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Abstract: Biowaste coffee grounds have been recognized as an effective and relatively low-cost
adsorbent to complement conventional treatment techniques for removing emerging contaminants
(ECs) from the waste stream through modification to useful biochar. The purpose of this study
was to make biochar from biowaste coffee grounds through the pyrolysis process and investigate
its potential capacity for the removal of pharmaceuticals from water. The biochar was prepared
by pyrolysis process under argon gas conditions, and its adsorption capacity for pharmaceuticals
was evaluated. The as-prepared biochar shows a surface area of 232 m? g~!. The adsorption of
salicylic acid, diclofenac, and caffeine onto the biochar show adsorption capacities of 40.47 mg gfl,
38.52 mg g_l, and 75.46 mg g_l, respectively. The morphology, functional groups, crystallinity, and
specific surface area were determined by SEM, FTIR, XRD, and BET techniques, respectively. Kinetic
results reveal that the experimental data fit the pseudo-second-order model and the Temkin isotherm
model. In conclusion, these results illustrate the potential of biochar produced from biowaste coffee
grounds could play an important role in environmental pollution mitigation by enhancing removal of
pharmaceuticals from conventional wastewater treatment effluent, thereby minimizing their potential

risks in the environment.

Keywords: biochar; biowaste coffee grounds; emerging contaminants; adsorption; pyrolysis;

wastewater treatment

1. Introduction

There have been several developments in the literature that support the circular bio-
economy paradigm of using biochar as a renewable energy source [1]. The combustion of
fossil fuels produces energy, which results in substantial greenhouse gas emissions while
causing global warming and major environmental issues [2]. Furthermore, there is an
increase in anthropogenic waste generation due to population growth and urbanization.
The produced waste is expected to provide an excellent opportunity for bioenergy and
biofuel generation [1]. Many attempts have been made in recent years to produce renewable
energy and alternative fuels that are eco-friendly from food waste [3-5]. The coffee industry
is one of the largest contributors to waste production and is in top of the list of sectors that
pollute the environment with food [6].

Globally, coffee is one of the most popular and frequently consumed drinks, as well
as one of the most commonly traded agricultural products in the world [7,8]. As reported
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by Rattan et al. [9], coffee is also the world’s second most valuable commercial product.
Furthermore, it has been stated that around one-third of the world’s population now
consumes coffee [9,10]. The coffee business is globally responsible for a considerable
amount of waste, particularly “coffee silver skin” and coffee grounds, which are produced
after coffee processing [10,11]. From harvest to ultimate consumption, fresh coffee cherries
normally go through multiple processing procedures, including “hulling, drying, milling,
polishing, and roasting” [8]. The removal of the parchment skin from the coffee bean is
known as hulling, and it is carried out in two ways: the dry approach, also known as the
unwashed technique, and the wet technique, also known as the washing technique [8]. The
wet technique produces considerable amounts of residues, including waste coffee grounds
and contaminated wastewater [8]. Consequently, it is reported that nearly six million tons
of waste coffee grounds are produced worldwide every year [12]. Hence, coffee waste
grounds are an abundant resource for bioeconomy investment.

Many researchers have explored the adsorption capacity of biowaste coffee grounds
for potential applications in wastewater remediation [13-16]. Lots of food waste that find
its way into municipal sewage can pose major environmental risks to public health. Food
waste in landfills is associated with environmental risks such as release of large amount
of methane, chlorofluorocarbons and carbon dioxide to the atmosphere [17]. As a result,
this environmental awareness has influenced the production of biochar from food waste
materials and agricultural by-products [17]. Biowaste coffee grounds have been recognized
as an effective and relatively low-cost adsorbent after being modified to useful biochar [8]
and have been studied as adsorbents to remove pollutants from aqueous solutions [18,19].
The removal of pharmaceuticals [20], organic compounds [21], heavy metals [22,23], and
pesticides [24] using biochar made from biowaste coffee grounds have been studied.

To modify the adsorption of specific pharmaceuticals from aqueous solutions onto
the biochar, various activation methods are frequently applied [25-28]. These procedures
mostly use chemical treatments to enhance the nature of the functional groups on the
surface of the biochar [29-31]. Chemical activation [14,15,32,33] is the most common way
of producing biochar from biowaste coffee grounds compared to pyrolysis and carboniza-
tion [8]. Pyrolysis is a simple process that entails heating between 800 °C and 1000 °C
under a nitrogen, carbon dioxide (COy) [8], or argon atmosphere. In recent studies, argon
was used to carry out a simple pyrolysis process to produce biochar for use in various
applications [34-36]. Oxidative gases such as CO, can activate biomass further to produce
activated carbon, but need high temperatures, which result to low yield. However, the
dominating process under argon conditions is the thermal transformation of the biowaste
coffee grounds with high biochar yield.

