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Abstract: The present work proposes an experimental strategy to prepare argan nutshell-derived
porous carbons using potassium hydroxide (KOH). Several experimental parameters of the activation
process were evaluated (temperature, impregnation ratio, and activation time), and an optimized
carbon (ACK) was obtained. The surface properties of the ACK sample were determined, and the
porous carbon was applied as an adsorbent of diclofenac (DCF) and paroxetine (PARX). A commercial
carbon (CC) was used as a benchmark. The ACK porous carbon presented a higher surface area and
micropore volume (1624 m? g*1 and 0.40 cm? gfl, respectively) than CC carbon (1030 m? g*1 and
0.30 cm® g~1, respectively), but the maximum adsorption capacities of DCF (214-217 mg g~ ') and
PARX (260-275 mg g~ ') were comparable among the two carbons. Besides -7t interactions, H-bonds
with the electronegative atoms of the adsorbate molecules and the electropositive H of the oxygen
functional groups were appointed as the most probable mechanisms for adsorption onto ACK porous
carbon. The electrostatic attraction was also considered, particularly for DCF with CC carbon. The
pore size might have also been critical, since CC carbon presented more supermicropores (0.7-2 nm),
which are usually more favorable toward the adsorption of pharmaceutical molecules. The reusability
of the ACK carbon was tested up to four cycles of adsorption—-desorption by using ultrasonic washing
with water. The results indicated that no more than one cycle of use of ACK should be performed.

Keywords: argan nutshells; waste valorization; porous carbon; adsorption; water treatment

1. Introduction

Activated carbon (AC) is considered a highly efficient adsorbent with major industrial
significance due to its high surface area, tunable surface chemistry, and a high degree of
surface reactivity [1-3]. These excellent properties make it possible to use these materials in
several applications, including water treatment, gas storage, catalyst support, energy storage,
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medicinal uses, biomedical engineering, and metal recovery, among others [4-6]. For these
applications, porous carbons prepared from several low-cost renewable feedstocks, such as
agroforestry wastes/by-products, have been used [4,7]. Hard-shelled agricultural wastes
constituted good precursors for porous carbons due to their high contents of lignin [4,8].
Argan nutshells, generated after extracting the argan oil from the kernels of the Argan tree
(Argania spinosa), are available in huge amounts every year, since argan oil is widely used
within the international oils market due to its beneficial properties in therapeutic medicine,
cosmetic, and the culinary arts [9-11]. The Argan tree grows extensively across Northwest
Africa, particularly in Algeria, especially in the Tindouf region [12]. Thus, the sustainable
valorization of biomass wastes resulting from the production of the argan oil into new products
in the concept of circular economy has the potential to make a positive socioeconomic impact
on this region. Although the nutshell of argan fruit is mostly used by locals for heating, efforts
have been made for the conversion of argan nutshells into added-value products, namely
adsorbents [13], biocomposite materials [14,15], and porous carbons [16,17]. The high lignin
content (around 35% w/w) and the low ashes content (<1% w/w) of argan nutshells [14] have
allowed the production of high-quality carbons with a highly developed porous structure
and well-defined pore size distribution, desirable properties for energy storage [16,18,19], and
adsorption applications [17,20,21]. Nevertheless, the use of argan nutshell-derived porous
carbons as adsorbents still falls short and has been focused mainly on the adsorption of
bisphenol and diuron [17,21,22].

Emerging contaminants (ECs), such as pharmaceutical compounds, are being detected
worldwide in different water bodies, posing a significant risk to the aquatic environment
and raising attention to this increasing problem [23,24]. In fact, wastewater treatment plants
(WWTPs) cannot completely remove some of these ECs, leading to their discharge in the
receiving aquatic compartments [25]. Among the advanced treatments used in WWTPs
directed to remove micropollutants, adsorption by activated carbons is considered simple,
low-cost, not producing harmful by-products, reusable, efficient, and safe when compared to
membrane processes, reverse osmosis, and advanced oxidation processes [24,26]. Moreover, it
can be easily integrated with other treatments [26].

Considering all the above, the present work proposes a strategy to prepare argan
nutshell-derived porous carbons via chemical activation using potassium hydroxide (KOH).
The valorization of argan nutshells, an undervalued waste, into high added-value adsor-
bents can significantly impact the rural communities that strongly depend on the argan
oil economy. Several experimental parameters of the activation process were tested and
evaluated to obtain an optimized porous carbon. The porous carbon was thoroughly char-
acterized and applied as an adsorbent of diclofenac (DCF) and paroxetine (PARX) present
in water. These two compounds represent ECs from the nonsteroidal anti-inflammatory
(NSAI) and antidepressant groups, respectively, which are two pharmaceutical classes
frequently detected in wastewaters. Moreover, DCF is one of the most used painkillers
and NSAI drugs around the world with proven toxicity at low concentrations for aquatic
life and human health. Its high recalcitrance level led to frequent detection in wastewa-
ters [27]. PARX consumption has increased in the last years, already detected in aquatic
organisms [28], but its removal through adsorption still lacks knowledge. The removal of
these compounds and the development of highly efficient adsorbents for their adsorption
is, therefore, of utmost importance.

This work constitutes a follow-up to a previous work where H3POj activation was per-
formed on argan nutshell wastes [29]. In the present work, the properties and performance
of alkali-activated carbon were compared to the acidic ones.

2. Materials and Methods
2.1. Raw Materials

The shells obtained from argan nuts (ANS) were grounded and sieved to particle sizes
between 0.5 mm and 1.6 mm. The particles were rinsed with water and then dried at 75 °C
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in an oven for 3 days. The characterization of the ANS waste was performed in a previous
work [29].

