CA NaOH) are very similar to other adsorbents found in the
literature, as found by Penha et al. (2016) 1.13 m? g'! in rice husk and by Oliveira and Franca (2011) 0.46 m?
glinrice bran.

Thus, the results demonstrate that the CA adsorbents have characteristics similar to other adsorbents
derived from distinct biomasses, which have already proved potential to remediate waters and other
compartments. Thus the CA adsorbents may also be favorable to adsorption of metallic ions such as Cd, Pb
and Cr.

Multivariate analysis for adsorbent dose and pH influence

The results of the multivariate analysis by CCD are listed in Table 3, whose results were evaluated by an
ANOVA (Table 4 and 5).

According to Table 4, there was a significant difference at 5% of significance for all adsorbents
among studied variables, except for Pb?* and Cr® when adsorbed by fresh CA and CA H,0,. The same
can observed in Pareto graphs (Figure 6e, i, j). In some isolated cases, there was significant difference
in pH and dose, such as for ions Cd* for fresh CA (Figure 6a), CA H,SO, (Figure 6¢), and Cr3
by CA NaOH (Figure 6j). In other cases, there was difference only for the adsorbent dose, such as
Cd?* by CA H,0, (Figure 6b) and Pb%* by CA H;O, (Figure 6f) or only among the studied pH values,
such as Cr* for CA H,SO, (Figure 6k). These results demonstrate that the adsorption capacity of the
fresh and modified materials depends in great part on the adsorbent dose, and in small part on the
solution pH.

The response surfaces graphs for Cd*', Pb* and Cr adsorption by fresh CA, CA H,0,, CA H,SO, and CA
NaOH shown in Figure 7 (a, b and c) are also expressed by the equations exhibited in Table 5. According to
the obtained results, the higher Q., were obtained with reduced availability of adsorbent material in
solution, i.e., 200 mg of fresh and chemically modified adsorbents, i.e., 4 g L' are required for obtaining the
highest adsorption efficiency.

Table 3. CCD matrix with triplicate in the central point, coded values and real mean values for the adsorption of Cd*, Pb? and Cr** for
fresh adsorbent and modified with H202, H2SO4 and NaOH.

Variables Quas (mg g™) Cd** Q.as (mg g'!) Pb* Quas (mg g™ Cr*
Mass CA CA CA CA CA CA CA CA CA
mg PH OFreshCA L mso. Naon TTEPCA g0, mso, Naor  TENCA o, Hso. NaoH

396.39 3.6 1.035 0.866 0.164 1.240 0.938 1.163 0.807 1.077 0.725 0.820 0.427 1.131
1103.61 3.6 0.408 0.396 0.066 0.435 0.334 0.437 0.294 0.351 0.313 0.343 0.165 0.417
396.39 6.4 0.663 1.077 0.347 1.157 0685 1.225 1.025 1.065 0.771 1.162 0.805 0.659
1103.61 6.4 0.421 0.427 0.062 0.436 0.252 0.442 0.342 0.370 0.259 0.360 0.245 0.187
750.00 5.0 0.617 0.612 0.140 0.650 0.498 0.644 0.450 0.538 0.465 0.471 0.096 0.494
250.00 5.0 1.612 1.596 0.687 1.981 1.673 1.855 1.332 1.744 1.202 0.889 0.322 1.792
750.00 7.0 0.616 0.631 0.148 0.652 0.465 0.627 0.554 0.557 0.560 0.511 0.597 0.395
1250.00 5.0 0.367 0.379 0.056 0.386 0.279 0.386 0.261 0.310 0.325 0.316 0.058 0.243
750.00 3.0 0.502 0.391 0.070  0.659 0.465 0.458 0.239 0.556 0.072 0.000 0.000 0.637
10 750.00 5.0 0.610 0.622 0.143  0.651 0.480 0.640 0.429 0.542 0.506 0.457 0.047 0.506
11 750.00. 5.0 0.616 0.593 0.152 0.653 0.505 0.646 0.425 0.538 0.487 0.467 0.052 0.520
12 750.00 5.0 0.590 0.595 0.121  0.650 0.486 0.641 0.428 0.525 0.493 0.483 0.042 0.505

Q.as: Adsorbed amount of metal ions in mg g*!. Experimental conditions: volume: 50 mL concentration of Cd*, Pb** and Cr* (10 mg L), stirring time: 90 min., stirring rpm: 200;
temperature: 25°C.