Pyrolysis substantially improves the surface properties of the produced biochar. Khen-
niche et al. study on the biochar with scanning electronic microscopy (SEM) revealed that
after pyrolysis, a well-developed porosity structure was formed [37]. Lessa et al. modified
coffee wastes directly with chitosan to remove pharmaceuticals from wastewater [38]. The
pyrolysis method, textural features of the biochar [29], surface chemistry of the biochar [39],
and ion charge of the adsorbates [40] have been shown to be associated with the capacity
and efficiency of the biochar to adsorb pharmaceutical compounds [41]. Pyrolysis is a waste
management process which allows for the fabrication of biochar from waste material into a
valuable material for removing ECs from waste streams.

Furthermore, due to the poor biodegradability of pharmaceuticals, they are not en-
tirely removed from wastewaters by traditional water treatment technologies [42]. These
pharmaceutical compounds” accumulation and persistence in the environment endangers
human health as well as the aquatic environment [29]. Therefore, developing effective and
sustainable ways to mitigate or eliminate them from water is critical. Currently, biochar
is being evaluated as a promising treatment to remove pharmaceuticals from reclaimed
wastewater. There are limited studies that have focused on reusing coffee waste to make
useful biochar through eco-friendly pyrolysis techniques that are less costly. This study
investigates kinetic models and their capacity for the removal of selected pharmaceuticals;
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salicylic acid, diclofenac, and caffeine from water (Figure 1). These selected pharmaceuticals
play a major role in our life and are regarded as representative of emerging contaminants
in the environment. Among them, caffeine, which is found in beverages, coffee, and other
commercial products only consumed by humans, is regarded as an indicator of domestic
and excreta pollution. Caffeine was chosen to represent basic and non-ionizable pharma-
ceutical drugs in the environment. Salicylic acid is used externally (e.g., lotion, sunscreen)
and excreted by humans as a metabolite of acetylsalyscylic acid. Salicylic acid was chosen
in this study to represent acidic and polar pharmaceutical drugs occurring in the environ-
ment. Diclofenac is a very important indicator as it is used both by human and animal.
Hence, its occurrence in the environment is inevitable, and was chosen to represent soluble
pharmaceutical drugs with both polar and hydrophobic groups in the environment.
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Figure 1. Structural formula of (a) salicylic acid, (b) diclofenac, and (c) caffeine.

2. Materials and Methods
2.1. Materials

Biowaste coffee grounds were obtained from a coffee machine at the University of
KwaZulu-Natal, School of Physics and Chemistry Team Room. Hydrochloric acid (HCI),
sodium hydroxide (NaOH), sodium chloride (NaCl), salicylic acid (C;H¢O3), diclofenac
(C14H19Cl2NNaO,), and caffeine (CgH19N4O;) were analytical grades chemicals and pur-
chased from Sigma Aldrich (Germany). Deionized water was used in all of the experiments.
The high-purity argon gas was bought from Afrox (Johannesburg, South Africa).

2.2. Analytical Techniques

The removal of pharmaceuticals was studied using Ocean Optics UV-visible spectrom-
eter (model HR2000+ produced by Ocean Optics at EW Duiven, Deifen, The Netherlands)
equipped with 1-cm quartz cells holder and Spectra suite software (Ocean Optics, EW
Duiven, Deifen, The Netherlands). Salicylic acid, diclofenac, and caffeine equilibrium
concentrations were determined using calibration curves established at the maximum
wavelength of 296, 276, and 275 nm, respectively. After filtering the adsorbent (prepared
biochar) from the 5 mL aliquot sample (initial volume containing 200 mL of 35 mg L~ of
pharmaceutical concentration) with a 0.45 m syringe filter, the absorbance measurements
were recorded. The difference between the initial concentration and the final concentration
of the solution (at the precise time of sampling) was used to calculate the amount ad-
sorbed, which correspond to the equilibrium concentration needed for kinetic and models
investigations.

