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Abstract

Bisphenol-A is widely used chemical in industry and unfortunately often detected in natural waters.
Considered as an emerging pollutant, bisphenol-A represents an environmental problem due to its endocrine
disrupting behavior. The production of Activated Carbon from alternative precursors has shown to be
attractive in the removal of emerging pollutants from the water. activated carbon was produced from waste
coffee by physical and chemical activation and applied in the removal of bisphenol-A. The samples were
characterized by elemental analysis, scanning electron microscopy, X-ray diffraction, Fourier transform
infrared spectroscopy and analysis of textural properties. Bisphenol-A adsorption experiments showed that
the chemically activated carbon was more efficient due to its high specific surface area (1039 m2/g)
compared to the physically activated carbon (4.0 m2/g). The bisphenol-A adsorption data followed the
pseudo second order model and Langmuir isotherm, that indicated a maximum adsorption capacity of
123.22 mg/g for chemically activated carbon. The results demonstrated a potential use of the coffee grounds
as a sustainable raw material for the production of chemically activated carbon that could be used in water
treatment.
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Introduction

Bisphenol-A (BPA) is an organic chemical used in the production of polymers, polycarbonates and epoxy
resins (WHO and FAO 2010). BPA is also known as an emerging pollutant. BPA is an endocrine disrupting
chemical and it is being detected in natural waters destined for public water supply (Moreira et al. 2011;
Sodré et al. 2007). Conventional water treatment plants are somewhat inefficient to removal of emerging
compounds from water (Gwenzi et al. 2017). In this context, remediation techniques are essential to control
of BPA contamination in waters.

In the case of BPA removal from water, different methods have been used. For instance, photocatalytic
degradation is able to achieve BPA removal of 91% for 20 mg/L of BPA after 3.5 h of treatment (Xia et al.
2016). Membrane processes also achieve high capacity of removal (93%) of BPA from contaminated water
(Nasseri et al. 2018). Another removal method is the adsorption using activated carbon (AC), which
presents satisfactory results, as in the study of Zbair et al. (2017) which presented until 94,9% removal of
BPA using activated carbon from argan nutshell.

Activated carbon shows characteristics such as surface area, surface functional groups and chemical and
textural surface properties, which have an important role in the adsorption processes. In addition, during
the production process of the AC, these characteristics can be improved to gain greater efficiency for
adsorption. The production of AC can occur by chemical or physical activation and from several types of
raw material.

In physical activation, the precursor is initially carbonized at temperatures above 500° C and then activated
at high temperatures (700-900 °C) and using CO; or water vapor as activating agent. In chemical activation,
the precursor is treated with chemicals such as ZnCl,, KOH and H3PO4, which are the most commonly used
industrially. Then the precursor is activated at temperatures ranging from 450-600 °C (Marsh and
Rodriguez-reinoso 2006).

Different organic raw materials are used in AC production, whose nature may be either animal or vegetal.
Amongst these raw materials, waste of industrial coffee production is noteworthy, since literature reports
promising results concerning its adsorbing proprieties. An earlier study reported the application of AC from
three different precursor materials, waste coffee grounds, melon seeds and orange peels for the adsorption
of organic micropollutants, o-nitrophenol and p-nitrotoluene. The adsorption of the pollutants was in the
range of 70% to 90%, and the AC of coffee grounds showed a removal around to 90% (Djilani et al. 2012).
Many studies have evidenced the possibility to use AC in BPA removal from water. However, none of
these reports made use of AC from coffee grounds, which implies the need for further studies in this subject.
Coffee grounds is a residue that is easily available since coffee is appreciated and consumed worldwide. In
addition, the production of AC from waste itself is attractive, because it makes use of materials already
available without need of its extraction contributing in the reduction of the exploration of the natural
resources such as mineral rocks and wood, for example, making the whole process more sustainable.
Emphasizing the search for alternative processes, the objective of this study was the production of activated
carbon of high surface area using waste coffee grounds as precursor, which was collected after preparation
of the coffee beverage. Water and ZnCl, were used as the activating agent. The applicability of the prepared

materials in the adsorption of BPA in aqueous medium were evaluated.



Experimental

Materials

The coffee grounds was obtained after preparation of the coffee beverage. The Bisphenol-A (BPA) was
purchased from Sigma Aldrich® (97% purity). The stock solution was prepared by dissolving 0.1 g of BPA
in 1000 mL of ultrapure water to prepare a 100 mg/L solution. The other chemical reagents used (HCI,

NaCl, NaOH, and ZnCl,) were of analytical grade.