=
O ® oA W | D
~

Table 4. Analysis of variance (ANOVA) of the model predicted for the influence of the adsorbent mass of fresh Euterpe Oleracea
endocarp (CA), CA H,0;, CA H2SO4 and CA NaOH, and pH influence in the removal of Cd*, Pb?* and Cr*'.

cd> Pb? o

SV DF cA  cA  ca CA CA  caA CA CA  Ca
FreshCA 1,0, S0, Naom MY w0, mso, Naow MY o, mso,  Naon
Mass() 1  1.04%  1.00° 29435* 1872 1781  1.608* 0056 00513* 1148 2903 0.114 3.824°
Mass(Q) 1  024*  0.19% 1127 0387 1213  0352* 0452 0139 991 0426 3651 0.187
pH(@) 1 002 0042 69138 1.8le® 1781 0011 11.28* 214 166 2387 38.34* 24.59°
PH(Q 1 0003 0024 279.36* 0002 1213 0018 0021 2062* 005 5341 31911* 0016
MassxpH 1 0009 0008 2439 39e® 0010 0001 0.18 0035* 044 1238 0338 0369
Residual 6 0002 0009 20.189 00107 0717 0007 0576 0346 279 4385 2336  0.452

Total 11
*Significant at 5% probability by F-test (Barros et al., 2010 ). ™Non-significant at 5% by F-test. SV: Sources of variation. DF: Degrees of freedom.
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Table 5. Equations for the response surface analysis of the adsorbed amount (Qads) of Cd*', Pb?" and Cr* by CA fresh and modified with
H202, H2SO4 and NaOH in tests of adsorbent mass and pH.

CA in natura (L)

CA in natura (Q)

pH (L)

CA in natura x pH

pH(Q)

CAH202 (L)

CAH202 (Q)

pH (L)

pH(Q)

CA H202 x pH

PH (L)

CA HaSOs (L)

PH (Q)

CA H280s x pH

CA H:S804 (Q)

CANaOH (L)

CANaOH (Q)

pH(Q

CA NaOH x pH

pH (L)

CA Qads R?

Cd2+

fresh: 2,069 +0.1355x - 0.0298x2 - 0.0037y + 0.0000012y? + 0.00019xy 0.864

H,0; 0.7820 + 0.4280x - 0.0308x*- 0.0026y + 0.0000014y?- 0.0000911xy 0.961

H>SO4 0.0085 +0.2704x - 0.17392 - 0.0011y + 0.00000076y* - 0.000094xy 0.865

NaOH 2.649 +0.0743x - 0.01143x* - 0.0443y +0.0000019y*+0.0000424xy 0.961
Pb2+

fresh 5,753 - 1,7633x + 0,2173x* + 0,00040y + 0,0000005y? — 0,00010xy 0.448

H20, 1,7314 +0,3188x — 0,0270x? — 0,00394y + 0,0000018y? — 0,000028xy 0.978

H2S04 8.3212 - 1.3848x + 0.02872x2 + 0.00169y — 0.0000021y? + 0.000343xy 0.776

NaOH -1.59516 + 0.8204x - 0.0613x2 + 0.00322y - 0.0000006y2 - 0.00029xy 0.695
Cr3+