2.3. Preparation of Biochar

The coffee grounds were washed and air-dried in a vacuum oven at 60 °C for 24 h
before pyrolysis. Then coffee waste grounds were subjected to hydrothermal treatment at
roughly 200 °C for 12 h. The dried coffee waste grounds were dehydrated at 200 °C for
30 min, this method was conducted to remove any contaminants and impurities such as
volatile compounds that are soluble in water [23]. Then biowaste coffee grounds pyrolysis
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was performed at a temperature of 800 °C for 90 min. The process of pyrolysis was carried
out by flowing argon gas through the coffee sample inside the tubular furnace. Thereafter
the resulting biochar was then grinded and sieved through 100-mesh sieve. The sieving
process was carried out to homogenized biochar material for instrument characterization.

2.4. Characterisation of Biochar

Approximately 20 pg of the biochar was mounted onto an aluminum scanning electron
microscopy (SEM) by using double-sided conductive carbon tape. This was then gold
sputter-coated using Quorum Q150R ES sputter coater (UK). SEM was used to characterize
the morphology of the biochar. SEM imaging was carried out on the Zeiss Ultra Plus
FEG SEM (Germany) at 20 kV. The specific surface area, pore distribution, and size of the
produced biochar were investigated using a Tri-STAR II 3020 V1.03 Brunauer-Emmett-—
Teller (BET) method bought from Micromeritics, USA. To assess the electrostatic magnitude
between the biochar surface particles and the surface charge of the biochar, zeta potential
measurements were performed using the Zetasizer Ultra zeta meter (Malvern Panalytical,
Malvern, UK). To determine the pH at the point of zero charge of the biochar, about 0.010 g
of the biochar was transferred into 250 mL Erlenmeyer glass conical flasks with each
containing 50 mL of 0.1 M of NaCl solution at pH values ranging from 3 to 10. The flasks
were stoppered and agitated for 24 h in a preset shaker. The final pH of the mixture was
obtained after 24 h and a plot of change in pH versus the initial pH was made from which
the pHpzc of the biochar was established.

The amount of carbon, hydrogen, nitrogen, and sulfur present in the produced biochar
material was analyzed using Elementar Vario EL Cube CHNS elemental analyzer. Fourier
transform infrared (FTIR) spectroscopy was used to examine functional groups in the
biochar sample (PerkinElmer, Waltham, MA, USA) and the FTIR spectra were taken in
the range from 400 to 4000 cm~! [8]. The structural properties and degree of crystallinity
of the biochar produced were evaluated using X-ray diffractogram (XRD) and Raman
spectroscopy. XRD was used to evaluate the graphitic characteristics of the biochar using
Smartlab9 X-ray generator with Cu-K« radiation. Similarly, Raman spectroscopy was used
to determine the crystallinity or carbon defects of the produced biochar. Raman spectra
were obtained through Renishaw inVia Raman microscope using a 488 nm wavelength.

2.5. Adsorbate

Each adsorbate (salicylic acid, diclofenac, and caffeine) was prepared as a 1000 mg L !
stock solution by dissolving 100 mg of each adsorbate salt in 100 mL of deionized water
separately. The stock solution was then used to make working standard solutions for
calibration curves with a concentration ranging between 5-45 mg L~!, which were utilized
to determine equilibrium concentration of the adsorbate.

2.6. Adsorption Studies

Adsorption tests were carried out by putting different amounts of adsorbent (10, 25,
30, 50, and 100 mg) into separate 250 mL reagent bottles containing leachate (a volume of
200 mL in each bottle) at room temperature of 25 °C The bottles were placed in a shaker
and shaken for 1080 min at 150 rpm. At predetermined intervals, leachate samples were
sampled [23]. Salicylic acid, diclofenac, and caffeine concentrations were all measured
using a similar method. Using 10 mg of the as-prepared biochar for 200 mL for each
pharmaceutical concentration, the equilibrium time was determined to be 1080 min. The
kinetics of adsorption were measured for all three pharmaceuticals. The equilibrium
efficiency of pharmaceutical adsorption (% Removal efficiency) by the respective biochar
sample was calculated using Equation (2):

Je = (Co - Ce/M) x V (1)

