Environmental Science and Pollution Research (2020) 27:27048-27060
https://doi.org/10.1007/511356-020-09053-z

RESEARCH ARTICLE

®

Check for
updates

Caffeine removal using Elaeis guineensis activated carbon:
adsorption and RSM studies

Larissa L. A. Melo" - Alessandra H. Ide" - José Leandro S. Duarte "2 - Carmem Lucia P. S. Zanta? -
Leonardo M. T. M. Oliveira® - Wagner R. O. Pimentel - Lucas Meili'

Received: 18 November 2019 /Accepted: 27 April 2020 / Published online: 9 May 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

The palm (Elaeis guineensis), known as dendé, is an important oleaginous Brazilian plant with a high performance of oil production.
In this work, a 2° full experimental design was performed and the response surface method (RSM) was used to indicate the optimum
parameter of caffeine adsorption on Elaeis guineensis endocarp activated carbon, since the endocarp is the main by-product from
dendé oil production. It was set the adsorbent point of zero charge (pH,,,.), and the material was characterized by Fourier transform
infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA), and scanning electron microscopy (SEM). The RSM results
indicate removal efficiency (%) at the optimal conditions, 0.20 g of adsorbent, and caffeine initial concentration of 20 mg/L, and
acidic medium was about 95%. Based on ANOVA and F test (Fyicutated > Fistandara) the mathematical/statistical model obtained fits
well to the experimental data. The overall kinetic studies showed time was achieved after 5 h and caffeine adsorption followed the
pseudo-second-order model suggesting chemisorption is a predominant mechanism. Redlich-Peterson and Sips models best repre-
sented the experimental data (0.967 < R* < 0.993). Thermodynamic revealed that caffeine adsorption was spontaneous at all
temperatures studied, exothermic, and probably with changes in the adsorbate-adsorbent complex during the process. The tests
conducted in different water matrixes corroborate the suitability of this adsorbent to be used in caffeine removal even in a complex
solution.

Keywords Pharmaceuticals - Biochar - Emerging pollutants - Wastewater

Introduction

Caffeine is a weak alkaloid of the methylxanthine family,
1,3,7-timetylxanthine. This substance is classified as a drug,
is a nervous system stimulant, and causes transient changes in
blood pressure. Caffeine is used as an adjuvant in many phar-
maceutical combinations to increase its analgesic effects. It is
present in beverages such as coffee, teas, chocolates, and soft
drinks. The metabolism of this substance is rapid where only a
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small amount (1-10%) is excreted (Thorn et al. 2012;
Portinho et al. 2017; Beltrame et al. 2018; Ptaszkowska-
Koniarz et al. 2018; Yamamoto et al. 2018; Gonzalez et al.
2019). Many pharmaceutical compounds, such as caffeine, are
considered water contaminants and classified as emerging pol-
lutants. This class of pollutants now attracted attention as an
environmental problem due to its presence that had been re-
cently detected in the environment. Several researchers con-
sider caffeine as an indicator substance of human pollution
due its resilience to conventional water and wastewater treat-
ments. Therefore, this substance has often been found in sur-
face water and groundwater (Alvarez-Torrellas et al. 2017,
Portinho et al. 2017; Wang et al. 2017; Beltrame et al. 2018).

Many methods can be used to reduce caffeine concentra-
tion in water. Among these methods, adsorption stands out
due to its simplicity of design and operation, minimal energy
requirements, possibility of adsorbent regeneration, and no
generation of dangerous by-products (Alvarez-Torrellas et al.
2017). The wide range of materials to be used as adsorbents is
one of the great advantages of adsorption. This characteristic
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makes this technique still of great interest, especially in the
search for materials with high efficiency of adsorption, low
production costs, and high capacity of regeneration.