fresh 26.3232 - 7.5633x + 0.6218x? - 0.0057y + 0.00000075y2 + 0.00066xy 0.579

H,0; 24.71843 - 6.61449x + 0.45616x2 - 0.00414y - 0.00000204y? + 0.00110xy 0.569

H2S04 -12.5686 +9.15875x - 1.1141x* + 0.00665y - 0.0000061y*+ 0.00057xy 0.836

NaOH -1.4854 +0.50977x + 0.0256x*-0.003y + 0.0000013y* + 0.000628xy 0.914

CA: agai endocarp; Q.qs: amount adsorbed (mg g!); R?: coefficient of determination.
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Figure 6. Pareto chart obtained in CCD for multivariate analysis for adsorbent mass (dose) and pH on the sorption of Cd*' (a, b, c, d),
Pb% (e, f, g, h) and Cr* (i, j, k, 1) on the agai endocarp (CA) fresh and modified with H.02, H2SO4 and NaOH.
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Figure 7A. Response surface graph for multivariate analysis for adsorbent dose and pH of the solution according to the adsorbed
amount (Qags) of Cd** (a, b, ¢, d) on the agai endocarp (CA) fresh (a) and modified with H20: (b), H2S04 (c) and NaOH (d).
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Figure 7B. Response surface graph for multivariate analysis for adsorbent dose and pH of the solution according to the adsorbed
amount (Qads) of Pb*" (e, f, g, h) on the ag¢af endocarp (CA) fresh (a) and modified with H>02 (b), H2SO4 (c) and NaOH (d).
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Figure 7C. Response surface graph for multivariate analysis for adsorbent dose and pH of the solution according to the adsorbed
amount (Qaas) of Cr¥* (i, j, k, 1) on the agaf endocarp (CA) fresh (a) and modified with H202 (b), H2SO4 (c) and NaOH (d).

Even in certain cases, there may be a decrease in the amount adsorbed due to formation of agglomerates,
which will reduce the total surface area and thus the number of active sites available for the adsorption
process (Rubio et al., 2013a; 2013b; Kiran, Srikantaswamy, Pallavi, Manoj, & Tasneem, 2013; Coelho
etal., 2014).

Nacke et al. (2016) and Gongalves Jr. et al. (2016) investigated the influence of the dose of fresh Jatropha
curcas L. and fresh CA in the removal of Cu?" and Zn?*, and found that 8 g L ! was enough for removing these
metal ions in contaminated solution. Schwantes et al. (2015; 2016) performed chemical changes in crambe
meal and cassava peels with H,0,, H;SO, and NaOH and obtained 200 mg per 50 mL (4 g L'!) as the optimum
amount for removal of Cd?*, Pb*" and Cr* at pH 5.0.

Ercan and Aydin (2013) recommend that adsorption tests should be conducted at a maximum pH of 5.0.
According to these authors, at pH above of 6.0, precipitation of ions Cd?', Pb?" and Cr* may occurs, making
them unavailable for adsorption. Conradi Jr. et al. (2019) reported that Pb is present in free form (Pb?") until
pH 6.0. In alkaline conditions above 6.0, hydroxyl species can be formed and they are insoluble, influencing
the results by causing a decrease in the adsorbed amount. In this way, for adsorption testing purposes, pH
5.0 was considered as the best for the removal process. This value tends to favor the CA H,0; and CA H;SO4

adsorbents, because pH is above pHpzc (Figure 3) of these materials, increasing the proportion of superficial
negative charges that favors for the adsorption of cations.

Influence of the contact time

The effect of the contact time of Cd?*, Pb?" and Cr* on CA H,0,, CA H,SO, and CA NaOH adsorbents is
exhibited in Figure 8. The results evidence that the sorption of toxic metals by Euterpe Oleracea based
adsorbents is a fast process, occurring in the first moments and with a slight decrease over time. In
approximately 40 min. the process reaches the equilibrium. After that, the active sites of the adsorbent are
depleted, and Q.4 of Cd?*, Pb?*" and Cr> started to be controlled by the transport rate from the outside to the
inside of the active sites of the particles of adsorbents (Nacke et al., 2017). This also mean that periods of
contact time longer than 40 min. can be ineffective in the removal of metals on a large scale. Only Cr®
achieved a reduction of Q.4 on CA NaOH after equilibrium time.
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Assessment of the adsorption kinetic mechanism

The adsorption kinetics for Cd*, Pb? and Cr* in the adsorbents modified with H,0,, H,SO4 and NaOH
was evaluated by the pseudo-first order, pseudo-second order, Elovich and intraparticle diffusion models
(Table 6 and Figure 9).

According to Table 6, the pseudo-first order, Elovich and intraparticle diffusion models did not achieve
good fitting to the experimental data, with values of Qegexp) and Qeqcarc) far from each other. Gongalves Jr.
et al. (2016), Nacke et al. (2016) and Coelho et al. (2014) investigated the adsorption kinetics of fresh CA,
Jatropha curcas and cashew nut shell, and found the best adjustments for pseudo-second-order model for
Cu?, Zn?, Cd*, Pb*" and Cr¥, respectively. The similar situation was observed for chemically modified
adsorbents of crambe meal and cassava peel studied by Schwantes et al. (2015) and Schwantes et al. (2016).
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Figure 8. Effect of the contact time of CA modified with Hz02, H2SO4 and NaOH in the removal of metal ions Cd?* (a), Pb*" (b), Cr*" (c).