Removal efficiency (%) = (Co — Ce)/Co) x 100 2)
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where qe (mg L™!) is the adsorption capacity of the biochar at equilibrium, C, (mg L~1)
and C, (mg L) are the initial concentration and the equilibrium concentration, respec-
tively [43]. V (mL) is the volume of suspension and M (mg) is the mass of the adsorbent
(biochar) [43]. The adsorption studies at equilibrium [44] were carried out keeping the
adsorbent doses (10 mg), and pharmaceutical concentrations (35 mg L~?!). The concen-
tration of pharmaceutical remaining in solution at equilibrium (C.) was obtained after
stirring for 1080 min, the time selected from the kinetic experiments, and the uptake (qe)
was calculated using Equation (1) [44]. The linear forms of Langmuir [45] (Equation (3)),
Freundlich [45] (Equation (4)), and Temkin (Equation (5)) isotherm models were used to
describe the equilibrium data [46]. The applicability of these equations was compared by
judging the correlation coefficients.

1/qe:1/KLX 1/Ce+1/qmax 3)
Logqe = logKF + 1/n x logCe 4)
ge = RT/bT x InKT x RT/bT + InC, )

where qmax is the “maximum capacity of adsorption in mg g~!” and “KL is a constant

related to the affinity of the binding sites, L mg~!, in the Langmuir isotherm model” [29].
The adsorption process is assumed to take place on a heterogeneous surface in the Fre-
undlich isotherm model [47]. Its linearized Freundlich equation is given in Equation (4),
where KF (L mg ') represents the adsorption capacity and 1/n represents the adsorption
intensity, indicating both the relative distribution of energy and the heterogeneity of the
adsorbent sites [47]. The adsorption potential of biochar to pharmaceuticals was further
tested using the Temkin isotherm model (Equation (5)) [48]. The impact of indirect ad-
sorbate or adsorbate interactions on the adsorption process is taken into account in this
model [48,49]. Temkin’s linear form is given in Equation (5), where R is the common gas
constant (0.008314 k] mol~! K), T is the absolute temperature (K), 1/bT is the Temkin
constant related to the heat of sorption (k] mol ™) which indicates the adsorbent’s ad-
sorption potential (intensity), and KT (L g~ ') is the Temkin constant related to adsorption
capacity [49].

3. Results and Discussion
3.1. Characterisation of Biochar

The microstructure of the as-prepared biochar was determined using SEM analysis.
Figure 2 shows the SEM images of fresh biomass material and biochar obtained from
biowaste coffee grounds. Similar morphologies were observed in the recent study Cam-
pos et al. [8]. The obtained SEM images show that pyrolysis treatment results in the
development of many tiny pores on the surface of the biochar produced from biowaste
coffee grounds (Figure 2a). While no pores were readily observed on the SEM image of
the untreated biowaste coffee grounds (Figure 2b). The formation and distribution of the
pores over the entire surface of the material is expected to improve the performance of the
biochar as an adsorbent.

The CHNS elemental analysis data indicates that the biochar produced from biowaste
coffee grounds is composed of 84.06% carbon, 1.615% hydrogen, 3.58% nitrogen, and
0.108% sulfur. From the elemental analysis results, it was noted that the carbon content
was considerably high. The high temperature employed in the pyrolysis process is known
to eliminate volatile components of the material, thus making the as-prepared biochar to
be more stable under atmospheric conditions. Also, a recent study confirmed that high
temperatures release unstable matter content, which results in the removal of functional
groups from the surface of the biochar. As a result, the amount of carbon in the biochar
sample remains high [8].



Sustainability 2022, 14, 2931

6 of 16

Signal A =5E1 20 kV

WD=8.5mm

(@) (b)

Figure 2. SEM images of (a) untreated biowaste coffee grounds and (b) biochar produced from
biowaste coffee grounds.

The functional groups of the biochar of coffee grounds before and after pyrolysis were
identified using FTIR in the range between 400 and 4000 cm~!. Figure 3 shows the FTIR
analysis of fresh biomass and biochar. In Figure 3, similar bands were observed for the
fresh biomass and biochar in the region around 1000 cm~!. The bands exhibited by the
fresh biomass raw materials are attributed to lignin, volatile compounds, and cellulose
materials. Figure 3 shows that the occurrence of the pattern of bands has changed owing
to the effect of pyrolysis, which results in the observable reduction and disappearance of
some functional groups on the surface of the biochar due to removal of volatile organics
that were present in the waste coffee ground. Bands from 1056 to 1889 cm~! were obtained
for the biochar indicating the presence of sulfoxide (5=0) and aromatic compound (C-H),
respectively. Also, observable bands in 2110 cm ™! in spectra suggest the presence of N=C=S
functional group on the surface of the biochar.