2.2. Porous Carbons Synthesis

The series of activated carbons prepared from ANS followed a strategy of two steps:
carbonization (step 1), followed by chemical activation with KOH (step 2). Carbonization
and activation were carried out by using a tubular Carbolite 2416 furnace in a horizontal
configuration with an alumina reactor. In the first step, the ANS was carbonized at 400 °C
(heating rate of 5 °C min—') for 1 h under a N, flow (around 100 cm® min~!) and then
cooled to room temperature, always under N, atmosphere. The second step consisted of
the dry impregnation of the carbonized product (biochar) with KOH.

In the activation process, the biochar was first impregnated with KOH and then
carbonized under an N; flow of 100 mL min~! by varying the following parameters, in this
order: (1) activation temperature, (2) impregnation mass ratio, and (3) activation time. The
heating rate was constant in all the activation assays, 5 °C min~!.

After each activation experiment, the obtained carbons were mixed with a HCl solution
(0.1 mol L™1) and boiled for 3 h under reflux. The solution was filtered, and the carbon was
rinsed with hot water until no chloride ions were detected in the washing water (AgNOs3
test). The washed carbon was subsequently dried overnight at 70 °C.

Table 1 summarizes the experimental design used to synthesize the KOH-activated samples.

Table 1. Experimental design for porous carbons synthesis and nomenclature of samples.

Sample Name Temperature (°C) Activation Time (h) BlocharI:{I:t(i)oH Mass
Temperature effect

ACK700_1_1:1.5 700 1 1:1.5
ACKS800_1_1:1.5 800 1 1:1.5
Mass ratio effect

ACKS800_1_1:1 800 1 1:1
ACKS800_1_1:1.5 800 1 1:1.5

ACKS800_1_1:2 800 1 1:2

Activation time effect
ACKS800_1_1:2 800 1 1:2
ACKS800_2_1:2 800 2 1:2

2.3. Porous Carbons Characterization

The obtained carbons were submitted to Ny adsorption—-desorption isotherms at
—196 °C (Micromeritics ASAP 2010 equipment, Atlanta, GA, USA) for evaluating their
surface area and pore volume. Specific surface areas, Sppr (BET method), micropore
volume, V. (t-plot method), and total pore volume, V1 (N, adsorption at p/pg = 0.95)
were determined. The mesopore volume (Vyes) was calculated from V1 — Vygie. The
micropore size distribution was determined with the density functional theory (DFT)
(adsorption model for carbon slit-shaped pores), and the mesopore size distribution was
determined by using the BJH method. From these results, the carbon with the higher
porosity was selected. This carbon sample, coded as ACK, and the commercial carbon, CC,
were submitted to additional characterizations:

1.  Elemental analysis—Quantification of C, H, N, and S (Thermo Finnigan-CE Instru-
ments Flash EA 1112 CHNS analyzer, Waltham, MA, USA);

2. Ash content—Residue after combustion at 750 °C for 6 h in a muffle furnace (ASTM
D1762);

3. pH at the point of zero-charge (pHpzc)—A series of 6 solutions of NaCl (0.01 mol
L~!,20 mL) was prepared, and the pH of each solution was adjusted in the range of
2-12 by adding 0.1 M NaOH or 0.1 M HCL Then, 0.05 g of the carbon was added to
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each solution, agitated for 48 h, and the final pH of each solution was measured. The
pHpzc was obtained from the plot of pH st versus pHinitial;

4. Thermogravimetric analysis (TGA)—Mass loss between 30 and 900 °C (heating rate
of 5 °C min~!) under argon atmosphere (Setaram Labsys EVO, France);

5. Fourier-Transform Infrared Spectroscopy (FTIR)—KBr disk method (Perkin-Elmer
Spectrum 1000 Spectrometer, Waltham, MA, USA) in the range of 400-4000 cm ™!
(resolution of 1 cm™1);

6.  X-ray Photoelectron Spectroscopy (XPS)—XPS of the carbon surface was obtained
by using the Mg Ko radiation (hv = 1253.6 eV) from an XSAMS800 dual anode spec-
trometer from Kratos. The operation conditions of the XPS analysis were as described
in [30]. The detailed regions C 1s, O 1s, N 1s, and S 2p were acquired;

7.  Temperature programmed desorption (TPD)—100 mg of each sample was heated
to 1100 °C (heating rate of 5 °C min~!) under a flow rate of 25 cm® min~! of He.
The profiles of CO and CO, were obtained with automated AMI-300 equipment
(Altamira Instruments) connected to a mass spectrometer (Dymaxion 200, Ametek,
PA, USA). Quantification of CO and CO; released through calibration at the end of
each experiment;

8.  Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS)—The
morphology and elemental composition of ACK were obtained by using a JEOL 7001F
analytical FEG-SEM equipment with an energy-dispersive X-ray spectrometer light
element detector attachment.

2.4. Batch Adsorption Studies

The granulometry of both ACK and CC used in the adsorption assays was 50-70 mesh.

DCF standard solution with a concentration of 1000 mg L~! was prepared by dissolv-
ing diclofenac sodium salt (Alfa Aesar, Haverhill, MA, USA, 98%) in deionized water, and
the solutions used in the adsorption assays were obtained from a dilution of the standard.
PARX aqueous standard solution with a concentration of 100 mg L~! was prepared from
paroxetine hydrochloride extracted from a commercial drug, and subsequent working
solutions were prepared from a dilution of the standard. The molecular structures of the
adsorbates are presented in Figure S1 (Supplementary Materials).

The adsorption of the pharmaceutical compounds onto ACK and CC in batch mode
was investigated through kinetics and equilibrium studies by stirring 10 mg of adsorbent
with 25 mL of adsorbate solution at 200 rpm in an orbital shaker. The effect of the solution
pH on the uptake of DCF and PARX was also assessed by adjusting the initial pH of the
solutions in the range of 6-10 for DCF and from 5-9 for PARX. The studied pH ranges were
based on the stability and solubility of the molecules and on carbon’s surface charge [29].
The solutions used in the pH study presented a concentration of 100 mg L~! and pH
values of 6.0 and 5.5 for DCF and PARX, respectively. A contact time of 24 h and an initial
adsorbate concentration of 100 mg L1 were used in these assays. Kinetic tests were carried
out from 5 min until 1440 min (24 h). Equilibrium experiments (adsorption isotherms) were
performed by using solutions with concentrations from 20 to 200 mg L~!. The temperature
effect on DCF and PARX adsorption was evaluated between 298 and 323 K (25-50 °C) by
using an initial concentration of 100 mg L~! of each adsorbate. Blank tests and duplicates
were performed.