In order to conduct an efficient evaluation of DS removal
and to maximize the adsorption yield, an optimization study
should be developed (Wakkel et al. 2019). The response sur-
face methodology (RSM) is a combination of statistical and
mathematical techniques which allow investigating the effect
of several independent variables. This approach enables to
obtain empirical models and to design, improve, and optimize
several types of processes. The use of RSM, a multivariate
optimization technique, is convenient once it employs exper-
imental data and permits to evaluate the interactive effect of
variables on process performance. Thus, RSM overcomes sit-
uations requiring a large number of experiments minimizing
additional chemicals, time, and expensive analysis, promoting
a reduction of extra costs (Biswas et al. 2019; Sahan 2019).
RSM advantages guaranteed its application in several works
regarding the removal of contaminants from water to process
parameter optimization, such as adsorption (Kaynar et al.
2018; Biswas et al. 2019; Deng and Chen 2019; Hasan and
Setiabudi 2019; Kaur et al. 2019; Sahan 2019; Sharifpour
et al. 2019; Wakkel et al. 2019), electrocoagulation (Bars¢
and Turkay 2016; Murdani et al. 2018; Rabahi et al. 2018;
Deveci et al. 2019; Karamati-Niaragh et al. 2019), Fenton
reaction (Saeed et al. 2015; Xie et al. 2016; Liu et al. 2018),
electrochemical oxidation (Garg and Prasad 2015;
Dominguez et al. 2016; Darvishmotevalli et al. 2019; Duarte
et al. 2019), and photocatalytic degradation (Mirzaei et al.
2018; Galedari et al. 2019; Karimi et al. 2019).

Activated carbons are among the most used materials as
adsorbent. Recently, several researches have been conducted
to obtain new activated carbons from renewable sources, such
as agroindustry by-products (Suzuki et al. 2007; Beltrame
et al. 2018), papaya seeds (Weber et al. 2013), Syagrus
oleracea endocarp (dos Santos et al. 2019a), Wodyetia
bifurcata endocarp (dos Santos et al. 2019b), coconut shells
(Chandana et al. 2019), rice husks (Lv et al. 2020), wood
sawmills (Ramirez et al. 2020), and apple seed shells
(Abatan et al. 2019). The palm (Elaeis guineensis), known
as dendé, is a typical Brazilian palm tree that is the higher
oil producer per unit of cultivated area among other oleagi-
nous plants in Brazil, an average of 4-6 t of oil/ha-year

Table 1 Experimental levels of independent process variables

Levels Mass dosage (g) Caffeine initial concentration (mg/L) pH
-1 0.10 20 2
0 0.15 50

+1 0.20 80 10

(Queiroz et al. 2012) (De Azevedo et al. 2014). The palm
endocarp is one of the largest by-products generated during
palm oil production.

The main objective of this work was to evaluate the
adsorption potential of the Elaeis guineensis activated car-
bon in the removal of the caffeine from water through
batch adsorption studies. Response surface methodology
(RSM) was used for the optimization of independent var-
iables mass dosage, caffeine initial concentration, and pH
to obtain the maximum caffeine removal. Kinetic, equilib-
rium, and thermodynamics studies were conducted to
evaluate the adsorption mechanism.

Materials and methods
Materials

The adsorbent used in the present study was a commercial
activated carbon obtained from Elaeis guineensis endo-
carp (Pelegrini Carbon). First of all, it was triturated and
sieved in order to obtain particles with a medium diameter
of 337.5 nm. A stock solution of caffeine (1000 mg/L)
was prepared by dissolving the analytical standard in wa-
ter, which was used to prepare all the work solutions by
appropriated dilution. Caffeine quantification was per-
formed using a spectrophotometer Shimadzu UV mini-
1240, with absorbance measurements at 273 nm.
Calibration curve was plotted with concentrations ranging
from 0.5 to 6.0 mg/L and used to determine the adsorbate
concentration after all adsorption assays.

Adsorbent characterization

For the determination of the adsorbent point of zero
charge (pHp,c), 0.02 g of the activated carbon was added
to Erlenmeyer flasks with 20 mL of NaCl 0.1 mol/L so-
lution. The pH values were adjusted to 1.0 up to 12.0
using HCI or NaOH solutions (1.0 mol/L). The samples
were stirred at 140 rpm (25 °C) for 24 h. After that, the
mixtures were filtered and the final pH values were mea-
sured (Regalbuto 2006). Fourier transform infrared spec-
troscopy (FT-IR) was performed using a spectrophotome-
ter Shimadzu/IRPrestige-21 through the KBr method.
Spectra were obtained in the range of 4000 to 400 cm '
with transmittance of 50 scans. Thermogravimetric analy-
sis (TGA) was performed using the term scale model
Shimadzu DTG-60H, in which 7 mg of the adsorbent
was heated until 900 °C at the rate of 10 °C/min in an
inert atmosphere (nitrogen gas) with a flow rate of 50 mL/
min. The surface morphology of the adsorbent material
was analyzed by the SEM Shimadzu SSX-550 model.
N, adsorption/desorption analysis was performed in a
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Fig. 1 Determination of pH,. 12
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micrometrics equipment (ASAP 2020) at — 196 °C (77
K), treating the sample previously by degassing for 12
h, under vacuum (2 pum of mercury) at 350 °C, in order
to remove any species on its surface. A surface external
area was determined by the BET method, and the volume
of pores and the distribution of their size were specified
by the BJH method.