—— Biomass
— Biochar
\’S‘
<
S
=
E
E
w
=
s
F W
0 1000 2000 3000 4000

cm

Figure 3. FTIR spectrum fresh biomass and biochar produced from biowaste coffee grounds.

These observations suggest that the produced material is a carbonaceous adsorbent
with oxygen containing functional groups remaining on the biochar surface after pyrolysis.
In addition, these functional groups can change the surface properties of the material such
that it becomes hydrophilic in nature and allow water penetration through the material.
This enhances adsorption due to accessibility of pores beneath the surface. As a result,
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these functional groups may create binding site for pharmaceuticals and thus improve
the removal efficiency of the biochar. A study by Ching et al. [23] also observed similar
functional groups that contained oxygen groups on the biochar they prepared.

Figure 4a,b illustrate the XRD diffractogram and Raman spectroscopy of the prepared
biochar. In Figure 4a, three broad peaks were obtained at angles 25°, 45°, and 80° respec-
tively, due to the amorphous structure. This is beneficial to this research since biochar
with an amorphous structure is thought to be favorable for well-developed adsorbents for
pharmaceuticals. These results are comparable with the recent studies [8]. These peaks
correspond to diffraction peaks of an amorphous material that contains cellulose [50]. XRD
results are also correlated with the Raman spectrum (Figure 4b), which shows a band
around 1374 cm~! (D band), which is associated with a nanocrystalline carbon, and the
G band visible at 1597 cm ™!, which is attributed with an amorphous carbon material [51].
Consequently, this is caused by the stretching vibrations of sp? carbon pairs that are located
in rings and chain structures [51].

6000 - 2000 -
~ 50001 31500
= 4000 - &
g 3000 - .éalm]ﬂ -
2 2000 | £ 500 -
£ 1000 =
0 -
0 -
-1000 r ] -500 r :
0 50 100 0 1000 2000
2 Theta (°) Wavenumber (cm™!)
(a) (b)

Figure 4. Characterization of the biochar produced from biowaste coffee grounds using (a) X-ray
diffractogram and (b) Raman spectroscopy.

Furthermore, the N; adsorption-desorption isotherms of the adsorbent are shown in
Figure 5a. The typical pore diameter in this material, according to BET measurements, is
8.547 nm, which scientifically classifies synthesized biochar as mesoporous material. The
isotherm behavior in Figure 5a, on the other hand, shows that the P/Po is in the range of
0.20 to 0.95, indicating that the material isotherm behavior is pointing towards the direction
of the micropores. The formation of micropores caused by the high pyrolysis temperature
(800 °C) from coffee waste material resulted in a BET surface area of 232 m? g~ 1. Figure 5b
shows the micropore volume of 0.11 cm® g~ for the as-prepared biochar. Zanzi et al.
studied the influence of temperature on the properties of biochar [52], and found that the
synthesis temperature affects the surface area of the prepared biochar. Normally, higher
temperatures (more than 800 °C) are associated with large surface areas. However, higher
temperatures result in the formation of a hydrophobic material that leads to low removal
efficiency due to poor water penetration into the pores. Nevertheless, surface area of the
as-prepared biochar was found to be higher than surface area of the untreated biowaste
coffee ground biomass (30 m? g~!). In addition, the sorption behavior (Figure 5a) of the
biochar indicates that the material is largely microporous and according to the IUPAC,
this biochar material is classified as a type I isotherm and is known for its well-developed
microporosity.
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Figure 5. BET surface information showing (a) N sorption isotherms, and (b) differential pore size

distribution of biowaste coffee ground biochar.