The concentrations of each adsorbate after each adsorption assay (and after filtration)
were determined by UV-Vis spectrophotometry (GBC UV /VIS, model 916, Hampshire,
MA, USA) by using a wavelength of 274 and 293 nm for DCF and PARX, respectively. The
calibration curves for each compound were determined.

The adsorption capacity of DCF and PARX, g; (mg g~ !), and their removal efficiency,
1 (%), were determined according to Equations (1) and (2):

(Co—Cf) xV

gi= M
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(Co—cy) x 100
n= &

@

Co, initial concentration (mg L-Y; C ¥ final concentration (mg L~1); V, volume of the
solution (L); m, mass of adsorbent (g).

2.5. Desorption Studies

To evaluate the efficiency of the optimized biomass-derived carbon, regeneration cycles
of ACK samples saturated with DFC and PARX were performed by using the ultrasound
technique. Desorption tests were carried out using an ultrasonic equipment ARGO LAB
model AU-32, at 40 kHz and 100 W.

At first, the adsorption process was carried out as described before, with 0.1 g of ACK
carbon added to 250 mL of the DFC and PARX solutions with an initial concentration of
100 mg L~! in flasks. The flasks were stirred at 200 rpm at room temperature until the
equilibrium was reached. At the end of the adsorption process, the concentrations of DFC
and PARX in the solutions were determined by UV-Vis.

The desorption assays were carried out by separating the adsorbent from the solution
by filtration, and then the loaded adsorbent was added to 100 mL of deionized water. The
samples were placed in an ultrasonic bath for 30 min. The mixture was then filtrated, and
100 mL of more fresh deionized water was added and again sonicated for an additional
time of 30 min. After each regeneration step, the adsorbent was kept in the oven overnight
at 70 °C. Four regeneration cycles were performed.

At the end of each regeneration cycle, an adsorption assay was performed again under
the same conditions described above. All the experiments were carried out in duplicate.

3. Results and Discussion

The textural properties of the obtained porous carbons were evaluated to select an opti-
mized carbon to be thoroughly characterized. The selected carbon and a benchmark material
were then applied to the adsorption of DCF and PARX and their performances compared.

3.1. Porous Carbons Characterization
3.1.1. N Adsorption-Desorption Isotherms and Pore Size Distribution

The textural parameters obtained from the N; adsorption—desorption isotherms are
shown in Table 2.

Table 2. Textural parameters of carbons obtained from the N, adsorption-desorption isotherms.

Sample Name Sger (Mm% g~ 1) Vt (em3 g—1) Vic (em® g=1)  Vies (em® g=1)
Biochar <5.0 - - -

cca 1030 0.56 0.30 0.26
ACK700_1_1:1.5 1063 0.51 0.25 0.26
ACKS800_1_1:1.5 1542 0.76 0.33 0.43
ACKS800_1_1:1 1214 0.45 0.37 0.08
ACKS800_1_1:2 1624 0.74 0.40 0.34
ACKS800_ 2 1:2 678 0.35 n.d. n.d.

2 [29]; Sger—specific surface area; V—total pore volume; Vyjic—micropore volume; Vyjes—mesopore volume.

As expected, the biochar sample presented an extremely low specific surface area (<5 m? g 1)
caused by the blocking of tarry substances produced in the pyrolysis process [31,32]. The strategy
of producing first the biochar and then impregnating it with the activation agent has the proven
advantage of improving the surface area and pore size distribution in the resulting activated
carbon with less consumption of the chemical agent, since KOH diffuses more easily into the
char matrix to react with the carbon atoms [33,34]. Although the two-stage approach increases
the energetic consumption of the process, it is balanced with the higher surface areas of the
resulting carbons, as well as a fine development of the porosity. Thus, the textural properties of
the activated biochar were significantly improved after KOH activation. The mechanism of KOH
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activation for porosity formation was already described: a redox reaction catalyzed by alkali
metal occurs, where the carbon atoms are oxidized to CO or CO;; then, the reduced alkali metal
is intercalated between the graphene layers, expanding the carbon structure [35,36].

The produced carbons presented surface areas higher than the commercial carbon,
which constitutes a very interesting result. However, sample ACK800_2_1:2 presented a
much lower surface area (678 m? g~ 1), indicating that 2 h of activation was excessive and
promoted some collapse of the pores. As presented in Table 2, the activation temperature
has a significant impact on the surface area, allowing the development of more micropores
and mesopores at 800 °C. Additionally, the KOH impregnation ratio has an impact on the
textural properties, since the higher Biochar:KOH mass ratio (1:2) provided an activated
carbon with the highest surface area.

According to these results, the sample impregnated with Biochar:KOH in a 1:2 ratio
and activated at 800 °C for 1 h was selected for further characterization and application in
the adsorption assays, given its advanced porosity and higher surface area. From this point
onwards, this sample will simply be called ACK. A comparison between ACK carbon and
CC commercial carbon was investigated.

Figure S2 (Supplementary Materials) gives the N adsorption isotherms of the ACK
and CC samples. ACK carbon presents a type I (b) isotherm, while CC carbon shows
mixed type I and IV isotherms [29]. The higher volume of adsorbed N of the ACK sample
agrees with the higher surface area of this carbon. The type I (b) isotherm is associated
with microporous materials presenting micropore size distributions over a broad range,
including wider micropores and narrow mesopores (<2.5 nm), whereas the type IV isotherm
indicates both micro- and mesoporous structures, according to the IUPAC classification [37].
The larger hysteresis loop of CC isotherm indicates larger mesopores in this sample.