Preparation of activated carbons

The raw material was firstly washed with NaOH (0.1 mol/L) to remove impurities and water-soluble
substances. Afterward, the material was washed with ultrapure water at 80 °C and washed with ultrapure
water at room temperature (26 °C) until the pH of the rinse water was close to 7. In the roasting process,
the coffee beans are subjected to a temperature ranging from 180 °C to 240 °C. The coffee grounds are the
residue generated after the preparation of the coffee beverage. Soon this residue refers to coffee beans that
have been roasted. For this reason the carbonization was not performed because the roasting process was
considered a pre-carbonization. The washed material was placed in a reactor and activated for 2 h in a
furnace (500 °C at 10 °C/min) under a continuous nitrogen flow of 50 mL/min saturated with water vapor.
Afterwards, the activated carbon was sieved in ASTM (Mesh) sieves with different sizes and the material
of diameter larger than 100 mesh (0.149 nm) was selected for further experiments. Activated carbon
prepared by physical activation with water vapor was called as CAH.

In chemical activation the raw material was impregnated with ZnCl,, which was chosen as activating agent
since it is quite effective for the development of micropores and mesopores. Besides that, zinc chloride is
neutral and non-toxic salt and one most commonly used industrially (Marsh and Rodriguez-reinoso 2006).
The impregnation ratio was 1:2 (activating agent/coffee grounds). For this, 10 g of ZnCl, was dissolved in
60 mL of ultrapure water and then placed in contact with 20 g of coffee grounds. Impregnation was carried
out at 85 °C during 7 h in order to facilitate the access of activating agent to the interior of the precursor,
and then the temperature of the mixture was increased to 105 °C, remaining until the complete dryness for
about 24 h. The impregnated raw material was then placed in a stainless steel reactor, which was
accommodated in a vertical oven at a temperature of 500 °C for 2 h under continuous flow of nitrogen (100
mL/min). A heating rate of 10 °C/min was used during the carbonization. The activated carbon received
was then washed with HCI solution (0.1 mol/L) for pore clearing and ultrapure water until the pH close to
7 and then dried at 105 °C for 24 h. Finally, the activated carbon was sieved to get the material of diameter
larger than 100 mesh (0.149 nm). Activated carbon prepared by chemical activation with ZnCl, was called
as CAZ.

Characterization of activated carbons

Thermogravimetric analysis (TGA) aimed to identify the principal temperature levels at which the coffee

grounds reacts under an inert atmosphere. This analysis was carried out with thermal analyzer model DTG



60/60H (Shimadzu®) under a nitrogen flow of 100 mL/min. The temperature range was from room
temperature to 1000 °C with a heating rate of 10°C/min.
The yield of the activated carbons was determined from Equation 1, to calculate the mass of activated

carbons selected in the 100-mesh sieve.

Yielde (%) = (Mac/Mp) X 10 1

where Mc is the mass of activated carbon (g) and Mp is the mass of precursor (g).

The scanning range used was 400 to 4000 cm™ with resolution of 4 cm™ and 32 scans. Samples were diluted
in KBr (1% by weight) to form the analysis disc. The elemental contents CHNSO of raw material and
activated carbons were determined by using an organic elemental analyzer model FLASH 200 (Thermo
Scientific®). The morphological characteristics of raw material and activated carbons were analyzed by
Scanning electron microscopy (SEM) using an electronic scanning electron microscope model JSM 7100F
(FEG) (JEOL®).

The crystalline structure of activated carbons was analyzed by X-ray diffraction (XRD) analysis using an
X-ray diffractometer model DRX-6000 (Shimadzu®). The samples were subjected to Ka radiation of Cu
(A = 1.5406 A), current of 30 mA and voltage of 45 kV at room temperature. The scan speed used was
2°/min and angular variation of 10° - 80° in a band of 26. The functional surface groups of the activated
carbons were determined by Fourier Transform Infrared Spectroscopy (FTIR) using a spectrometer model
Spectrum 400 (Perkin Elmer®).

The textural properties were analyzed by N, adsorption-desorption isotherms (- 196 °C) using ASAP 2020
Plus (Micromeritics®) instrument. The surface area was determined using the BET method (Brunauer et
al. 1938). The total porous volume was obtained from the desorption isotherm from the desorbed N2 volume
at the relative pressure of 0.95, and the mean diameter and pore distribution were determined by the BJH
method (Barrett et al. 1951).

The point of zero charge (pHpzc) was determined using the 11 points experiment (Park and Regalbuto
1995). The activated carbon (50 mg) was mixed with 20 mL of NaCl. The starting pH solutions
(1,2,3,4,5,6,8,9,10,11 and 12) was adjusted using HCI (0.1 mol/L) and NaOH (0.1 mol/L). After 24 hours

of shaking, the final pH was measured.