Table 6. Kinetic parameters obtained for the study of Cd*, Pb* and Cr* adsorption on CA by means of pseudo-first order, pseudo-
second order, Elovich, intraparticle diffusion.

Pseudo-first order Pseudo-second order Elovich
Adsorbents K; Qeq (cal,) 5 K> Qeq (cal,) R A B R
(min.")  (mgg™h (gmg'min.)  (mggh (mg g hour™) (gmg™)
Fresh -0.017 0.159 0.948 0.488 1.170 0.999 -22.438 23.605 0.957
cd H20: -0.0980 0.2278 0.921 0.2002 2.2478 0.999 1.7315 0.0965 0.904
H,SO:  -0.0107 0.1276 0.755 0.7100 0.5006 0.986 0.2966 0.0375 0.388
NaOH -0.0106 0.4473 0.800 0.1045 2.2937 0.997 1.5587 0.1383 0.910
Fresh -0.011 0.076 0.876 0.692 0.491 0.998 -17.155 45.683 0.933
b H20:2 -0.2746 1.0610 0.821 635.6701 0.1019 0.959 1.7310 0.1490 0.876
H2S0:  -0.3116 0.8959 0.867 85.5662 0.0616 0.926 0.3163 0.2303 0.951
NaOH  -0.2347 0.5924 0.879 -5.9363 0.1549 0.966 -0.1311 0.1995 0.842
Fresh -0.012 0.157 0.622 0.926 0.493 0.994 -3.175 15.475 0.927
Cr H20: -0.0079 0.1847 0.912 0.1525 1.5198 0.997 1.0869 0.0663 0.647
H2SO:  -0.0341 0.4974 0.793 28.2170 0.6001 0.943 0.2091 0.1064 0.792
NaOH 0.0069 0.1377 0.908 -0.1063 0.7446 0.969 1.6974 -0.1702 0.840
Intraparticle diffusion
Kia Ci R? Qeqexp.)
(g mg”' min."?) (mgg") (mgg™h
Line A Line B Line C Line A Line B Line C Line A LineB LineC
Fresh  -20.657 -111.524 - 22.460 105.952 - 0.865 0.984 - 1.120
cd H20: 0.0281 -0.013 0.0206 1.9587 2.2805 1.9656 0.075 -0.174 0.455  2.2571
H2S04 0.0548 0.0467 0.0234 0.2607 0.1649 0.1979 - 0.941 0.665 0.5305
NaOH 0.0889 0.0468 0.0624 1.6208 1.7620 1.4527 0.604 0.542 0.876  2.3031
Fresh  -36.000 -40.719 - 92.815 109.299 - 0.789 0.689 - 0.459
b H20: 0.029 0.056 0.063 2.049 1.903 1.729 0.721 0.417 0.727 2.3128
H2S04 0.427 0.397 0.863 0.132 0.101 0.05 0.655 0.985 0.977 1.1929
NaOH -0.001 0.012 0.047 0.417 0.606 0.305 -0.934 0.155 0.766  0.6916
Fresh -8.715 68.145 - 34.005 -118.463 - 0.960 0.784 - 0.450
Cr H20: -0.024 -0.003 0.023 1.433 1.408 1.122 0.488 -0.777 0.401 1.4733
H2S04 -0.003 0.016 0.063 0.496 0.542 -0.213 -0.844 0.755 0.694 0.5974
NaOH -0.032 -0.056 -0.055 1.307 1.435 1.480 0.200 0.460 0.596 0.7250

K;: pseudo-first-order rate constant; Q.,: amount of adsorbate retained per gram of adsorbent at equilibrium; K»: pseudo-second order rate constant; A: constant indicating the
initial chemisorption rate; B: number of sites suitable for adsorption, related to the surface cover extension and the activation energy of chemisorption; R?: coefficient of
determination; Ki: intraparticle diffusion constant; Ci: suggests the thickness of the boundary layer effect.
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Figure 9. Kinetic models of pseudo-first order (a, e, i), pseudo-second order (b, f, j), Elovich (c, g, k) and intraparticle diffusion (d, h, 1)
for sorption of Cd*, Pb* and Cr** respectively, for CA modified with H,02, H2SO+ and NaOH.