Figure 1 displays the PSD of ACK and CC carbons.

_ 0.30 -
i —  ACK E 0.24
I = CC ‘_"H
::E{ +18]
; (a4}
| : = 0.18
i g
: =z
| 5_ g 012
. =
; o]
| =
@
| 5 0.06
Ry
0.00 _--"-““"“““-“T
05 08 10 13 15 18 20 23 25 20 30 40 50 60 70 80 90

Pore width (nm)

Pore width (nm)

Figure 1. Micropore size distribution (DFT adsorption model for carbon slit-shaped pores) (left) and
mesopore size distribution (BJH method) (right) of the carbon samples.

The micropore size distribution displays that both carbons presented a well-developed
microporous structure with a dominance of pore widths between 0.6 and 0.7 nm. Between
0.7 and 2.0 nm, the pore size distribution is similar for both carbons, although it seems
that CC carbon is richer in micropores with this size range. The mesopore size distribution
from the BJH model shows that both carbons also show a broad distribution of mesopores,
but ACK carbon presents mainly small mesopores (<3.0 nm) while CC carbon has a
predominance of mesopores with pore widths between 3.0 and 4.5 nm.
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3.1.2. Elemental Analysis and Ash Content

Table 3 presents the elemental analysis and ash content of ANS biomass [29], ANS-
derived biochar, ACK, and CC carbons, as well as the pHpzc of carbons.

Table 3. Elemental analysis and ash content of the ANS, Biochar, ACK, and CC samples.

ANS 2 Char ACK cca

C (wt.%) 47.8 74.6 69.9 86.3
H (wt.%) 6.54 3.44 1.74 0.47

N (wt.%) 0.33 0.30 0.39 <0.20

S (wt.%) <0.03 <0.03 0.20 0.57
Ob (wt.%) 45.2 214 26.9 6.76
Ashes (wt.%) 0.065 0.26 0.95 5.70
PHPZC - - 7.0 9.1

a[29]; ® Calculated by difference (wt. %): 100 — (C+ H+ N + S + Ash).

The ANS composition was published before [29], highlighting the very low ash content
in this biomass. Thus, the resulting biochar and ACK porous carbon from ANS also
presented a low ash content. As expected, the amount of elemental carbon increased after
the ANS pyrolysis from 47.8 to 74.6 wt%, while the oxygen content decreased significantly
from 45.2 wt% to 21.4 wt%. After the chemical activation of the biochar with KOH, the
carbon content of the resulting carbon ACK decreased slightly, but the oxygen content
increased from 21.4 wt% to 26.9 wt%, suggesting that the KOH treatment increased the
amount of oxygen functional groups a little bit. Nevertheless, ACK carbon presented a
neutral pHpyc; thus, the oxygen surface functional groups must be nonacidic. On the other
hand, CC carbon showed a higher amount of C and ashes but lower O content compared
to ACK carbon. As previously demonstrated [29], this commercial carbon presented a
basic nature.

3.1.3. Thermogravimetric Analysis (TGA)

Figure S3 (Supplementary Materials) displays the TGA curves for the ANS raw mate-
rial, carbonized ANS (Biochar), and ACK and CC carbons. The thermal profile of the ANS
biomass was previously presented and discussed [29]. A major weight loss between 230
and 400 °C can be observed and for the remaining 25% (w/w) of the initial mass of biochar
material at 850 °C.

The TGA curve for the biochar sample showed a weight loss of around 20% (w/w) in
the temperature range of 400-600 °C, corresponding to the decomposition of the residual
organic matter. ACK carbon presented thermal stability up to 600 °C (weight loss of 10%,
w/w). From there on, an accentuated weight loss was observed up to 900 °C, attributed
to a possible decomposition of minerals retained in the carbon matrix and/or to the
decomposition of the surface functional groups. CC carbon presented a stable temperature
profile, as shown in Figure S3 (Supplementary Materials), with a weight loss of 7% (w/w)
up to 900 °C.

3.1.4. FTIR Analysis

Figure 2 depicts the 400-4000 cm ™! infrared spectral region of the carbon samples.

The FTIR spectrum of argan nut shells [29] showed strong bands attributed to stretch-
ing vibrations of the hydroxyl groups (O-H) of phenols/alcohols, strong bands associated
with the stretching of carbonyl groups (C=0) and of the C-O stretch vibration of the alco-
hols or ethers. The profile of the FTIR spectra of the activated carbon samples reveals, as
expected, and a considerable reduction in the intensity or even the disappearance of some
bands ascribed to several functional groups removed during the high temperatures of the
activation process. In the case of the biochar, it is possible to observe a few bands with
relevant intensities, most of them related to the aromatization of the carbon matrix during
carbonization: bands at 1580 and 1430 cm ™! assigned to C=C aromatic ring stretch and
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bands at 750 and 815 cm ! associated with the aromatic C-H out-of-plane bend [38]. There
are common bands among the activated carbon samples—namely, the band at 1385 cm ™!
attributed to the O-H bend frequency of phenol, the bands at 1622-1633 cm~! associated
with C=0 groups and, also, to C=C aromatic ring stretching vibrations, and the bands at

1132-1180 cm ™, usually assigned to the C-O stretch vibration of alcohols or ethers.

_\/"’ 1633 - oo 1060
1132
o 4
% 1622 e
h 2
A S— X ey 1540 18
= Y ; /-Q_ i il 750
Z | 2850 : /
a i / 2920 i {
a ) : {815
= i _f’ H !
e Y \L 1 4 1385 /
. 3440 VivA
{1430 ~ 1180
......... Biochar ACK cc Y 1580
3900 3400 2900 2400 1900 1400 900 400

A (em™)
Figure 2. FTIR spectra of char and the ACK and CC porous carbons.
3.1.5. XPS Analysis

To get further insight into the surface chemistry of the carbons, XPS analyses were
performed. Two distinct peaks (C 1s and O 1s) were observed in the XPS survey scan
of the ACK and CC carbons; therefore, the C 1s and O 1s XPS detailed regions were

acquired (Figure 54 of the Supplementary Materials), and the corresponding data are
presented in Table 4.