BPA adsorption studies

A preliminary test was carried out to evaluate the adsorption efficiency of raw material and the activated
carbons (CAZ and CAH) in BPA removal. In each experiment, 10 mg of adsorbent was added to 10 mL of
BPA solution (30 mg/L) in 25 mL flasks. The flasks were kept under shaking for 24 h in an orbital shaker
model SI-300R (Lab Companion®), working at 180 rpm, room temperature (26 °C) and normal pH of the
solution (5,65). The adsorbent was separated from the solution by filtration with a quantitative syringe
filter. The residual BPA concentration was analyzed using a UV/Vis spectrophotometer model M51 (Bel

Engineering®), at a wavelength of 283 nm. The amount of adsorbed BPA was determined by Equation 2.
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where ge is the adsorption capacity (mg/g); C, is the initial concentration of adsorbate (mg/L); Ce is the
concentration of adsorbate at equilibrium (mg/L); V is the volume of the solution (L); m is the mass of the

adsorbent (mg). The Equation 3 was used to calculate the BPA removal efficiency.
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where C, is the initial concentration of BPA (mg/L) at time zero and C is the concentration remaining of
BPA (mg/L) after the adsorption test.

The influence initial pH in the adsorption capacity of the activated carbons was evaluated for pH values of
2.0, 4.0, 6.0, 8.0 and 10.0, which were adjusted using HCI (0.1 mol/L) or NaOH (0.1 mol/L). In each
experiment, 10 mg of adsorbent was added to 10 mL of solution of BPA (30 mg/L) in 25 mL flasks, which
were kept under stirring for 24 h working at 180 rpm at room temperature (26 °C). The residual BPA

concentration was measured after the test.

Adsorption isotherm and kinetics models

The adsorption kinetics was determined by analyzing the BPA removal from an aqueous solution at
different time intervals, between 15 min and 24 h. The adsorption kinetics studies were performed for three
different concentrations of BPA, 5, 20 and 30 mg/L. In each experiment, 10 mg of adsorbent was added to
50 mL of BPA solution in 125 mL flasks, which were kept under stirring at 180 rpm at room temperature
(26 °C). The fit of the experimental data was performed using kinetic models of pseudo-first-order and

pseudo-second-order. The pseudo-first-order model (Lagergren 1898) can be expressed by Equation 4.

4 = (1 — e~fat) 4)

where k; is the constant of the adsorption rate (1/min); tis the time; ge and gt are the adsorbed BPA amounts
at equilibrium and at time t respectively (mg/g). The pseudo-second-order model (Blanchard et al. 1984;

Ho and McKay 1998) can be expressed by Equation 5.

2 kot
qr = —e2_ (5)
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where ks is the constant of the adsorption rate (g/mg.min).

The nature of the BPA adsorption process was determined using the Langmuir and Freundlich isotherm
models. To obtain the experimental data, 10 mg of adsorbent was added in 50 mL of BPA solution at the

concentrations of 5, 10, 20, 30, 40, 50, 60 and 70 mg/L. The mixtures were shaken (180 rpm) at room



temperature (26 °C). The residual BPA concentration was analyzed after 24 h of the experiment. The

Langmuir model (Langmuir 1916) can be expressed by Equation 6.

_ qmaxkLCe
qe = 1+kLCe ®)

where C. is the concentration of adsorbate at equilibrium (mg/L); gmax is the maximum adsorption capacity

of the adsorbent (mg/g); K is an interaction constant between the adsorbate and the adsorbent (L/mg).

The Freundlich model (Freundlich 1906) can be expressed by Equation 7:
4e = kFCelh1 @)

where Ke (mg/g)/(mg/L)Y" and n are the Freundlich constants related to adsorption capacity and intensity
respectively. The parameter n indicates whether the isotherm is favorable or unfavorable, being favorable
when it has values in the range of 1 to 10. The higher the value of n, the stronger the interaction between
adsorbate and adsorbent. The quality of the adjustments was evaluated through the correlation coefficient

R2, and statistical parameter Residual Sum of Squares (RSS).