In this research, by performing chemical changes, the pseudo-second order model showed better adjustments
for adsorption of Cd* and Cr* by Euterpe Oleracea based adsorbents. Also, the Qegexp) aNd Qeqearcy Values for
Euterpe Oleracea modified adsorbents are closer. However, for Pb? the same dynamic was not verified. Thus, it is
suggested that the adsorption kinetics of Cd*" and Cr** follows the pseudo-second order model, which, according
to Conradi Jr. et al. (2019), in these cases the chemisorption may be a limiting factor of the process because will
involve the sharing of electrons among metals and the modified adsorbents.

Adsorption and desorption efficiency, and the possibility of reusing the CA adsorbents

From the isotherms studies, it was possible to evaluate the efficiency of adsorption (%) and desorption
(%) of Cd*, Pb* and Cr*" on fresh CA, CA H,0,, CA H,SO, and CA NaOH (Figure 10).

The dynamic of the removal of toxic metals was influenced by its initial concentration in solution.
According to Figure 10, the adsorption efficiency, in general, decreases with the increasing initial
concentration. In agreement with Bohli et al. (2015), this dynamic involves the metal ion/adsorbent ratio,
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when this ratio is low, the adsorption occurs preferentially in higher energy sites. After that, the sites with
higher energy become saturated as this ratio increases, and finally, the adsorption of the ions may occur
involving sites with lower energy, thus resulting in the decrease of absorption efficiency.

In the case of Cd?* for fresh CA, CA H,0, and CA H,SO, and in the case of Pb? for CA H,0,, the
adsorption efficiency was 73.2, 74.7, 71.2 and 78.8%, respectively, in initial concentrations. The highest
percentages of desorption were achieved for Cd?* in fresh CA and for Pb?*" for fresh CA, CA H,0, and CA
H,SO,, with efficiency of 90.9, 92.9, 98.9 and 95.7%, respectively, in initial concentrations.

Cr* showed the lowest desorption rates by studied adsorbents (Figure 10i, j, k, 1). Similar results were
obtained by Moringa oleifera L. meal (Meneghel et al., 2013), meal of Crambe abyssinica H. (Rubio
et al., 2013b), cashew nut shell (Coelho et al., 2014), fresh cassava peel (Schwantes et al., 2015).

According to these aforementioned authors, low desorption values are a strong indication that this metal
is adsorbed by chemical bonds (chemisorption), which prevents its reuse in new sorption cycles. In general,
modified adsorbents, when compared to fresh adsorbents, show higher adsorption efficiency, which is
positive because it is a simple treatment, with low-cost, and can raise the adsorption capacity of adsorbents
produced by agribusiness that also have high availability (Coelho et al., 2014; Schwantes et al., 2016).
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Figure 10. Adsorption (%), Desorption (%) and pH after adsorption of Cd* (a, b, c, d), Pb* (e, f, g, h) and Cr** (i, j, k, 1), respectively, by
CA fresh and modified with H202, H2SO4 and NaOH.
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According to Figure 10, in most of the cases it was observed an acidification of the pH after adsorption of Cd?*,
Pb* and Cr*; also, the adsorbents modified with H,SO, showed the highest acidification of the solution.
Exception for the adsorption of Pb? on CA H;0, and Cr** on CA NaOH, a slight solution alkalization was shown.

This first observation is usually related to ion exchange (physical) and the second, to chemisorption.
Data showed that the mechanisms acting on the adsorption process are complex. The pH change can occur
due to the interaction of ion exchange in the solution. The biosorbents surface have a negative charge
because of the presence of organic functional groups, such as carboxylic or hydroxyl (Bartczak et al., 2018),
which are able to participate in ion exchange as presented in Equation 8 and 9.