Kinetic studies

Kinetic studies were performed using a Dubnoff
(SPLabor/SP-158/22/A) bath with orbital agitation. A to-
tal of 0.1 g of the adsorbent was added to Erlenmeyer
flasks with 25 mL of adsorbate solution (20 mg/L) and

4 6 8 10 12
Initial pH

stirred at 135 rpm (30 °C). At the end of the adsorption
process, the samples were centrifuged (Solab/SL-700) at
2000 rpm for 5 min and caffeine final concentration was
measured. Samples were collected at 5, 10, 15, 30, 60,
120, 180, 240, and 300 min for the construction of the
kinetic curve.

In order to evaluate the adsorption capacity of the adsor-
bents, the adsorbed amount (g,) in milligrams per gram and the
caffeine removal (R) in percentage were calculated using Egs.
1 and 2, respectively.

(CO_Ce)

g =Ty (1)
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Fig. 3 SEM images of the palm endocarp activated carbon surface
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where Cy and C, are the initial and concentration values
(mg/L), respectively, m is the mass (g) of the adsorbent, and V
the volume (L) of the adsorbate solution.

The experimental data were adjusted with pseudo-first-
order (Eq. 3) and pseudo-second-order (Eq. 4) models
(Lagergren 1898; Ho and McKay 1999).
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Table 2 Experimental design

matrix Runs Coded values Response
X X5 X; Y
Mass dosage (g) Caffeine initial concentration (mg/L) pH
1 (=) 0.10 ()20 -2 81.88
3 (+) 0.20 (=) 20 =2 95.85
5 (=) 0.10 (+) 80 =2 4293
7 (+) 0.20 (+) 80 =2 70.32
9 (=) 0.10 (-) 20 (+) 10 74.99
11 (+) 0.20 (-) 20 (+) 10 85.98
10 (=) 0.10 (+) 80 (+) 10 37.27
8 (+) 0.20 (+) 80 (+) 10 58.12
6 0)0.15 (0) 50 0)6 65.30
4 0)0.15 0) 50 0)6 62.49
2 0)0.15 (0) 50 0)6 60.51

RSM methodology

The effects of selected independent process variables were
evaluated by the response surface methodology (RSM).
Single and synergetic effects of 3 variables, i.e., X; adsorbent
dosage (g), X, caffeine initial concentration (mg/L), and X3
pH, were evaluated at 2 levels with the experimental response
Y caffeine removal (Eq. 2). The total number of experiments
of the 2* full experimental design was given as the sum of the
2k 4 no (21‘, factorial runs; &, the number of independent pro-
cess variables; and 7, the center runs). Then, it was conducted
8 experiments + 8 duplicates + 3 central point runs, consisting
of 19 experiments. The experimental levels of independent
process variables are presented in Table 1. Equation 5 was
used to predict the optimum condition of DS removal related
to the interaction between dependent and independent vari-
ables. Besides, the analysis of variance (ANOVA) was used
to validate the adequacy of model.

Y = by + Y0 bixi + Y bixt + Y abixixj + € (5)

Table3 ANOVA
Sum of squares  Degree of freedom  Mean of squares
Regression  30.15 5 6.03
Residues 0.81 13 0.06
Lack of fit ~ 0.41 3 0.13
Pure error  35.79 10 0.03
R*=0.99

@ Springer

where Yis response; by represents the intercept; by;, by, and
b; are coefficients; n, number of variables; x; and x;, indepen-
dent variables; and ¢, the error (Kaynar et al. 2018).

