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Abstract: Coffee skins, a cheap, agricultural waste, were carbonized in a tubular furnace under a
nitrogen stream and then ball milled to fabricate coffee skin-carbon-nanoparticles (CCNPs). SEM
showed 35.6-41.6 nm particle size. The 26.64 and 43.16 peaks in the XRD indicated a cubic graphite
lattice. The FT-IR broadband revealed a 2500-3500 cm~! peak, suggesting an acidic O-H group.
CCNPs possessed a type-H3-loop in the Nj-adsorption-desorption analysis, with a surface of
105.638 m? g~ 1. Thereafter, CCNPs were tested for ciprofloxacin (CPXN) adsorption, which reached
equilibrium in 90 min. CCNPs captured 142.6 mg g~ from 100 mg L~ CPXN, and the 5:12 sorbent
mass-to-solution volume ratio was suitable for treating up to 75 mg L~! contamination. The q;
dropped from 142.6 to 114.3 and 79.2 mg g~ ! as the temperature rose from 20 °C to 35 °C and
50 °C, respectively, indicating exothermic adsorption. CPXN removal efficiency decreased below pH
5.0 and above pH 8.0. Kinetically, CPXN adsorption fits the second-order model and is controlled
by the liquid-film mechanism, indicating its preference for the CCNPs’ surface. The adsorption
agreement with the liquid-film and Freundlich models implied the ease of CPXN penetration into the
CCNP inner shells and the multilayered accumulation of CPXN on the CCNPs’ surface. The negative
AH? and AG® revealed the exothermic nature and spontaneity of CPXN adsorption onto the CCNP.
The CCNPs showed an efficiency of 95.8% during four consecutive regeneration-reuse cycles with a
relative standard deviation (RSD) of 3.1%, and the lowest efficiency in the fourth cycle was 92.8%.

Keywords: agriculture waste; coffee skin; carbon nanoparticles; ball milling; water treatment;
pharmaceutical pollutant

1. Introduction

The importance of water to human survival cannot be overstated because of its es-
sential role in human survival. Pharmaceutical contaminants (PhCs) have been found to
accumulate in water and wastewater systems due to their high demand and widespread
use [1,2]. Such unpurified water has affected the welfare of people through waterborne
diseases that have destroyed the population of cities worldwide [3]. About 80% of marine
environmental contaminants originate on land, directly from industrial processes or in-
directly through the disposal of diverse residues from human activities [4]. The primary
sources of contaminating aquatic environments are industrial cleaning equipment, pesticide
runoff from farms, excretions of humans and livestock, dumping of industrial wastes and
improper disposal of expired products; these chemicals stay stable in water for a long
time [5]. According to the United Nations (UN), over 80% of the world’s wastewater is
discarded untreated into the environment; in certain countries, the percentage is as high as
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95% [6-8]. Currently, many of the world’s water sources have been identified as polluted.
A four-seasonal sampling (2003-2004) established the presence of various medications in
the New York City watershed [9]. The plasma of sharks living in Florida’s Caloosahatchee
River contained detectable levels of six reuptake inhibitors, including the antidepressants
citalopram, fluoxetine, fluvoxamine, paroxetine, sertraline and venlafaxine; in the same
area, triclosan, a household disinfectant ingredient, was found at a significantly measur-
able level in dolphin blood plasma [10,11]. Researchers in Spain found painkillers, fever
reducers, inflammatory agents, antibiotics, antilipemics and blockers in Madrid’s river [12].

Antibiotics in water boost the immunity of microbes and lead to the emergence of
novel pathogens [13]. The fluoroquinolone antibiotic ciprofloxacin (CPXN) is its family’s
most commonly used antibiotic [14,15]. The structural conformation of CPXN accounts
for its high solubility in water (30 g L) and contributes to its widespread presence in
aquatic environments [16,17]. In effluent treatment facilities near Hyderabad, India, CPXN
was found at concentrations higher than the highest therapeutic human plasma level [18].
Concentrations of up to 155.0 ug/L CPXN were found in a university hospital effluent
in Brazil [19]. CPXN remains untreated in several hospital effluents in Germany and has
been reported at wastewater treatment plants and natural water resources [20-22]. Sedi-
mentation, filtration, disinfection, sludge treatment, oxidation, coagulation—precipitation,
reverse osmosis and ion exchange are all used to remove pollutants [23-25]. The high price
tag and the need for constant monitoring are two of the most significant drawbacks of
these technologies. Nevertheless, the presence of pharmaceutical components in tap water
proves that such techniques are not good enough to satisfy criteria for water safety [26-29].
Heterogeneous cracking involving light-absorbing-catalysts in contact with the reactants is
one of the methodologies that has benefited from nanoscience. Although photocatalytic
degradation has succeeded in degrading various hazardous organic pollutants and has
provided advantages over classical approaches, its drawbacks include energy consump-
tion and the production of harmful radicals [30]. Conversely, adsorption consumes less
energy, is simple, has high efficiency, is easily implemented and doesn’t liberate toxic
compounds; its physical characteristics involve Van der Waals forces while its chemical
ones include chemical bonding between pollutants and sorbents. Carbon has traditionally
been employed to remove undesirable organic compounds and used in environmental
applications as a sorbent and catalyst-supporting substrate. Carbon nanoparticles (CNPs)
have been used to remove organic and inorganic contaminants; they first drew attention
due to their large surface area, functional ability, remarkable adsorption capacities, ease
of regeneration and resilience to corrosive media [31]. Given that the annual production
of biowaste reaches 20 billion pounds distributed over about 70 countries [32], turning
massive biowaste into valuable materials by fabricating carbonaceous materials (CRMs)
from coffee waste would be of great interest.