C-COOH + M™ «» C-COOM + nH* ()]

C-COOH + M™ <> C-COOM(OH) C)]
It may also form hydrolyzed species (Equation 10):
M™ + H,O <> M(OH)" + H* (10)

Adsorption isotherms

Adsorption isotherms can be classified into classes and subgroups as proposed by Giles, MacEwan,
Nakhwa, and Smith (1960). Thus, the isotherms of metal ions Cd*, Pb?*" and Cr** by CA modified with H,O,,
H,S04and NaOH (Figure 11) could be classified in the class ‘L’ because their dynamics suggest the decrease
of the availability of active sites with increased concentration (Giles et al., 1960).

The convex shape displayed by adsorption isotherms is favorable, showing a tendency to equilibrium by
saturation of the adsorbent active sites, corroborating to the monolayer theory of Langmuir, which allows us
to infer the maximum adsorption capacity (Conradi Jr. et al., 2019).

For Pb? and Cr3 adsorbed by CA H,SO, (Figure 10g and k), it is observed an isotherm specific of the
subgroup 2 of class ‘L’, indicating the saturation of the surface in which Cr** ions have a higher preference
for the adsorbent surface than for the already adsorbed molecules (Giles et al., 1960).

The parameters of Langmuir and Freundlich (Table 7) were obtained by nonlinear models (Figure 11) and
Dubinin-Radushkevich (D-R) (Table 8) by linear models of adsorption isotherms.

For adsorption of Cd?*, Pb* and Cr* by CA fresh and chemically modified with H,0,, H,SO, and
NaOH, Langmuir and Freundlich adjustments proved to be satisfactory, as can be seen by R? values
(Table 7).

According to Gongalves Jr. et al. (2016), in this case, there are more than one type of adsorption site,
resulting in the occurrence of adsorption in both mono and multilayer. The R, of Langmuir considers
favorable for adsorption the values greater than zero and minors than one (Sun, Sun, & Sun, 2013), as
observed in this study (Table 7).

Table 7. Parameters of nonlinear mathematical models of Langmuir and Freundlich related to adsorption of Cd*, Pb* and Cr> on
Euterpe Oleracea endocarp (CA) fresh and modified with H202, H2SO4 and NaOH.

Adsorbents Langmuir Constants Freundlich Constants
Qn (mgg?) EP bor K. (L mg?) SE Ry R? Kr (mggh) EP n SE R?

Cd2+

Fresh 11.751 1.4365 0.0173 0.0051 0.224 0.939 0.847 0.1299 0.466 0.0336 0.979

H202 9.097 0.5035 0.0392 0.0066 0.113 0.978 1.173 0.1550 0.400 0.0308 0.979

HS04 3.414 0.2916 0.0967 0.0299 0.050 0.924 0.653 0.2042 0.362 0.0806 0.825

NaOH 31.714 3.7610 0.0097 0.0022 0.338 0.980 0.814 0.2302 0.637 0.0609 0.968
Pb2+

Fresh 47.461 24.0577 0.0041 0.0029 0.549 0.919 0.483 0.2083 0.727 0.0957 0.933

H20: 15.011 1.5228 0.0431 0.0149 0.104 0.904 2.057 0.6771 0.385 0.0747 0.866

H1S04 81.197 94.451 0.0017 0.0022 0.716 0.977 0.162 0.0509 0.935 0.0768 0.977

NaOH 33.533 4.8618 0.0083 0.0023 0.375 0.970 0.805 0.3063 0.629 0.0800 0.943
Cr*

Fresh 10.235 0.7601 0.0950 0.0243 0.050 0.963 1.863 0.68295 0.386 0.1002 0.834

H20: 15.495 3.1943 0.0133 0.0065 0.273 0.958 0.614 0.41274 0.570 0.1417 0.909

H>SO4 74.356 92.215 0.0012 0.0017 0.806 0.948 0.117 0.00678 0.916 0.1221 0.946

NaOH 11.259 8.7277 0.0037 0.0044 0.574 0.925 0.132 0.12895 0.681 0.1959 0.935

Q.: maximum adsorption capacity; b or K;: constant related to the strength of interaction adsorbent/adsorbate; R,: Langmuir constant; R*: coefficient of determination; Kj: related
to the adsorption capacity; n: related to the solid heterogeneity; SE: standard error.
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Table 8. Parameters of the linear mathematical model of Dubinin-Radushkevich (D-R) related to adsorption of Cd?*, Pb?" and Cr* on
Euterpe Oleracea endocarp (CA) fresh and modified with H202, H2SO4 and NaOH.