Table 4. Binding energy values (eV) for C 1s and O 1s fitted peaks, atomic concentrations %, and
atomic ratios.

CC ACK cca ACK Assignment [39]
Binding Energy (eV) Atomic Concentration %
284.8 284.8 66.5 55.0 Carom + Caliph
286.2 286.2 11.5 15.9 c-O
287.4 287.6 6.3 7.8 Cc=0
288.9 289.0 3.8 44 0-C=0
290.2 290.5 3.1 3.1 .
291.7 292.1 26 17 o
530.8 531.0 0.8 1.7 C=0O4rom
532.1 532.4 18 37 C=O,t
533.2 533.8 2.0 2.7 c-O
534.6 535.4 0.9 1.2 Isolated H,O
536.0 537.0 0.7 0.7 H,O
. . 14.1 8.3 C/0
Atomic ratio 6.0 55 st /Cotal
a129].

The C 1s XPS regions were fitted with six peaks. The most intense peak on both
carbons was positioned at 284.8 eV, attributed to a mixture of aromatic and aliphatic carbon.
The peaks centered at around 286.2 eV were assigned to C-O of the ether or alcohol groups,
this functional group being dominant in both carbons. The peaks appearing between
287 and 289 eV corresponded to carbon in the carbonyl (C=0) and carboxyl (-COOH)
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functional groups. The region between 290 and 292 eV corresponded to energy losses due
to m—m* electronic excitations typical of aromatic systems. Meanwhile, the O 1s region
was peak-fitted with five peaks with binding energies from 530 to 536 eV, confirming the
presence of the oxidized carbonaceous species and some water.

From Table 4, through the C/O ratio, it is possible to observe that ACK carbon
presented more oxygenated surface functional groups than commercial carbon.

3.1.6. TPD Analysis

The amounts of CO and CO; evolved in the TPD experiments were also measured
to understand the nature of the carbon surface groups. CO, evolution results from the
decomposition of carboxylic acids at T < 450 °C and lactones at higher temperatures,
550 < T < 800 °C; carboxylic anhydrides originate in both CO and CO; at intermediate
temperatures, 400 < T < 600 °C; phenols decompose into CO at intermediate tempera-
tures, 550 < T < 800 °C; and carbonyl-quinone groups release CO at high temperatures,
750 < T < 1100 °C [40]. Figure S5 (Supplementary Materials) displays the TPD spectra for
both carbons. Table 5 presents the results of the deconvolution of TPD spectra using a
multiple Gaussian function, as well as the amounts of CO and CO, released obtained by
integration of the areas under the TPD peaks.

Table 5. Results of the deconvolution of CO, and CO spectra using a multiple Gaussian function.

Carboxylic Acids

Carboxylic Anhydrides Lactones

Sample
Tm (°C)

o]

Total COy

Tm (°C) w0 (pmo?gfl; Tm (°C) W0 (umo?gfl) (+20 pmol g 1)

ACK
cca

278
220

200
219

172
242

191
126

655
754

172
242

234
99

738
390

138
498

Carboxylic Anhydrides

Phenols Carbonyls or Quinones

Sample
Tm (°C)

W]

Total CO

A
(%20 pmol g’l)

(1mol
g™ h

Tm (°C) WO 1 Tm (°C) WO A -1
(pmol g™ ")

A
(umolg™ %)

ACK
cca

469
498

172
242

482
211

802
859

151
154

582
329

1291
695

191
126

641
673

151
154

2 [29]; Tm—temperature of the peak maximum; W—width of the peak at half-height; A—integrated peak area.

Overall, ACK carbon presented higher amounts of CO and CO; released, confirming
the results of the elemental and XPS analyses that indicated the presence of more oxygen
functional groups at this carbon’s surface. Additionally, the amount of CO released was
higher than that of CO, for both samples, indicating that the oxygen groups present in
the carbons were mainly nonacidic (carbonyl and quinone groups), in agreement with the
pHpzc of these carbons (Table 3). Effectively, as indicated by the TPD results, the main
surface functional groups in both carbons are phenols and carbonyls/quinones.

3.1.7. SEM-EDS
Figure 3 presents the surface morphology of an ACK particle and the EDS spectrum.

1,800

200kV  10pm

Figure 3. SEM image of ACK carbon with a magnification of 1800 x and the corresponding EDS spectrum.
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The SEM image showed that the external surface of ACK contains many cavities that
are formed from the evaporation of the products resulting from the reactions of KOH
activation [41]. In contrast, the CC particles presented a rough surface with no cavities
visible (Figure S6 of the Supplementary Materials). The EDS spectrum of the ACK particle
showed that the dominant elements were carbon and oxygen, which agrees with the
elemental analysis, while the EDS spectrum of the CC particle also revealed the presence of
other elements such as Al, Si, S, and Ca (Figure S6 of the Supplementary Materials).

3.2. DCF and PARX Adsorption Assays
3.2.1. Effect of Initial pH
The effect of the solution pH on the adsorption process is known as an important

operating parameter. Figure 4 shows the effect of the solution pH on the adsorption of DCF
and PARX.

240 240
S — S
200 - 200 - o e— E—nf_;mﬁ
~ 160 1 S N < 160
&0 - N o =
b.O \\
2 120 - . g 120 1
< = &
- 80 -
10 --©--DCF-ACK --o- DFC-CC 40 1 --3---PARX-ACK --A- PARX-CC
0 T 1 0 ! ' I
5 9 11 4 6 8 10
pPH PH

Figure 4. Effect of solution pH on the uptake capacity of DCF and PARX for ACK and CC car-
bons. (Adsorbent mass = 10 mg; DCF and PARX initial concentration = 100 mg L 1: solution
volume = 25 mL; contact time = 24 h).