The point of zero charge (pHp,c) is defined as the pH and conditions of the medium
in which the surface charge density of the adsorbent is zero [53]. In the present study, the
pHpzc was found to be 5.82 (Figure 6). In this regard, when the solution pH is less than
5.82, the surface of the biochar adsorbent becomes positively charged, having a greater
affinity for anions. When it is above pHp,, the surface of the adsorbent becomes negatively
charged, which creates a situation favorable for the adsorption of cationic species [54]. Zeta
potential measurements were performed to determine the electrophoretic mobility of the
biochar particles in a diluted suspension [44]. The experiment was carried out in a neutral
solution, and the zeta potential of the biochar made from biowaste coffee grounds was
found to be —20.4 mV. The colloidal system is unstable when the zeta potential is less than
£30 mV [23], and particles tend to attract each other. This aggregation tendency of the
as-prepared biochar is associated with reduction of exposed active site and the surface
area in aqueous matrix when compared to a solid form used in characterization. Hence,
this leads to the observed lower removal percentages and adsorption capacity of biochar
when the zeta potential is above 30 mV [8]. The sign of the zeta potential suggests that
negative charges are predominate at the surface of the biochar. This further suggest that
the surface of the biochar should be a good adsorbent for adsorption of positive polarized
contaminants as oppose to ionic contaminants [8]. Many biochar materials are not suitable
for adsorption of acidic drugs since they dissociate to ionic compounds depending on the
environment. Hence, salicylic acid was selected in this study to investigate this behavior
of biochar with respect to acidic polar ECs. Salicylic acid is not commonly studied due
to the negative charges that predomination on the surface of many biochars, which make
adsorption of salicylic acid difficult.
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Figure 6. Point of zero charge of the biochar produced from biowaste coffee grounds.

3.2. Adsorption Studies

The biochar produced from biowaste coffee grounds was studied as an adsorbent for
removing salicylic acid, diclofenac, and caffeine from water. The batches of 200 mL of the
solution of pharmaceutical concentration (35 mg L) treated with an optimum dosage of
0.01 g of the biochar revealed a decrease in the intensity of peaks at respective Apax with the
increasing contact time. In Figure 7a, the results are presented as equilibrium concentration.
This is due to pharmaceutical compounds adsorbing on the surface of the respective
batches of biochar [46]. The adsorption capacities (qt) of the pollutant by adsorbent were
determined using Equation (1). Contact time is one of the operating parameters that was
identified as having a significant impact on the adsorption capacity of the produced biochar.
In Figure 7a, it is noted that the adsorption capacity reached equilibrium condition (qe)
after 1080 min contact time for diclofenac and 240 min contact time for salicylic acid and
caffeine, respectively. The slower adsorption kinetics observed were due to high molar
masses of the target pharmaceuticals, and their removal efficiency was improved slightly
by increasing contact time [55].

ool Salic}lic acid + » +@- - - Diclofenac «« +A- - - Caffeine ge m adsol-pﬁon eﬂeﬁency
80 - 14~
90 @) N E\i
80 deseossossnccnnnee A 70 " -
70 ] :
~ 60 = 60 0 5
k o 50 E
En 50 o . 5 &
........ ® — 4 :
z R : .
= 30 30 | E
20 20 + L 4 2

10 4 o B

0 ) 0

100 2000 3000 Salicylic acid  Diclofenac Caffeine

Time (min)

Figure 7. Results showing (a) adsorption capacity profiles of pollutants by biochar produced from
biowaste coffee grounds measured at a pre-selected time intervals and (b) adsorption capacity at
equilibrium conditions with their corresponding removal efficiencies of pharmaceuticals at equilib-
rium condition.

The investigation on the adsorption of salicylic acid, diclofenac, and caffeine in aque-
ous solution on biochar showed that the highest adsorption capacities of the biochar from
the biowaste coffee sample were 40.47 mg g~ ! for salicylic acid, 38.52 mg g~ ! for diclofenac,
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and 75.46 mg g~ ! for caffeine (Figure 7a). The corresponding removal efficiency for sali-
cylic acid, diclofenac, and caffeine was 6.5%, 5.56%, and 11.61% (Figure 7b). The removal
efficiency increase with dosage is not normal considered as a major, given concentration
used in investigations are much high than relevant environmental levels, but capacity is
very important. The dosage used in this study was very small, however it has achieved
high adsorption capacity of targeted compounds and removed approximately 2 mg L~!
that is way above environmental concentration. The significant difference in adsorption
capacity was related to differences in the molar masses of pharmaceutical compounds,
functional groups in the structures, and the polarity of studied compounds [56]. From this
study, it can be deduced that the as-prepared biochar exhibited low adsorption capacities
for salicylic acid and diclofenac compared to caffeine. This trend was attributed to the
polarity of the targeted contaminants.