FreshCA CAH;0, CAH,SOs CANaOH Fresh CA CAH:0; CAH,SOs+ CANaOH FreshCA CAH»0, CAH,SOs CANaOH

________________ Cd2 ——mmmm e S | § Y ) €A,
Qd 0.000 0.2e3 0.00037  0.0021 0.000 0.0003  0.00046  0.0007 0.000 60 0.00027  0.0044
E 12.328 10.624  13.2686  7.3721 9.704 10.292 10.0707  8.5436 16.440 13.921 15.2854  6.5288
R? 0.798 0.996 0.997 0.980 0.841 0.995 0.962 0.942 0.838 0.781 0.252 0.826
Qq: maximum adsorption capacity; E: mean sorption energy; R?: coefficient of determination.
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Figure 11. Langmuir and Freundlich adsorption isotherms for sorption of Cd*" (a, b, c, d), Pb?* (e, f, g, h) and Cr** (i, j, k, 1), respectively,
by CA fresh and modified with H202, H:SO4 and NaOH.

The Q., for Cd** adsorption followed the sequence CA NaOH > fresh CA > CA H,0, > H,SO,, with values of
31.714, 11.751, 9.097, and 3.414 mg g}, respectively. These results corroborate to those found by isotherms
(Figure 10). The high adsorption of Pb* on CA fresh and chemically modified followed the sequence: CA
H,SO,4 (81.197 mg g') > fresh CA (47.461 mg g'!) > CA NaOH (33.533 mg g'!) > CA H,0, (15.011 mg g'!), but
these values exceed those found by isotherms graphs (Figure 10).
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According to Conradi Jr. et al. (2019) Pb?* has strong affinity with carboxyl groups in the adsorbent surface
which may explain the high Q., value obtained in relation to other ions. The sequence of Q., for Cr* was greater
for CA H,SO.4 > CA H,0, > CA NaOH > fresh CA, being, respectively, 74.356, 15.495, 11.259 and 10.235 mg g\

The parameter b or K, expresses the strength of interaction between adsorbent and adsorbate, in this
case, low values of b (Table 7) show low binding energy among ions of Cd**, Pb?" and Cr** and CA fresh and
chemically modified with H,0,, H,SO, and NaOH, i.e., low affinity/selectivity of the metal-ligand
interaction, suggesting that these ions could be readily released in solution.

The reactivity of active sites of the adsorbent can be expressed by the parameter n of Freundlich, which is
related to the solid heterogeneity. In this study, these values were below one. When the n values are close to
one, there is a strong indication of the presence of high-energy sites, as observed by Pb? and Cr* on CA
H,SO4. These values can also suggest the occurrence of cooperative adsorption, which involves strong
interactions among the molecules of the adsorbate (Schwantes et al., 2018a).

The linear model of D-R describes the adsorption isotherms of systems with individual ions and it was
applied in this study (Table 8) to determine the nature of the adsorption process, chemical or physical
(Schwantes et al., 2018Db).

According to Conradi Jr. et al. (2019), the mean sorption energy (E) and D-R is involved in the transfer of
1 mol solute from the solution to the surface of the adsorbent. If the E value > 8 k] mol’!, there is a
predominance of chemical adsorption, however, if E < 8 k] mol!, the nature of the process is physical. In this
case, Table 8 indicates that there was predominance of chemical adsorption of Cd?" on the CA H,0, and CA
H,SO, modified adsorbents, and for Pb?** on the adsorbents CA H,0,;, CA H,SO, and CA NaOH. Also, it is
observed physical adsorption for Cd?* on CA NaOH. The ion Cr®* showed poor adjustments for the modified
adsorbents.

Thermodynamics of adsorption

The nature of the adsorption process can be evaluated by thermodynamic parameters (Gongalves Jr.
et al., 2016). As can be seen in Table 9, the AG value for Cd* on CA H,0,, Cr3* on CA H,0, and CA H,SO, was
positive for all studied temperatures, suggesting that the process, in this case, is spontaneous and favorable.

The opposite was observed for Pb?" on CA H,0, and Cr*> on CA NaOH. For Cd?* on CA NaOH and for Pb%*
on CA H,0, and CA NaOH, the system was spontaneous at temperatures of 15 to 25 °C becoming negative at
higher temperatures.