Equilibrium studies

Equilibrium studies were performed using the contact time
obtained in the kinetic studies, at 30, 40, 50, and 60 °C and
DS concentrations of 50, 100, 200, 500, 750, and 1000 mg
L. The experimental data obtained were adjusted through
the nonlinear regression using Langmuir (Eq. 6) (Langmuir
1918), Freundlich (Eq. 7) (Freundlich and Freundlich 1906,
Redlich-Peterson (Eq. 8) (Redlich and Peterson 1959), and
Sips (Eq. 9) (Sips 1948) models.

ceQky,

_ ] 6
Qe 1+ (Cek]_) ( )
q. = kyeer (7)
cekyp
_ Np 8
9e = 1+ apcch) (8)
qs(ksCe)™
go = USC ©)

© T T (hsCo)™

where Q is the maximum adsorption capacity (mg g '); A
is the Langmuir constant (L/mg); &y is the Freundlich constant
(mg g (mg L7 1/n is the heterogeneity factor; ke (L
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Fig. 5 Response surface plots

mgﬁl), an, (L mgﬁl), and 3 are Redlich-Peterson constants; gg
is the maximum adsorption capacity from the Sips model (mg
gfl); Ky is the Sips constant (L mgﬁl); and myg is the exponent
of the Sips model.

In order to determine the accuracy of the models, the ex-
perimental data were evaluated using the correlation coeffi-
cient (R?) and the relative mean error (ARE), presented in Egs.
10 and 11, respectively (Piccin Jr et al. 2017).

2
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where e, is the value obtained experimentally, ymoq is the
value predicted by the model, n, is the number of parameters
of the model, and 7 is the number of experimental points.
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Adsorption assays using real matrixes

Tests were performed with real water samples, preparing so-
lutions of 20 mg L™ from tap, ultrapure, and mineral water.
The parameters used were based on the previous study, 0.20 g
of adsorbent, 25 mL of solution volume at 20 mg L' of
caffeine initial concentration, 30 °C, pH 2, and 4 h.
Samplings were performed in 15, 30, 45, 60, 120, 180, and
240 min, in duplicate. Solution concentration was determined
by spectrophotometer UV-Vis (Shimadzu/UV-1800).

Results and discussions
Adsorbent characterization

The pH,,. is obtained when the final pH is independent of
initial pH (buffer effect) or when final pH is equal to initial
pH. The pH,,,. indicates the pH at which the adsorbent has a
net zero surface charge. The adsorbent has a positive charge
when the solution pH is lower than the pH,,.. On the other
hand, when the solution pH is higher than the pH,,, the

Fig. 6 Kinetic curve obtained for 5
caffeine adsorption onto palm

endocarp activated carbon and

adjustments to pseudo-first-order

and pseudo-second-order models 4

qt (mg/g)

o

* 20mgL
Pseudo-first order
Pseudo-second order

100 150 300

t (min)
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Table 4 Kinetic parameters

obtained for the adjustment of the Pseudo-first-order

Pseudo-second-order

experimental data with pseudo-

first-order and pseudo-second- R qe (mg/g) € (%)

K¢ (min™") R ge (mg/g) £ (%) K (g/mg min)

order models

0.91 3.64 11.87

0.04 0.96 4.07 8.77 0.01

adsorbent is negatively charged. Figure 1 depicts the result
obtained for the activated carbon pH,,. determination, in
which the value obtained was around 6.3 (Kong et al. 2013).

The FT-IR spectrum, presented in Fig. 2, was obtained in
the range of 4,000 to 400 cm ', The band between 3600 and
3200 cmfl, with peak around 3461 cmfl, is characteristic of
group stretch vibrations -OH that may be related to the pres-
ence of hydroxyl and the water chemisorbed on carbon sur-
face (Alvarez et al. 2015). The bands evidenced in 2956,
2924, 2850, 1425, and 460 cm ! can be attributed to the pres-
ence of aliphatic groups, such as alkanes and alkenes, corre-
sponding to C-H bonds (Sotelo et al. 2012; Alvarez et al.
2015). The band indicated in the region between 1650 and
1558 cm ' is assigned to links C=C and C=O, present in
carboxyl, carbonyl, and aromatic carbon radicals. Bands in
1425 and between 1118 and 1233 cm ™ are characteristics of
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phenolic and lactam groups (Fonts et al. 2009; Royer et al.
2009; Sotelo et al. 2012; Foletto et al. 2013; Larous and
Meniai 2016).

SEM images at different magnifications are shown in Fig.
3. The activated carbon is a fine granular material confirming
the diameters around 337.5 nm obtained by sieving. The ma-
terial presented an irregular and heterogenic surface with the
presence of pores, swellings, and canals. These characteristics
are propitious for adsorption since the interaction between
liquid and solid may occur in the internal and external surfaces
(Georgin et al. 2019).