It is possible to observe a decrease in the adsorption capacity of DCF with ACK
carbon with the increase of pH. According to the pHpzc value of ACK (Table 3), this
carbon acquired negative charges for pH values above 7.0, while the DCF molecule is in an
anionic form in the pH range studied [42], which means that electrostatic repulsion occurs
with the increasing pH. CC carbon presents a positively charged surface below its pHpzc
(9.13), attracting the DCF molecule through electrostatic interactions, justifying the higher
uptake capacity of this carbon for DCF. However, for the sake of simplicity and comparison
purposes, the DCF solution was used without pH adjustment for the next adsorption assays
with both carbons.

The PARX molecule presents a basic nature, and it is protonated in the studied pH
range [29], with a positive net charge attributed to the N-H; group [43], to observe a
decrease in its uptake capacity for ACK carbon being possible, particularly for pH values
above the pHpzc value of carbon (7.0). Somehow, the negatively charged surface of ACK
presented a decreased affinity to the PARX molecule.

On the other hand, the adsorption capacity of PARX onto CC carbon was not affected
by the solution pH. Although both porous carbon and molecule presented positive charges,
electrostatic repulsion was surpassed by another adsorption mechanism.

Given these results, the PARX solution was used in the subsequent assays without a
pH adjustment.

3.2.2. Kinetic Study
The effect of time (kinetic assay) was studied for the adsorption of both drugs (Figures 5 and 6).
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q; (mg g?)

o0 DCEF-ACK ----TPFO
PSO ¢ DCE-CC

0 200 400 600 800 1000 1200 1400
Time (min)

Figure 5. Kinetic curves of DCF adsorption for ACK and CC carbons (Adsorbent mass = 10 mg;
DCF initial concentration = 100 mg L~!; Solution volume = 25 mL; Solution initial pH = 6.00).
Dots—experimental data; Lines—kinetic model adjustments.

240
210

180
150
120
90
60

q; (mg g™)

P50

! P50
0 B T T T T T T T

0 200 400 600 300 1000 1200 1400

30

Time (min)

Figure 6. Kinetic curves of PARX adsorption for ACK and CC carbons (Adsorbent mass = 10 mg;
PARX initial concentration = 100 mg L~1; Solution volume = 25 mL; Solution initial pH =5.5).
Dots—experimental data; Lines—kinetic models” adjustment.

DCF and PARX uptake by ACK carbon achieved equilibrium at 240 min (4 h), with
adsorption capacities of 182 mg g~ ! and 212 mg g, respectively. On the other hand,
the adsorption of both molecules by CC carbon reached equilibrium at around 480 min
(8 h), indicating a slower adsorption rate. The adsorption capacities of DCF and PARX
at equilibrium with CC carbon were 167 mg g~ ! and 205 mg g~ !, respectively, quite
comparable to the values obtained at equilibrium for ANS-derived carbon. Thus, despite
the higher surface area and micropore volume of ACK carbon (Table 2), its uptake capacity
was not significantly higher than the one obtained for the commercial adsorbent.

Experimental data were adjusted to the pseudo-first-order (PFO) and pseudo-second-
order (PSO) kinetic nonlinear models [44,45] (Table S1, Supplementary Materials) through
the minimum of the least-squares method. The best-fitting model was chosen based on
the determination coefficient, R?. The kinetic parameters obtained from the models are
presented in Table 6.



Appl. Sci. 2022,12, 7607 12 0of 19

Table 6. Kinetic parameters obtained from the adjustment of the PFO and PSO models to the
experimental kinetic data.

DCF PARX
ACK cca ACK cca
PFO model
R2 0.972 0.976 0.989 0.980
Qe (mg g~ 1) 171 179 199 202
ki (min™1) 0.095 0.013 0.222 0.010
PSO model
R2 0.986 0.983 0.992 0.960
Qe (mg g~ 1) 175 201 204 227
ko (g mg~! min~1) 9 x10°* 1x10°% 0.002 5x 107>

ge—Amount of adsorbate uptake per mass of adsorbent at equilibrium; k;—PFO rate constant; k,—PSO rate
constant; R2—determination coefficient; ? [27].

Both kinetic models were well-fitted to the experimental data (R? > 0.900), although
the PSO kinetic model presented the best fit to most of the drug—carbon systems, with an
exception for the PARX-CC system that presented a slightly better adjustment for the PFO
model. Although these kinetic models are essentially mathematical and constituted by
empirical equations, some authors mentioned that a good fit to the PFO model indicates
that the surface reaction acts as the rate-limiting step, while the PSO model generally
implies that the rate of adsorption is limited by the process of diffusion into a network of
small pores [46,47].

It can be observed that the kinetic constant values are higher for the systems with the
ACK sample, confirming the faster uptake of the molecules by this carbon due to its higher
mesopore volume (Table 2). The uptake of PARX onto ACK carbon is the fastest, probably
due to a higher affinity of the molecule to the adsorption sites of this carbon, as discussed
further ahead (Section 3.2.4).

Based on these results, an equilibrium time of 4 h has been chosen to complete the
adsorption studies with ACK carbon for both drugs. For CC carbon, the equilibrium time
chosen for both pharmaceutical compounds was 8 h.

3.2.3. Adsorption Equilibrium Studies

Figures 7 and 8 present the adsorption equilibrium curves of DCF and PARX for ACK
and CC carbons.