This study planned to utilize coffee skin waste in formulating CRMs via pyrolysis in
an oxygen-poor environment. The produced CRMs would be demineralized via boiling
with an acid then downsized via milling to fabricate nanoparticles (CCNPs). The syn-
thesized CCNPs would be characterized experimentally by physical means. Thereafter,
CCNPs would be tested as sorbents for remediating water contaminated by pharmaceutical
contaminants. The study includes investigating the impact of solution parameters on the
performance of CCNPs in removing CPXN from water. In addition, the adsorption kinetics,
isotherms and thermodynamics will be investigated.

2. Experimental Methodology
2.1. Materials

Hydrochloric acid (37% HCI) was provided by Sharlau, Madrid, Spain. Coffee skin
waste (CSW) was acquired from a local market (KSA). CPXN-HCI powder was provided
by Rhanboxy, Mumbeai, India.
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2.2. Fabrication of CCNPs

About 20.0 g CSWs were placed in a boat crucible, transferred into a tubular furnace,
and carbonized at 600 °C for 2.0 h under a nitrogen stream (50 mL min~1). About 5.0 g
of carbon was placed in the stainless steel crucible of a vertical planetary ball mill (Netzs-
pannungswashi, Germany) operated at 500 RPM for 10.0 h. The product was boiled with
100 mL of HCI (2.0 M) for 1.0 h. The CCNPs were dispersed in 200 mL of DW and sonicated
for 10 min, filtered, rinsed with distilled water to about pH 6.5 and dried at 110 °C for 3.0 h.

2.3. Characterization of the CCNPs

The nanoparticles’ phase purity was analyzed using a powder X-ray diffractome-
ter (XRD) (Bruker, D8 Advance; Billerica, Miami, FL, USA). The superficial and detailed
morphologies of CCNPs were investigated using scanning electron-energy dispersive mi-
croscopy (SEM-EDX) (JSM-IT300, Jeol, Tokyo, Japan). In addition, the functional groups on
the surface of the CCNPs were analyzed by Fourier transform infrared spectroscopy (FTIR)
with a KBr disk (Bruker TENSOR-FTIR, Miami, FL, USA). Also, the surface characteristics
were analyzed via a ASAP 2020 Micromeritics surface analyzer, Miami, FL, USA.

2.4. Adsorption of CPXN on CCNPs

An experimental batch protocol was utilized to test the CPXN adsorption on the
fabricated CCNPs in water. A 120 mL aqueous solution of 50 mg L~! CPXN was combined
with CCNPs and stirred. In order to examine the effects of both concentration and tempera-
ture, the adsorption process was also run with CPXN concentrations ranging from 10 to
50 mg L~! within a temperature range of 20 to 50 °C. Additionally, the effect of pH was
investigated by varying the pH of the pollutant solution from 2 to 11. The absorbance of
CPXN was measured with a UV-Vis spectrophotometer (Shimadzu-2600i, Kyoto, Japan) at
273 nm, and Equation (1) was utilized to determine the pollutant adsorption capacity of
the CCNPs (q, mg g~ 1).

(Co—CH)V

9= )

C, and C; (mg L) are the CPXN concentrations at the initial time and at t min.

V and M are the solution volume (mL) and the adsorbent mass (g).

The kinetics of CPXN adsorption onto the CCNPs was studied. The pseudo-first-order
models (PFM) and pseudo-second-order models (PSM) expressed in Equations (2) and (3)
were used to investigate the adsorption rate order. Furthermore, the step controlling
adsorption was analyzed using the liquid film diffusion model (LFM) (Equation (4)) and
the intraparticle diffusion model (IPM) (Equation (5)) [33].

1n(qe - qt) = lnqe -k xt (2)
1 1 1
Lo Lo 1 ©
G kexqit  q
q; = Kp x t% + G (4)
11’1(1 — F) = _KLF X t (5)

where: qe (mg g~ !) is q; at equilibrium; k; (min~!): PFM factor; and k; (g mg~! min~1)
PSM factor (which have been calculated from the slope and intercept values, respectively).
Kip (mg g~! min=?%) and K g (min~') are the LFM and IPM constants (computed from
their slope values). C; (mg g~ !) is a boundary layer thickness factor [32].
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As they are the most used isotherm representations, the Langmuir model (LM,
Equation (6)) and the Freundlich model (FM, Equation (7)) were employed in investigating
the monolayer and multilayer adsorption, respectively.