Results and discussion
Characterization of activated carbons
Thermogravimetric Analysis

The thermogravimetric analysis shows the thermal behavior of the waste coffee grounds
in the range of 24 °C to 1000 °C. Fig. 1 shows the relative mass loss (TG) and its first

derivative (DTG) curve.
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Fig. 1 Thermogravimetric analysis of waste coffee grounds under N2 flow



The mass loss observed at a temperature lower than 150 °C can be attributed to the loss of water occluded
inside of the pores or adsorbed on the coffee grounds (Singh et al. 2017). After 200 °C the mass loss is
related to the degradation of coffee grounds components such as hemicellulose, cellulose and some lignin
fraction. Between 200 and 300 °C the degradation of the hemicellulose occurs, followed by degradation of
the cellulose between 300 and 400 °C (Yang et al. 2007). Lignin degradation occurs at higher temperatures,
above 400 °C (Essabir et al. 2018). The stabilization of the mass loss of coffee grounds was observed from

600 °C. Based on this result the use of a milder temperature (500 °C) was selected for the carbonization.

Yield analysis of activated carbons

The physical activation process using water vapor showed a yield of around 20% while for chemical
activation with ZnCl, the yield was 40%. Aznar (2011) evaluated the yield of activated carbon produced
from coffee grounds from the two activation methods and obtained yields varying from 12 to 18% in
physical activation, while in chemical activation the yield was 35 to 50%. The physical activation process
occurs in two different stages (carbonization and activation), which are realized at high temperatures and
consequently the yield of production is low (Marsh and Rodriguez-reinoso 2006).

In chemical activation the activating agent causes physical and chemical changes in the precursor material,
which modifies the thermal degradation process. Because of these modifications, the following activation
process requires lower temperatures, resulting in higher yield of production compared to physical
activation. Another factor, which results in a higher yield in the chemical activation, is the decrease of the
formation of tar compounds. During the carbonization step, chemical activating agent prevents the
formation of these compounds, which would be released in the form of volatile compounds (Rodriguez-
Reinoso and Molina-Sabio 1992).

Elemental analysis

Table 1 presents values for the elemental composition of the raw material, CAZ and CAH, showing the
carbon, hydrogen, nitrogen and oxygen contents. For comparison, the analysis was also performed for the

commercial activated carbon (CAC).

Table 1 Elemental analysis of the raw material, CAZ, CAH and CAC

Samples C (%) H (%) N (%) O* (%)
raw material 53.9 1.7 7.9 36.5
CAZ 90.2 2.3 25 5.0
CAH 80.2 31 31 13.6
CAC 85.2 1.2 0.0 13.6

*Determined by difference to close the mass balance.

It is observed that an increase of the carbon content of the material occurred after the activation process.
The carbon content in the samples CAZ and CAH were close to the content presented by the commercial

activated carbon. The CAZ sample presented the highest increase in carbon content (90.2%), while the



CAH sample showed 80.2% carbon in its structure. The increase in carbon content occurs due to the release
of volatile compounds and heteroatoms during the activation process. Furthermore, the high temperatures
employed in this process cause the breaking of less stable chemical bonds of the precursor material.
Consequently, the structural network of the material is reorganized into graphene rings increasing the
carbonaceous content (Nowicki 2016).

After the activation, nitrogen and oxygen contents were decreased in the CAZ and CAH samples compared
to the raw material. The decrease occurs due to the decomposition of the organic matter present in the waste
coffee grounds, releasing volatile compounds, which contain nitrogen and oxygen. The decrease of the
oxygen content is also related to the dehydration reactions that occur in the raw material due to the action
of the activating agents (Ozdemir et al. 2014; Prauchner et al. 2016). This fact justifies the CAZ sample
having a higher decrease in oxygen content (31.5 percentage points) compared to the CAH sample, that
was produced by physical activation having 22.9 percentage points less oxygen than the raw material.

The hydrogen is also eliminated in the form of volatile compounds during the activation process. However,
in the CAZ and CAH samples, an increase in the hydrogen content is observed when compared to the raw
material (1.7%). During the activation process, the hydrogen can be bound to the structure of the activated

carbon, causing an increase in the hydrogen content (Singh et al. 2017).

Scanning Electron Microscopy

The SEM images show that the raw material (Fig. 2a) had a relatively smooth surface, exhibiting some
cracks. In contrast, the morphology of CAZ (Fig. 2b) and CAH (Fig. 2¢) indicate that the activation
processes caused modifications resulting in the development of a porous surface. The presence of more
open pores in the CAZ sample were observed, while the CAH sample had more closed pores with more
collapsed structure. The CAC, used as a comparison, presented a morphological structure (Fig. 2d) distinct

from the CAH and CAZ, which is probably related to the precursor used in the preparation.
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Fig. 2 Scanning electron microscopy images of raw material (a), CAZ (b), CAH (c) and CAC (d)

X-ray diffraction (XRD)