Also, the pH of the adsorption media is known to have a significant impact on the
adsorption capacity of the adsorbent material. Electrostatic attraction or repulsion can occur
between ionizable micropollutants and adsorbents, and this interaction varies depending on
their pKa values [57]. In elaborating the differences obtained for pharmaceutical adsorption
in this study, salicylic acid (pKa = 2.97), and diclofenac (pKa = 4.15) had lower adsorption
capacities. This was attributed to the fact that diclofenac and salicylic acid ionizes in
aqueous solution to negative species, which were electrostatically not attracted to the as-
prepared biochar due to its negative charges on the surface. In contrast, caffeine (pKa = 14)
had a higher adsorption capacity compared to salicylic acid and diclofenac since it is not
affected by electrostatic interaction as it does not ionize in water.

The adsorption of pharmaceutical compounds from solution onto biochar was also
assumed to be affected by hydrophobic nature of the material. Hence, resulting in low
removal efficiencies of the targeted pharmaceuticals in aqueous solution (Figure 7b). For
compound containing groups such as diclofenac, the adsorption could be largely affected by
the changes in pH [58]. Hence, electrostatic and specific adsorbate-adsorbent interactions
“based on the polarity of the surface, functional groups, organic and inorganic components
of biochar” [59] between adsorbate and surface of biochar do have an impact on adsorp-
tion [58]. In addition, salicylic acid, diclofenac, caffeine, and the biochar have functional
group that are pH dependent, given wide pKa values of this selected compounds, their
adsorption capacity would not be the same. A study on the impact of pH with regards to
the adsorption of polar pharmaceuticals is recommended for future research. However, ad-
justing the pH of media will only make biochar to selectively remove certain contaminants,
and thus compromise removal efficiency of ECs by the as-prepared biochar.

3.3. Adsorption Kinetic Studies

It was observed that salicylic acid, diclofenac, and caffeine did not fit very well in
the pseudo-first-order model (Figure 8a), however, experimental equilibrium data for the
adsorption of salicylic acid, diclofenac, and caffeine fitted pseudo-second-order model
with correlation coefficient (R?) values were noticeably higher (Figure 8b). The high R?
suggested that the model accurately described the parameters obtained from adsorption
kinetics for the produced biochar [23].

The mechanisms by which this produced biochar adsorbs salicylic acid, diclofenac, and
caffeine differ depending on their properties, as proven by different adsorption capacities
and different removal percentages. Overall, the results implied that the adsorption of
salicylic acid, diclofenac, and caffeine followed pseudo-second-order kinetics suggesting
that the adsorption was controlled by the chemical properties of the pharmaceuticals and
biochar. Table 1 shows a summary of the parameters obtained by fitting adsorption data in
pseudo-first-order and pseudo-second-order kinetics.
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Figure 8. Adsorption data of pharmaceuticals equivalent to different contact times using the as-
prepared biochar fitted with (a) pseudo-first-order kinetics model and (b) pseudo-second-order
kinetics model.

Table 1. Summary of the parameters acquired by fitting adsorption data into kinetic models.

Pseudo-First-Order Pseudo-Second-Order
Pollutant
onutan qe; mgg1) kg (min—1) R2 qez (mgg~1) ko (min—1) R?
Salicylic acid 18.77 —0.00091 0.979  28.90 0.025 0.999
Diclofenac 33.29 —0.00004 0901 12.85 0.004 0.976
Caffeine 26.89 —0.00005 0595 51.02 0.065 0.999

3.4. Adsorption Isotherms

The Langmuir, Freundlich, and Temkin isotherms were used to calculate equilibrium
isotherms. Figure 9a—c shows the results of salicylic acid, diclofenac, and caffeine adsorp-
tion obtained using each isotherm model. Both of these models did not adequately fit
the experimental data, as shown in Figure 9a,b for linearized Freundlich and Langmuir
isotherms, respectively. This could be due to the fact that the adsorbate (pharmaceuticals)
concentration was higher when the second layer began to adsorb, or since both isotherm
models failed at high adsorbate concentrations [29]. Temkin isotherm (Figure 9c) was
considered to be the best model that described the adsorption mechanism of salicylic acid,
diclofenac, and caffeine using the biochar from biowaste coffee grounds as an adsorbent
indicating that the adsorption of targeted pharmaceuticals on the biochar took place and
taken into account the effects of indirect pharmaceutical interactions (physicochemical
properties) on the adsorption process. This model exhibited relatively good R? for all three
analytes indicating that the model successfully defined the parameters of the mechanism of
adsorption. A summary of the parameters obtained by fitting adsorption data in isotherm
models is given in Table 2.

Table 2. Summary of the parameters obtained by fitting adsorption data in isotherm models.