N, adsorption/desorption isotherm presented in Fig. 4 a
may be classified as type IV according to [UPAC (Thommes
et al. 2015). This type of isotherm is characteristic of meso-
porous materials with an evident hysteresis, due to increased
pressure that causes an increase in the volume of N, adsorbed

(b)
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8
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Fig. 7 Isotherms obtained for caffeine adsorption onto palm endocarp activated carbon at 30 °C (a), 40 °C (b), 50 °C (¢), and 60 °C (d) and adjustments

to Langmuir, Freundlich, Redlich-Peterson, and Sips models
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Table 5 Equilibrium parameters
obtained for the adjustment of the Models Parameters 30°C 40 °C 50°C 60 °C
experimental data with Langmuir,
Freundlich, Redlich-Peterson, Langmuir Omggh 8.501 9.714 8.952 12.982
and Sips models K (L mg") 0.058 0.055 0.098 0.061
R? 0.967 0.991 0.965 0.977
ARE 6.670 4.400 6.560 6.450
Freundlich Kr [(mg LY@ g H'"] 3271 3.405 4.497 4215
n 6.660 6.032 9.275 5.541
R? 0.937 0.965 0.904 0.890
ARE 10.390 8.660 14.070 10.710
Redlich-Peterson K, (L mg_l) 0.484 0.590 0.557 0.933
Ay (L mg HP 0.055 0.069 0.034 0.089
I3 1.005 0.980 1.099 0.966
R 0.967 0.992 0.978 0.981
ARE 6.320 4.230 6.460 3.380
Sips gs(mggh 8.714 10.073 8.750 13.582
Kg(@Lmgh 0.085 0.087 0.045 0.098
ms 0.866 0.829 1.291 0.806
R? 0.968 0.993 0.968 0.984
ARE 6.000 3.610 6.760 2.490

(Beltrame et al. 2018). In addition, the desorption process
presents a very marked and open hysteresis, indicating the
occurrence of a sudden nitrogen desorption or its enclosure
in the material pores, and a gas condensation may occur,
something common in mesoporous materials (Zhang et al.
2015). According to the distribution of mesoporous sizes in
Fig. 4 b, varying from 21 to 40 A (2.50-4.0 nm), with an
average diameter of 30.51 A. Macroporous sizes appear in
the range of 90 to 130 A (9.0-13.0 nm) and 220 to 320 A
(22.0-32.0 nm). In addition, the material presented a specific
area of 407.66 m* g ' and total pore volume of 0.169 cm® g .
Ferreira et al. (2015) obtained different values, 672 m? gf1 and
0.369 cm’ gfl, for dendé mesocarp activated carbon, which

considering the variability of climate, soil, harvest, and other
agricultural characteristics, it is totally expected.

RSM analysis
The final experimental design matrix for the three independent
variables with response is presented in Table 2. The experi-

mental mathematical model in terms of coded variables and
with more significant coefficients is presented by Eq. 12.

Y = 67,748+ 9,149 X,— 16,258 X,— 4,330 X3— 2,909 X, X, (12)

Table 6 Comparison between the
activated carbon obtained from
Elaeis guineensis endocarp and

other materials for caffeine
removal

(£0,570)  (£0,669) (40,669) (40,669 (£0,669)
Adsorbent Maximum adsorption capacity References
(mgg")
Activated carbon obtained from Elaeis 13.582 This work
guineensis endocarp
Carbon fibers prepared from pineapple leaves 152.18 Beltrame et al. (2018)
Carbon nanotubes 4.18 Gil et al. (2018)
Carbon xerogels 182.5 Alvarez et al. (2015)
Oxidized biochar from pine needles 6.54 Anastopoulos et al.
(2020)
MgAI-LDH/biochar composite 26.219 dos Santos Lins et al.
(2019)
Oxidized carbon derived from Luffa cylindrica 59.88 Ramirez et al. (2020)
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Table 7 Thermodynamic parameters obtained for caffeine adsorption
onto palm endocarp activated carbon

Temperature (°C) AG° (kJ/mol) AH° (kJ/mol) AS° (kJ/mol)
30 —17.190 —1.553 0.0508

40 -17.818

50 -16.615

60 —19.285

Analysis of variance (ANOVA) of mathematical/statistical
model is shown in Table 3. The model was statistically signif-
icant since R was high and values of lack of fit and pure error
were low indicating the model can predict successfully the
experimental data. F test showed calculated F' (96.33) was
higher than the standard F (3.03); besides, the ration between
calculated F' and standard F' was higher than 1.0 (F aculated/
Fstandara = 31.79) confirming the model validation.