Fig. 3 shows the X-ray diffractograms of CAH and CAZ. For both materials, the typical formation of a
structure of randomly arranged carbons occurs. It is possible to observe bands around 20 = 24.5° and 26 =
42°, corresponding to the diffraction of (002) and (100), respectively, which are graphite-like reflections
(Hadoun et al. 2013; Suhas et al. 2017). The peak at around 24° signifies an increasing regularity of
crystalline structure, showing a tendency to result in a layer alignment. The micrograph structures are
characteristic of activated carbons (Schettino Junior et al. 2007; Gao et al. 2015).
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Fig. 3 XRD patterns of CAH and CAZ

Fourier transformer infrared spectroscopy (FTIR)

Fig. 4 shows the FTIR spectra of CAZ (Fig. 4a) and CAH (Fig. 4b). The bands around 3388 cm™ and 3446
cm! are attributed to stretching vibrations at the hydroxyl groups (O-H), and the bands around 1568 cm

and 1566 cm™ correspond to the C=C bond of partially oxidized graphene rings (Silverstein et al. 2013).
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Fig. 4 FTIR spectra of CAZ (a) and CAH (b)

BPA adsorption studies and Textural properties analysis
Evaluation of the adsorption capacity of BPA

Preliminary adsorption tests using the CAZ, CAH, CAC and raw material were performed to discover their

ability to adsorb BPA. The results are shown in Fig. 5.
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Fig. 5 Results of preliminary adsorption tests of the removal of BPA by CAZ, CAH, CAC and raw material

It can be observed that the CAH showed no adsorption of BPA, whereas the CAZ showed the highest
adsorption of BPA with a removal of around 98%. This was higher than the removal achieved with CAC
that was around 93%. The waste coffee grounds showed a BPA removal capacity of around 12% without
any activation. This low adsorption potential of BPA on untreated coffee grounds makes it unfeasible for
the use of the waste coffee grounds as biosorbent in the removal of BPA. Therefore, it is necessary to
change the morphology and functional groups of the waste coffee grounds, using for example activation

processes, as performed in this study.
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Textural properties analysis

A preliminary analysis indicated a low surface area (4.0 m?/g) for the CAH compared to the data from the
literature, showing the surface area values higher than 400 m2/g (Tehrani et al. 2015; Rodiguez et al. 2018).
The formation of the basic structure of the activated carbon occurs during the carbonization stage where
the pore blockage due to the possible decomposition of the tar. In the activation process the tar compounds
and the volatile material are removed and the pores are unlocked. If the raw material is directly subjected
to activation, the porous structure formation is initiated, but it is not fully developed (Rodriguez-Reinoso
and Molina-Sabio 1992). Thus, in addition to the absence of the carbonization step, the temperature of 500
°C used in the physical activation of raw material has most probably contributed to the low surface area
formation (4.0 m#/g).

Adsorption is influenced by several factors such as the nature of the adsorbent, the nature of the adsorbate
and the conditions of the medium. The characteristics of the adsorbent that influence this process are:
surface area, porosity, surface functional groups and point of zero charge (Bansal and Goyal 2005).
Analyzing the CAH, it is observed that its low surface area and poor porous structure are the cause for the
absence of BPA adsorption capacity. Due to these reasons, the pore size distribution analysis was not
performed for CAH.

The CAZ presents close to Type I(b) isotherm (Fig. 6a), which is characteristic of microporous materials
having relatively small external surfaces area and pores including also wider micropores and possibly
narrow mesopores. This is also demonstrated by Fig. 6b that shows presence of micropores with less than
2 nm diameter together with narrow mesopores with diameter 3-4 nm. The isotherm shows also a Type H4
hysteresis, which is normally observed with Type 1V isotherms and typical for carbonaceous materials with
narrow pores in slit form and presence of micropores (Thommes et al. 2015). For the purpose of
comparison, the analysis was also performed with the CAC.

The CAC presented close to Type 1V(a) isotherm (Fig. 7a), which is characteristic of mesoporous materials,
with a contribution of micropores. The CAC presented Type H3 hysteresis, where are observed aggregates
of plate-like particles giving rise to slit-shaped pores (Thommes et al. 2015). Analyzing the pore
distribution, CAC (Fig. 7b) has both meso- and micropores. The analysis shows the presence of pores with
a diameter lower than 2 nm, that correspond to the microporous structure and mesopores with diameter 3-
4 nm. In addition, CAC presented a higher volume of mesopores (30-40 A) when compared with CAZ,
which explains the larger hysteresis loop observed for the CAC (Everett 1971).
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Fig. 7 Nitrogen adsorption-desorption (a). Pore size distributions for CAC (b)

The results presented in Table 2 show that the micropore volume of the CAZ corresponds to about 70% of

the total pore volume, which characterizes CAZ as a microporous activated carbon, as discussed previously.