300 -
300 1
250 -+
250 4 . T
LonmmoEEEEEsesssssseTTTT T L] 200 - 'E"'" =
be 150 A
0 DEC-ACK é O PARX-ACK
Langmuir o 197 Langmuir
............. Ereundlich 50 - weeeens Freundlich
------- Sips ~—=-==-5ips
T T T 1 0 = T T T
90 120 150 180 0 20 40 60
C.(mgL™) C.(mgL™)

Figure 7. Adsorption equilibrium curves of DCF and PARX for ACK carbon (Adsorbent mass = 10 mg;
Contact time = 4 h; Solution volume = 25 mL; Solution initial pH = 6.0 (DCF) and 5.5 (PARX)).
Dots—experimental data; Lines—isotherm models” adjustment.
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50 80000 e Freundlich 50 4 5% Freundlich
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Figure 8. Adsorption equilibrium curves of DCF and PARX for CC carbon (Adsorbent mass = 10 mg;
Contact time = 8 h; Solution volume = 25 mL; Solution initial pH = 6.0 (DCF) and 5.5 (PARX)).
Dots—experimental data; Lines—isotherm models” adjustment.

The experimental data were modelled with the Langmuir, Freundlich, and Sips nonlin-
ear models [48-51] through the minimum of the least-squares method, and the best-fitting
model was chosen through the highest determination coefficient, R?>. The model parameters
obtained from the adjustments are presented in Table 7, observing that both the Langmuir
and Sips models were best-fitted. Several adsorbents, particularly carbon adsorbents,
present heterogeneous surfaces with different types of binding sites with different binding
energies; therefore, they are characterized by a binding affinity distribution function [52].
Thus, although the Langmuir model was a good fit to the data, Langmuir isotherm tends
to overcompensate for the curvature in the isotherms, and it is unlikely that the carbon
surfaces exhibit homogeneous adsorption of the target molecules on their surfaces. On
the other hand, Freundlich isotherm tends to undercompensate the isotherm curvature,
assuming an exponential distribution of active centers, which means that the number of
available sites is infinite, but this is generally true for the systems where low adsorbate
concentrations are involved [52]. The adsorbent/adsorbate systems reached saturation or
are close to that.

Table 7. Estimated parameters of the isotherm models adjusted to the experimental data of DCF and
PARX adsorption.

DCF PARX
ACK cca ACK cca
Langmuir
qm (mgg™) 217 239 276 330
Kp (Lmg™1) 0.2 0.2 0.2 0.03
R? 0.964 0.841 0.965 0.948
Freundlich
Kr [mg g~ (mg L~ )n] 82.5 74.0 102 20.9
n (dimensionless) 5.0 39 0.23 1.75
R2 0.842 0.732 0.953 0.932
Sips
qm (mg g™) 217 214 275 260
Ks (Lmg™1) 0.099 0.097 0.043 0.024
ng 0.5 1.66 0.2 1.24
R2 0.964 0.861 0.965 0.950

20T

Thus, the Sips isotherm model is better to model the linear sub-saturation, as well as
the curved saturation portions of the isotherms. Therefore, looking at the results obtained
with Sips modeling, the Sips constants for DCF adsorption with both carbons present the
same values, indicating a similar affinity of the molecule for the carbon surfaces; however,
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DCF uptake
qe (mg g)
5 g B g 8 &

=

the PARX molecule has a higher affinity for ACK carbon when compared to CC carbon. It
should be highlighted that the maximum adsorption capacities of both DCF and PARX with
ACK carbon are quite high and comparable to the ones obtained with commercial carbon.

The n; parameter of the Sips model, considered the heterogeneity factor, presents
values different from the unity, confirming the presence of heterogeneous surfaces and a
Gaussian distribution of the binding sites energy [52,53]. For the systems with CC carbon,
the ns parameter has values above 1, indicating a cooperative reaction between the sorption
site and n sorbate molecules [54]. The CC-PARX system presented the highest degree of
binding site homogeneity, with an n; parameter value very close to 1. On the other hand,
the n; parameter has values below 1 for the ACK carbon systems, indicating no cooperation
in the binding process.

3.2.4. Temperature Effect

The influence of temperature on the uptake capacities of DCF and PARX by the ACK
and CC samples were studied in the range 298-323 K (25-50 °C). The initial concentrations
of each adsorbate were 100 mg L™, and the equilibrium times were the ones chosen in
the previous assays. The results present in Figure 9 show that the adsorption of DCF
and PARX onto ACK carbon decreases with an increase in the temperature, as well as
the adsorption of PARX onto CC carbon. These findings indicate that lower temperatures
facilitate adsorption, meaning that an exothermic process is prevalent in those cases. In
contrast, the uptake of DCF with CC carbon increases with the temperature, suggesting the
prevalence of an endothermic process.

OACK @ECC
OACK @CC

240
200
160
120

80

PARX uptake
qe (mg g")

40

298 K

3K 313K 38K 298K 303K 313K 33K

Temperature Temperature

Figure 9. Effect of temperature on the adsorption capacity of DCF and PARX for ACK and CC carbons
(Adsorbent mass = 10 mg; Contact time = 8 h (CC carbon) and 4 h (ACK carbon); PARX and DCF
initial concentration = 100 mg L~1; Solution volume = 25 mL; Solution initial pH = 6.0 (DCF) and 5.5
(PARX)).

The formation of an adsorption ‘bond’ between sorbate and sorption sites is exothermic
by nature [55]. Thus, an endothermic process indicates that the energy released from
interactions between CC surface sites and diclofenac molecules is lower than the energy
involved in the desolvation of CC surface sites and diclofenac molecules, as well as in the
solute-solute interactions on the adsorbent surface [55,56].

3.2.5. Adsorption Mechanisms

It is well-known that organic compounds with aromatic rings can establish 7—7t dis-
persive interactions with the graphene layers of carbon materials [57,58]; thus, it must be
assumed that this was an important mechanism in the removal of the drugs with both
carbons. Since an adsorption process is usually not limited to a single mechanism, it is
necessary to go deeper into the adsorbates/adsorbents properties that, together with the
results obtained in adsorption assays, allow elucidating the other removal mechanisms
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that can be involved. Hydrogen bonding with the electronegative atoms (F, N, and O) of
the adsorbate molecules and the electropositive H of the oxygen functional groups [59,60]
is highly probable, particularly for ACK carbon, given the fact that this carbon presented a
surface richer in the -OH phenolic groups and carboxyl groups (-COOH). Effectively, the
Sips constant (Table 7) associated with PARX removal shows that the molecule, with F and
N atoms in its structure [43], has a higher affinity for ACK carbon.