Freundlich Isotherm

Langmuir Isotherm

Temkin Isotherm

KF (mg g—1)

(Lmg 1) 1/n 1/n R? Qmax (mgg=1) KL (Lmg™1) R? R? KT (L mg—1)
Salicylic acid 1.60 0.90 0.990 25.80 —0.030 0.964 0.9997  0.030
Diclofenac 1.75 0.41 0.832 35.86 —0.031 0.925 0.9999  0.029
Caffeine 1.41 1.98 0.975 16.46 —0.035 0.915 0.9996  0.030
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Figure 9. Linearized (a) Freundlich, (b) Langmuir, and (c) Temkin isotherms of the biochar produced
from biowaste coffee grounds.

4. Recommendations for Future Studies

The adsorption process is influenced by a variety of parameters, some of which were
not explored in this work but investigated elsewhere; the results of these studies were
summarized in Table 3. The adsorption capacities of targeted analytes in this study were
within the ranges of other studies in the literature presented in Table 3. The parameters
that need to be investigated to enhance removal of ECs should include operating condi-
tions such as temperature, pH, the dosage of biochar, initial concentration of the targeted
analytes, and doping of biochar. For future work, the potential applications of this material
exploiting its adsorption characteristics (such as surface properties, crystallinity, chemical
stability, recoverability, and higher photocatalytic competency) are highly recommended.
For example, the production of composite or hybrid materials such as biochar-supported
photocatalysts, biochar nanoparticles-decorated photocatalyst, or biochar-based catalyst
for the removal or degradation of organic compounds.
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Table 3. Summary of the previous work for emerging contaminants by biochar adsorption.

ECs Adsorbent Adsor})f ion Capacity References
(mgg1)

Dye Coal 17-30 [46]

Carbamazepine, diclofenac Commercial PAC 63,32 [55]

SEfllicylic acid, acetylsalicylic acid, Commercial GAC, PAC ) [26]

diclofenac-Na

Acetaminophen, caffeine, diclofenac-Na Coconut shell-based PAC (commercial) 85, 85, 95 [40]

Diclofenac, caffeine Coal 95, 95 [60]

Triclosan Charcoal (commercial) 31 [61]

Tbuprofen 1‘t;iochar produced from Industrial 174 [44]
re-cork

Norfloxacin Biochar produced from corn stalk 2.30 [62]

Lactic acid Biochar produced from SCG 14.73 [8]

Salicylic acid, diclofenac, caffeine Biochar produced from coffee grounds 40.47, 38.52,75.46 This study

GAC, granular activated carbon; PAC, powdered activated carbon; SCG, spent coffee grounds.

5. Conclusions

The purpose of this study was to make biochar from biowaste coffee grounds through
the pyrolysis process and investigate its adsorbent efficiency for the removal of selected
pharmaceuticals from water. Based on the results acquired from this study, the following
conclusions were made:

e  Biochar produced from biowaste coffee grounds by thermal treatment can remove
soluble pharmaceuticals in water. Characterization of biochar material and adsorption
behavior of salicylic acid, diclofenac, and caffeine on the biochar was carried-out. The
obtained biochar material had the highest carbon content and contained a signifi-
cant number of pores; thus, the pore volume average was 0.11 cm® g~! dominated
by microspores. The total surface area of the as-prepared biochar was 232 m? g1
Also, the surface of the produced biochar exhibited a net negative residual charge
and observable reduction in functional groups. These characteristics favors stable
microstructure of the biochar material. This material was employed for the removal of
water-soluble pharmaceuticals in an aqueous solution.

e  Adsorption studies were performed to determine contact time, dosage, kinetic and
isotherm model. The capacity of the biochar to adsorb salicylic acid, diclofenac, and
caffeine increased with contact time. The capacity of the 0.01 g biochar dosage used
to adsorb salicylic acid, diclofenac, and caffeine were 40.47, 38.52, and 75.46 mg g_l,
respectively. However, the rate of this adsorption process was considered slow as
it took longer to reach equilibrium. This adsorption process was best described by
Temkin isotherm model and pseudo-second-order kinetic model. pH was evaluated
between 3 and 10, the point of zero charge was 5.82.

Therefore, it can be concluded that biochar produced from biowaste coffee grounds
with microporous surface structure, negative residual surface charge, high carbon content,
and enhanced oxygen functional groups on the surface could play an important role in
the removal of polar contaminants during the treatment of wastewater, hence, minimizing
their potential risks in the environment.
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