Table 2 Textural properties of the CAZ and CAC

Micropore Mesopore
BET surface Total pore Average pore
Adsorbent volume® volume® .
1) (m2 (2) 3 (5)
areal¥ (m#/g) volume'® (cm?3/g) (cm¥/g) (cm¥/g) diameter® (A)
CAZ 1039 0.481 0.339 0.142 <20
CAC 869 0.598 0.212 0.386 47

(1) Calculated by the BET method / (2) calculated in p/p0 = 0,95/ (3) calculated by the method t-plot volume / (4) calculated by the difference between total volume
of pores and micropores / (5) calculated by the BJH method.

The CAZ obtained a specific surface area of 1039 m2/g which is higher than the specific surface area of the

CAC (about 16%) and to some previous work reported in the literature, as presented in Table 3.
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Table 3 Comparison of surface areas of various activated carbons prepared from coffee grounds by chemical

activation
Activating BET surface Activation .
agent area (m2/g) temperature Heating rate Reference
ZnCl 1039 500 °C 10 °C/min Presented study
ZnCl 617 600 °C 10 °C/min (Khenniche and Aissani 2009)
ZnCl 682 600 °C 10 °C/min (Boudrahem et al. 2011)
K2COs3 950 800 °C 10 °C/min (Castro et al. 2011)
H3PO4 910 600 °C - (Bouchenafa-Saib et al. 2014)
KOH 1348 800 °C 5 °C/min (Laksaci et al. 2017)

The activated carbon produced in this study presented higher specific surface area compared to the other
studies, with the exception of the adsorbent produced by Laksaci et al. (2017). Laksaci et al. (2017) used
KOH in the activation of the coffee grounds and obtained a specific surface area of 1349 m2/g. They also
used 300 °C higher activation temperature than the one in this study and heating rate of 5 °C/min, which is
half of what was used in CAZ production (10 °C/min). These imply higher energy demand and inert gas
costs in the production. The data presented in Table 3 show that large surface areas are not always related
to the use of higher temperatures. It is possible to develop activated carbon with good textural and surface

properties for adsorption by using less energy and inert gases.

Influence of pH of the solution and point zero charge (pHPZC)

Fig. 8 shows the influence of the initial pH on the BPA removal efficiency (%) and the

adsorbed amounts (ge) in the case of CAZ.
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Fig. 8 Influence of the initial pH on the BPA adsorption demonstrated by the CAZ

The CAH sample did not adsorb BPA at any of the pH of the solution, which is related to the low specific
surface area of CAH, as discussed in 3.2.2. Textural properties analysis. Therefore, the point zero charge
(pHezc) was not determined for this adsorbent. As shown in Fig. 8, removal of BPA increased at pH 2 to 4
and stays relatively constant from pH 4 to 8. However, the removal decreases when the pH is increased
further from 8 to 10. In the pH range of 4 to 6, the BPA removal was around 98% and the adsorption
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capacity was 32 mg/g. At pH 2 and 10, the BPA removal was around 70% and the adsorption capacity
around 25 mg/g.

Similar behavior was observed by Kamaraj et al. (2017) who studied the adsorption of BPA on activated
carbon from the Ficus bengalensis bark, which showed relatively high and constant BPA removal at pH
values of 6 to 8 compared the pH range from 3 to 5 and of 9 to 11. The variations in BPA removal occur
due to the adsorbent surface charge density and the charge of the bisphenol A species, which are dependent

on the pH of the solution. For this reason, the CAZ pHpzc (Fig. 9) was determined.
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Fig. 9 Point zero charge (pHpzc) of CAZ

Fig. 9 shows that the pHpzc of CAZ is equal to 5.8. Therefore, for pH values lower than 5.8, CAZ has
positive charge on its surface and negative charge for pH values higher than pHezc. When evaluating the
adsorption, the behavior of BPA in different pH needs to be taken into account, because the pKa of BPA
ranges from 9.6 to 10.2 (Yoon et al. 2003). For pH values in this range the chemical agent is deprotonated,
losing H* ions to the medium, with the consequent formation of anions. In the acidic medium the BPA
molecules are in form of neutral molecules.

At pH 10 the CAZ has a negative surface charge because the pH of the medium is higher than the pHpzc of
the CAZ. At this pH (range from 8 to 10) both BPA and CAZ are negatively charged, and BPA adsorption
decreases (Fig. 8). The reduction occurs due to the electrostatic repulsion. At the pH values close to pHpzc
the adsorbent surface charge density is zero, which increases the interaction between the CAZ surface and
the dispersed BPA molecules, thus favoring their adsorption (Zbair et al. 2017).