In accordance with Gongalves Jr. (2013a), when the enthalpy values (AH) are positive the system is
endothermic, as observed for ions Cd? and Pb?'. In turn, the negative values of AH for Cr*" show that the
process was exothermic (Table 9).

Table 9. Values of Qeq and thermodynamic parameters of adsorption for Cd*, Pb*, Cr* on fresh a¢af endocarp (CA) and chemically
modified with H202, H2SO4 and NaOH.

Temp OC Cd2+ Pb2+ Cr3+
) Qq AG AH AS R? Qq AG AH AS R? Qe AG AH AS R?
15 3.01 -0.003 2.22 -0.010 0.52 0.013
25 3.44 -0.003 2.07 -0.010 0.55 0.014
Fresh CA 35 3.52 -0.004 8.13e® 0.011 0.990 2.04 -0.010 5.20e® 0.034 0.92 0.58 0.014 -6.68 0.046 0.963
45 3.55 -0.004 2.03 -0.011 0.59 0.015
55 3.67 -0.004 2.03  0.011 0.60 0.015
15 497 43 0.72 -3.2 6.8 1.6
25 5.38 4.4 531 -4.5 7.5 2.2
CA. H;0; 35 479 4.4 235 -6.75 0.983 9.86 -5.7 329 1255 0986 7.2 2.8 -159 -60.8 0.972
45 5.38 4.5 5.28 -7.0 58 34
55 537 4.6 2.53  -8.2 59 4.0
15 0.72 9.7 7.22 9.7 3.6 4.7
25 391 6.1 8.28 438 41 54
CA. H2SO4 35 6.92 2.5 112.31 356.4 0.967 10.16 -0.2  152.7 496.3 0.987 3.1 6.1 -153 -69.6 0.724
45 0.66 -1.0 0.46 -5.2 3.1 6.8
55 0.10 -4.6 6.42 -10.1 3.8 7.5
15 9.68 0.5 11.68 2.7 11.3 -2.3
25 9.80 0.1 11.05 1.3 11.7 -2.8
CA. NaOH 35 9.08 -04 13.87 46.3 0.997 1227 -0.1 429 139.8 0.388 11.7 -3.3 12.5 51.5 0.965
45 11.01  -0.8 10.22 -1.5 11.9 -3.9
55 10.71 -1.3 11.36  -2.9 11.4 -4.4

Q.,: absorbed amount per adsorbent unit (mg g'); AG: Gibbs free energy (KJ mol!); AH: variation of enthalpy (K] mol™'); AS: variation of entropy (J mol* K!).
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The results in Table 9 still show AH values greater than 40 k] mol. These results suggest possible
chemisorption for Cd* on CA H,SO, (112.31 K] mol!), and for Pb? on CA H;SO, (152.7 K] mol!) and CA
NaOH (42.9 K] mol), and physisorption for Cd?* on CA H;O; and CA NaOH, Pb* on CA H;0; and Cr* on all
modified adsorbents.

In case of positive entropy values (AS), as observed for Cd** on H,SO, and CA NaOH, for Pb? on all
modified adsorbents and Cr3* on CA NaOH (Table 9), it is suggested an increase on system disorder. In these
cases, according to Farghali et al. (2013), there is an increasing disorder of the solid-solution interface,
indicating an increased randomness at the solid/solution interface, which may occur due to the substitution
of water molecules of the solution previously adsorbed by ion metals.

Conclusion

In general, the adsorbents from Euterpe Oleracea endocarp chemically modified with NaOH, H,SO, and
H,0, showed differences in structure, morphology, porosity, point of zero charge and thermal stability. The
pH had little influence on the adsorption tests and 200 mg (4 g L) of adsorbent dose present the highest
rates of adsorption. The equilibrium time observed was 40 min, indicating that the adsorption process is fast
and can be feasible in larger scale.

The adsorption of toxic metals by Euterpe Oleracea based adsorbents proved to be a complex process,
occurring both in mono and multilayer, with predominance of monolayer adsorption, and with physical and
chemical adsorption. The chemical modification of Euterpe Oleracea endocarp with NaOH, H,SO, and H,O,
increased the efficiency of this adsorbent in removing Cd?*, Pb*" and Cr* from aqueous solutions.
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