The response surface plots are presented in Fig. 5. Figure 5
a shows the effect of caffeine initial concentration and mass
dosage on the percentage of removal. Removal increases with
the decrease of concentration and increase of pH. In Fig. 5 b is
presented the influence of pH and mass of adsorbent on the
removal of caffeine. Removal increases with the augment of
mass dosage; however, it is not observed a significant influ-
ence of pH. A similar behavior is observed in Fig. 5 ¢ where
the caffeine initial concentration had a more significant effect
on the caffeine removal than pH. The augmentation of adsor-
bate concentration is proportional to the increase in the num-
ber of molecules in the medium competing for the available
active sites on the adsorbent surface. When the adsorbent sur-
face is saturated by adsorbates, the caffeine molecules remain
in solution. The increase in dosage provides an increase in the
removal. However, this direct relation is intimately linked
with caffeine concentration and pH, since for low amounts
of adsorbate, it was obtained high values of removal (>

Conductivity

1.049 (2.95 uS/cm - 25 °C) —e— Ultrapure Water

(141.2 yS/cm - 25 °C) —o— Tap Water
(67 pS/cm - 25 °C)

—o— Mineral Water
0.8 1

S 0.6
o
S~
o
0.4+
0.2+
0.0 T T T T T T T
0 40 80 120 160 200 240
Time (min)

Fig. 8 Adsorption in real matrixes
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74.55%). pH was the parameter with the lowest influence;
the highest values of removal were obtained in acid medium.
When the solution pH is higher than the pH,,,. the adsorbent is
negatively charged. In this condition, the caffeine is attracted
by the adsorbent surface since they have opposite charges
(Couto et al. 2015).

Kinetic study

Kinetic studies are fundamental to better understand the ad-
sorption mechanisms involved as well as to evaluate the effi-
ciency of the separation process. Assays performed from 5 to
300 min of contact between adsorbent and adsorbate (20 mg/
L) showed that the equilibrium of caffeine adsorption onto
palm endocarp activated carbon was reached after 5 h.
Figure 6 shows the kinetic curve and the adjustment of the
experimental data with the pseudo-first-order and pseudo-
second-order models. The statistic parameters are presented
in Table 4. According to the results obtained, the experimental
data fitted better with the pseudo-secondo-order model, due to
the higher determination coefficient (R*> = 0.96) and lower
error (ARE = 8.77), when compared with the pseudo-first-
order parameters (R = 0.91 and ARE = 11.87). It suggests
that chemisorption is the dominant adsorption mechanisms
involved, justifying the slow kinetics observed.

Equilibrium studies

Isotherm curves were performed at 30, 40, 50, and 60 °C in
order to evaluate the type of interaction between the adsorbent
and the adsorbate. The experimental data, as well as the ad-
justments for Langmuir, Freundlich, Redlich-Peterson, and
Sips models, are depicted in Fig. 7. The parameters obtained
are shown in Table 5. From the results achieved, the temper-
ature increase favored the adsorption, indicating an exother-
mic process for caffeine concentrations up to 500 mg/L,
reaching the adsorptive capacity of 13.17 mg/g. However,
for all isotherms, adsorption decreased when the initial adsor-
bate concentration was 750 mg/L. This result can be explained
by saturation of adsorbent which, when the equilibrium was
reached at 500 mg L', almost all active sites are occupied,
reducing the removal of the dispersed molecules, decreasing
adsorption efficiency.

Among all models, Redlich-Peterson and Sips were the
ones who presented the best fit to the experimental data, based
on the highest R? values and the lowest ARE. Once both
isotherms are hybrids of Langmuir and Freundlich’s models,
they can overcome some limitations of the two parameter
models. Therefore, in general, experimental data fitted better
to the Sips model, presenting higher coefficient of determina-
tion (R*) and lower average relative error (ARE), predicting a
maximum adsorption capacity of 13.5 mg g ', closed to the
experimental value. The isotherm profile indicates they can be
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classified as L-2 type, according Giles et al. (1960). It is evi-
dent a marked initial rise and a concavity in relation to the x-
axis at low equilibrium concentration. This result is character-
istic of systems in which the adsorbate has a strong affinity
with adsorbent, and there is no significant competition of the
solvent for active sites, allowing the formation of a monolayer
on the surface (Gil et al. 2018). Besides, this type of isotherm
indicates that more solute loading can be carried into the solid,
as long as it is at lower concentrations (Couto et al. 2015).