Electrostatic attraction should also be considered, particularly in the case of the DCF
molecule, which was in its anionic form, while both carbons presented positively charged
surfaces. However, CC carbon presents a higher pHpzc (Table 3) and, consequently, has a
more positively charged surface, establishing stronger electrostatic interactions with the
DCF anionic molecule.

It must be highlighted that the adsorption results correlate poorly with the surface area
of adsorbents, since ACK carbon presented a higher surface area and micropore volume
(Table 2) than the commercial carbon, but the maximum uptake capacities of DCF and PARX
with the two adsorbents were quite comparable. Carbon’s pore size and geometry and local
energetic environment have a strong influence on the nanoconfinement of the adsorbate
molecules [61]. Previous authors have confirmed the critical role of pore size in porous
carbons for the adsorption of pharmaceutical molecules [62-64], evidencing how important
the tailoring is of the textural properties. Analyzing the micropore size distribution of the
carbons (Figure 1), it seems that CC carbon presents more supermicropores (0.7-2 nm),
which are usually more favorable for the adsorption of organic molecules [65]; thus, the
pore size effect also played a role on the adsorption of DCF and PARX.

Comparing the results obtained in this work with the results previously obtained by
the authors, in which argan nutshells were submitted to H3POy activation [29] and the
resulting carbon (ACH) was applied as a removal agent of the same drug molecules, it can
be concluded that KOH activation allows obtaining porous carbons with better properties
for the removal of this type of adsorbate. Effectively, ACK carbon achieves uptake capacities
46 and 64% higher for DCF and PARX, respectively, compared to ACH carbon. The authors
attributed the better performance of ACK carbon to its higher microporosity.

3.2.6. Desorption Studies

The reusability of biomass-derived carbon ACK was then tested up to four cycles of
adsorption—desorption by using water as the desorption agent of DCF and PARX. Ultrasonic
washing is known to be an effective and easy regeneration method [66], and using water as
the washing solvent fulfils the cost and environmental requirements. As shown in Figure 10,
the removal efficiency of the pharmaceutical compounds decreased with the consecutive
uses of the carbon, this effect more accentuated after the second reuse. This decrease may
result from the incomplete removal of DCF and PARX from the carbon surface during the
sonication process with water as the solvent; thus, the carbon-active sites become gradually
occupied during each cycle [67].

100 -+
DCF
80 -
~ B PARX
< 60
=
% 40
g |
g
m 20 7 l
. Ll | |
1 2 3 4

Cycle number

Figure 10. Influence of the regeneration cycle on the removal efficiency of DCF and PARX with
ACK carbon.
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It was previously demonstrated that organic solvents or even acidic solutions per-
formed better in desorbing pharmaceutical compounds from carbon surfaces [68]. Thus,
future assays should be performed with different organic solvents that allow simultane-
ously a high regeneration efficiency without destroying the porous structure and recovery
of the pharmaceutical compounds [69].

Based on these results, no more than one cycle of use of ACK after washing with water
should be performed.

4. Conclusions

Argan nutshells were converted into highly porous carbons via two-step activation: in
the first step, the biochar was obtained, and in the second step, the biochar was activated
with KOH. The experimental design used allowed the conclusion that the sample impreg-
nated at a Biochar/KOH ratio of 1:2 and activated at 800 °C for 1 h presented the higher
surface area and developed porosity. Thus, this sample, ACK carbon, was selected for
further characterization and applied as an adsorbent of diclofenac (DCF) and paroxetine
(PARX) present in synthetic solutions.

Textural (N adsorption isotherms and SEM-EDS) and chemical (pHpzc, FTIR, XPS,
and TPD) surface properties of ACK porous carbon were determined and compared to that
of a commercial carbon, CC, used as a benchmark. ACK carbon presented a higher surface
area and micropore volume (1624 m? g1, 0.40 cm® g~1) than the CC carbon (1030 m? g1,
0.30 cm® g~ 1), but the maximum uptake capacities of DCF (214-217 mg g~!) and PARX
(260-275 mg g~ ') obtained from the Sips isotherm model were comparable among the two
carbons. Besides the typical - interactions, H-bonds with the electronegative atoms (F, N,
and O) of the adsorbate molecules and the electropositive H of the oxygen functional groups
were pointed out as the most probable mechanisms for the adsorption onto ACK porous
carbon, given the fact that this carbon presented a surface richer in -OH phenolic groups
and carboxyl groups -COOH. The electrostatic attraction was also considered, particularly
for the DCF molecule with CC carbon. The pore size might have also been critical, since
CC carbon presented more supermicropores (0.7-2 nm), which are usually more favorable
for the adsorption of pharmaceutical molecules.

Argan nutshell-derived carbons activated with KOH achieve higher uptake capacities
of DCF and PARX than the biomass-based carbons activated with H3POy, because KOH
allows obtaining carbons with higher microporosity.

Based on the results of this study, argan nutshells are valid precursors for developing
porous carbons with a high adsorption capacity of DCF and PARX molecules.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/app12157607 /s1. Figure S1. Molecular structures of the pharmaceutical
compounds used in the present study. Figure S2. Calibration curves of DCF and PARX determined by
UV-Vis spectrophotometry. Figure S3. N, adsorption-desorption isotherms of ACK and CC carbon
samples. Figure S4. TGA curves of ANS biomass, biochar, ACK, and CC under argon atmosphere.
Figure S5. XPS peak fitted profiles of C 1s and O 1s regions of ACK and CC carbons. Figure S6. TPD
spectra of the carbons: (A) CO and (B) CO, evolution. Figure S7. SEM image of CC sample with
magnification 1500x and the corresponding EDS spectrum [29]. Table S1. Equations of the kinetic
models and isotherm models used in the present work.
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