Activated carbons are amphoteric materials in which surface charges depend on the pH of the solution. For
values of pH < pHezc the surface of the activated carbon is positively charged, which favors the adsorption
of anionic species. At pH > pHpzc activated carbon has negative surface charges favoring the adsorption of
cationic species (Belhachemi and Addoun 2011).

Fig. 9 shows that the pHpzc of the CAZ is 5.8 which justifies the reduction of the adsorption capacity of the
CAZ at pH 10, where both CAZ and BPA exhibit negative charges with an electrostatic repulsion. At pH
values close to pHezc, the charge density of the adsorbent surface is zero, which increases the interaction

between the CAZ surface and the dispersed BPA molecules. This behavior may justify the higher adsorption
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capacity of CAZ at pH 4 and 6. In addition, in the acid medium, the interaction between excess H* and BPA
molecules takes place (Zbair et al. 2017).

Although a reduction in the adsorptive capacity of the CAZ sample was observed for values of pH 2.0 and
10, this reduction does not occur suddenly, indicating that the ion counter-charge is not a determining factor
in the adsorption process. In this case, the adsorption may have been influenced by other mechanisms such
as surface area and oxygen functional groups.

The amount adsorbed onto activated carbon can be inversely proportional to the oxygen content of the
adsorbent (Pendleton et al. 2001). Thus, in extremely basic pH solutions, the solvent molecules can group
around the oxygen sites, creating a region of polarized molecules. Thus, the interaction energy of the BPA
molecule with the activated carbon surface is reduced (Pendleton et al. 2001; Pendleton et al. 2002). As
shown in Table 1, the CAC presented oxygen 8.6 percentage points more than the CAZ, however it
presented a surface area lower than the CAZ around 16% (Table 2). Therefore, the data suggest that the
high surface area of CAZ had greater influence on the adsorption, with a lower contribution of the

oxygenated functional groups.

Adsorption isotherm and kinetic models
Adsorption kinetics of BPA

The adsorption kinetics for the three situations analyzed are relatively slow, because the equilibrium was
established after approximately 720 min, as shown in the Fig. 10.
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Fig. 10 BPA adsorption kinetics in CAZ at initial concentrations of (a) 5 mg/L, (b) 20 mg/L and (c) 30 mg/L adjusted
to the pseudo-first order and pseudo second order models

Table 4 shows the adsorption kinetic parameters obtained from the adjustment curves, as well as the
amounts of BPA adsorbed by the CAZ (calculated experimentally) and the correlation coefficients (R2) and
Residual Sum of Squares (RSS).

Table 4 Kinetic parameters calculated from the adjustments of the pseudo-first-order and pseudo-second order
models to the experimental data for CAZ

Initial concentration of BPA

(mg/L) geexp (MY/Q) Pseudo — First Order Pseudo — Second Order
gecal = 21.33 gecal = 24.18

5 22.02 ki =0.0069 k2 = 0.00045
R?=0.975 R?=0.991
RSS =15.927 RSS =5.456
Q€cal = 76.69 Q€cal = 78.63

20 76.89 ki =0.0031 k2 = 0.00005
R?=0.985 R?=0.985
RSS =116.783 RSS =95.222
gecal = 90.34 gecal = 93.78

30 84.42 ki =0.003 k2 = 0.00003
R?=0.989 R?=0.987
RSS =157.208 RSS =179.598

ge = mg/g; k1 = 1/min; k2 = g/mg.min

The obtained data showed that the values of geexy and geca are close for both kinetic models. Moreover, it
was observed that, for the analyzed conditions, the R2 values in both models were also close. The RSS value
for pseudo-second-order model is smaller than the value obtained from pseudo-first-order for the
concentrations of 5 mg/L and 20 mg/L of BPA, which shows that the pseudo-second order model presented
better fit to the experimental data. However, for 30 mg/L the RSS value for pseudo-second-order model is
higher than the RSS value for the pseudo-first-order, but the difference is relatively small. Thus, the
equation of order n (Levenspiel 2000) was applied to the three situations of BPA concentrations studied (5
mg/L, 20 mg/L and 30 mg/L), which presented values of n = 2. 29 (R2=0.921), n = 2.46 (R2=0.995) n =
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2.60 (R? = 0.99), respectively. As shown by the data, the n values were close to 2, so it was attributed that
the adsorption Kinetics in this study is better explained by the pseudo-second-order model. This result was
also observed in some studies available in the literature related to the adsorption of BPA on activated
carbons obtained from different raw materials (Koduru et al. 2016; Arampatzidou et al. 2017). The pseudo-
second-order model describes chemical adsorption processes with electron exchange between adsorbate
and adsorbent. BPA molecules are attracted to the active centers of the adsorbent with monolayer formation
(Ho and McKay 1998).