In order to compare the effectiveness of activated carbon
obtained from Elaeis guineensis endocarp in the removal of
caffeine from aqueous solution, in Table 6 is presented a com-
parison between the maximum adsorption capacities (¢,,) of
different adsorbents. Activated carbon obtained from Elaeis
guineensis endocarp seems to be a promising material for
caffeine removal since it presents ¢, values similar with other
activated carbons as well as much more complex materials
such nanotubes and composites.

Thermodynamic studies

Thermodynamics studies are important to understand the
mechanism, spontaneity, and nature of adsorption and the ad-
sorbent surface characteristics. Considering that the Sips mod-
el presented the best fit to the experimental data, K, the equi-
librium thermodynamic constant, was used to calculate AG°
for all temperatures studied using Eq. 13. Then, by the plot of
In (Ky) versus (1/T), van’t Hoff plot, the values of AH” and
AS® were found. Table 7 summarizes the thermodynamic pa-
rameters (AG®, AH’, and AS®) obtained.

AG® = —RTInK, (13)

where R is the universal gas constant (8.314J mol 'K, T
is the temperature (K), and Kj is the thermodynamic equilib-
rium constant.

From the data obtained, the negative values of AG°
indicate that adsorption was spontaneous at all tempera-
tures studied. In addition, more negative values are ob-
tained with higher temperatures indicating adsorption is
favored by temperature. By analyzing the AH°, the nega-
tive value indicates the process was exothermic; this be-
havior is related to the desolvation of water molecules
from the solid surface for adsorption of caffeine mole-
cules. The enthalpy value between 0 and — 40 kJ mol ™!
presupposes a physisorption phenomenon. According to
the positive S°, possibly some structural changes or
readjustments in the adsorbate-adsorbent complex oc-
curred demonstrating that the interaction is entropy-
controlled (Silva et al. 2017; Liitke et al. 2019; Meili
et al. 2019; dos Santos Lins et al. 2019). Similar results
were obtained by Beltrame et al. (2018) and Anastopoulos

and Pashalidis (2019), using activated carbon fibers from
pineapple leaves and oxidized activated carbon derived
from Luffa cylindrica for caffeine removal, respectively.

Adsorption in real water matrixes

Figure 8 shows the results of caffeine concentration behavior
versus time according to the aqueous matrix. A higher per-
centage (98.54%) of caffeine removal was obtained using tap
water, with lower and similar percentages for ultrapure water
(91.64%) and mineral water (91.30%). In the tap water, sev-
eral dissolved anions, such as sulfate and chloride, from water
treatment process, may have interacted, electrostatically, with
caffeine molecules, leaving it with an opposite load in relation
with carbon surface, favoring the adsorption. This character-
istic may be proven by the conductivity of water matrixes (Wu
etal. 2020). Although mineral water presented higher conduc-
tivity than ultrapure water, dissolved anions presented milder
action. Satisfactory results indicate that palm endocarp acti-
vated carbon has a high potential to treat the water contami-
nated with caffeine.

Conclusions

The present contribution demonstrated the feasibility of using
the palm endocarp activated carbon for caffeine removal from
water. Assays performed through a complete experimental
design 2° showed that the most significant tested parameter
was adsorbate concentration, followed by mass of adsorbent
and solution pH. The best response was achieved using 0.20 g
of'adsorbent, initial caffeine concentration of 20 mg/L, and pH
2, reaching a total removal of 95.8%. From the kinetic studies,
equilibrium was attained after 5 h and the experimental data
presented the best fit to the pseudo-second-order model, sug-
gesting chemisorption as the predominant adsorption mecha-
nism. The isotherms studies provided best fit to the Redlich-
Peterson and Sips (adsorption capacity of 13.5 mg/g) models.
Finally, thermodynamics calculations indicated an exothermic
and spontaneous adsorption mechanism with structural mod-
ifications in the adsorbate-adsorbent interface. The positive
results obtained regarding adsorption in different water ma-
trixes demonstrated the ability to be used as an adsorbent
agent in complex conditions. The adsorbent features and effi-
cient removal results suggest a suitable material for caffeine
withdrawn from water.
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