Adsorption isotherms of BPA

The adsorption isotherms of BPA adjusted to the Langmuir and Freundlich models are shown in the Fig.
11.

120
100
80
&)
> 60
E
& 40+
20 A m  Experimental data
—— Langmuir
0+ Freundlich
0 10 20 30 40 50
Ceq (mg/L)

Fig. 11 BPA adsorption isotherm adjusted to the Langmuir and Freundlich models for CAZ

According to the Giles classification (Giles et al. 1960), the isotherm can be considered as type L, which
presents an initial curvature facing downwards, indicating a reduction in the availability of the active sites
with the increase of the adsorbent concentration. Furthermore, this isotherm also indicates the saturation of
the surface on which the adsorbate has more affinity for the solvent than with the molecules already
adsorbed. This fact can be related to the slow rate of adsorption observed during the kinetic experiments.
The higher affinity of the adsorbate with the solvent makes it difficult to interact the adsorbate with the
adsorbent, thus requiring a longer time to establish the equilibrium. Table 5 shows the calculated parameters
for each equation as well as the values of the correlation coefficients (R?) and Residual Sum of Squares
(RSS).
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Table 5 Parameters of Langmuir and Freundlich models for BPA adsorption on CAZ

Models Parameters
Qmax (mg/g) 123.2
Langmuir Ke (L/mg) 0.316
Ru 0.35-0.04
R2 0.968
RSS 430.106
Kr (mg/g)(mg/L)*" 44.97
Freundlich n 3.89
1/n 0.257
R2 0.874
RSS 1692.404

Langmuir model is the most suitable for explain the BPA adsorption on CAZ data because this model has
a R? value close to 1 (0.968) compared to Freundlich model (R? = 0.874). In addition, the RSS value was
smaller for the Langmuir model (RSS = 430.106), while the Freundlich model presented RSS = 1692.404.
In this aspect, according to the Langmuir model description, the CAZ presents monolayer adsorption in a
localized way and without interaction between the adsorbed molecules. Moreover, the heat of adsorption is
independent on the surface coverage, since the adsorbent has homogeneous surface energy. The R value
determined was in the range of 0 <R_ <1, which indicates that the adsorption process of BPA on CAZ was
favorable. The Langmuir model also shows the parameter of maximum adsorption capacity (qmax), Which
is 123.2 mg/g. The best correlation between the experimental data and the Langmuir model was also
reported by other studies in the literature. Asada et al. (2004) used commercial activated carbon in
adsorption of BPA and obtained a gmax 0f 56.5 mg/g.

Wirasnita et al., 2014 produced an activated carbon from the palm shell, which showed a qmax of 41.98
mg/g. Pamidimukkala and Soni (2018) used also activated carbon from palm shell for adsorption of BPA
and obtained a gmax 0f 45.45 mg/g. It is visible that the activated carbon of coffee grounds (CAZ) produced
in this study by chemical activation has a higher adsorption capacity of BPA when compared to the earlier

studied materials.

Conclusion

The activated carbon CAZ produced from coffee grounds waste using ZnCl, as an activating agent is an
effective adsorbent for removal of BPA and should be tested for removal of other emerging pollutants from
the water as well. The CAZ had a higher specific surface area (1039 m?/g) than the CAH (4.0 m?/g), which
was prepared using water vapor in the activation process. In addition, the CAZ had a carbon content above
90% and presented the adsorption isotherm that was mixture of Types | and IV. This is characteristic for
the materials that represent both micro- and macroporosity.

The chemically activated CAZ showed high efficiency for BPA adsorption (98%), which was superior to
the commercial activated carbon CAC (93%). The physically activated CAH showed no adsorption of BPA.
The coffee grounds waste, used as a biosorbent, presented low efficiency in the removal of BPA (around

12%) when compared to CAZ and CAC. The low performance of the coffee grounds waste (raw material)
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in the removal of BPA justifies the use of activation in modification its structure to reach more efficient
adsorption material.

The adsorption tests of BPA indicated for the CAZ a maximum BPA adsorption capacity of 123.2 mg / g,
which is higher than the other adsorbents reported in the literature. The adsorption kinetic data of BPA on
CAZ fitted well to the pseudo-second order kinetic model. The Langmuir isotherm model explained well
the adsorption of BPA on CAZ.

For an economically viable process, it is necessary to carry out investigations as to the regeneration and
reuse of the produced adsorbent. Such studies may indicate a sustainable process both in the production of
activated carbon and in its application for the removal of contaminants in aqueous medium, an essential

strategy to decontaminate drinking water.
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