1 1 1 1
= X =+ — 6
9e Krqp, Ce Ko ©

Inq, = InKg + %ln Ce 7)

Ce (mg L~1) is CPXN’s concentration at equilibrium; K, (L mg’l) is the LIM constant,
and Kg (L mg™!) is that of FIM; qm (mg g~ !) is the predicted maximum q; and n is the
Freundlich heterogeneity factor.

Thermodynamic studies were performed on CPXN adsorption by the engineered
CCNPs. In order to determine the equilibrium constant K¢, the adsorbed and residual
concentrations (C,q and Ce, mg L) were employed. The enthalpy (AH®, kJ mol 1) values
were determined from plots of Equation (8). The intercepts from the linear plots were
utilized in computing the entropy values (AS°, k] mol 1), by plugging in the values from
Equation (8) into Equation (9), and in calculating the Gibbs free energy (AG®, (k] mol~1)).

AH = AS
InKe=Fr T & ®)
AG = AH —TAS )

3. Results and Discussion
3.1. Characterization of the Fabricated CCNPs

SEM analysis was used to investigate the surface morphology of the as-prepared
CCNPs (Figure 1a,b). A 1,000,000 times magnification showed that the prepared CCNPs
were sized from 35.6 to 41.6 nm and it revealed high uniformity in the fabricated CCNPs.
EDX analysis was also employed to survey the CCNP’s elemental composition (Figure 1c).
The produced CCNPs were composed mainly of carbon and oxygen in addition to minor
amounts of Na, K, Ca, Al and Zn, which may indicate that the demineralization with HCl
(2.0 M) was not efficient enough.

E

— 100nm KSU
X 1,600 15.0kV SEI X 100,000 15.0kV SEI SEM

Figure 1. Cont.
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Figure 1. (a,b) SEM images; (c¢) EDX spectrum and elemental results of CCNPs fabricated via ball
mill methodology.

XRD diffraction was employed to study the crystallinity and phase purity of the
fabricated CCNPs. Figure 2a monitored the obtained diffraction pattern for the CCNPs; the
peaks at 26° of 26.64 and 43.16 can be assigned to (002) and (100), the cubically constructed
lattice of graphite (JCPDS No. 04-0850) [34,35]. The low intensity of these two bands
indicated weakly crystallized CCNPs; this result can be supported by the minor tip around
26° of 10 corresponding to amorphous CCNPs. Additionally, because the CCNPs were
fabricated from natural agricultural waste, it was expected that the trace amounts of Zn and
Al revealed via the EDX analysis may explain the complexity of the obtained XRD pattern.
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Figure 2. The obtained CCNP results of (a) XRD, (b) FTIR, (c) nitrogen adsorption—-desorption
isotherm and (d) pore size distribution.

Furthermore, the CCNP functional groups were examined utilizing FTIR (Figure 2b).
The 750 and 1380 cm ! peaks can be allocated to C-H in-plane wagging and C-H out-of-
plane twisting vibrations. The bands at 1080 and 1790 cm~! may be assigned to C-O and
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C=0 bonds, while the 2500 to 3500 cm~! broadband belongs to the O-H stretching with
an intermolecular hydrogen bonding. The 1650 and 2110 cm ™! were set to C=C stretching
and the accumulated C=C, while the 2200 cm~! peak can be attributed to C=C stretching
vibrations of terminal carbon atoms [34].

The CCNPs’ surface features were investigated via the N, adsorption—desorption
methodology, and Figure 2c,d monitored the resulting isotherm and pore distribution. The
CCNPs’ surface area (SA) was estimated utilizing the Brunauer-Emmett-Teller’s (BET)
relation, while the Barrett-Joyner-Halenda (BJH) calculation was employed to estimate the
CCNPs’ pore diameter and pore volume (PD and PV) [36]. The N; adsorption—desorption
showed an ascending pattern with a desorption branch spread below a relative pressure
value of 0.45. The fabricated CCNPs possessed a Type-H3-loop, distinctive for nonrigid-
aggregated plate-like particles associated with cylindrical pores [37]. The CCNPs showed
SA, PD and PV values of 105.638 m? g1, 19.38 A and 0.301 cm® g, respectively.

3.2. CPXN Adsorption onto CCNPs

Figure 3a depicts the contact time research of CPXN adsorption onto CCNPs. The
adsorption of CPXN from water by the CCNPs reached equilibrium in 90 min with a q;
of 959 mg g~!. In addition, the initial supplied concentration significantly impacts the
adsorption process; Figure 3b shows direct proportionality between feed concentration
and obtained qt, which reached 142.6 mg g~ ! from the 100 mg L' CPXN. Increasing the
initial concentration may produce an efficient force that aids in migrating CPXN toward the
CCNPs’ surface. Furthermore, the increase of q; proportionally with feed concentrations
revealed the capability of the CCNPs to remove high CPXN concentrations, and the inflation
in Figure 3b showed the adequacy of a 5:12 adsorbent mass-to-solution volume ratio to
treat up to 75 mg L~! CPXN contamination. Conversely, raising the mixture’s temperature
was inversely related to the adsorbed amount of CPXN, as indicated by the drop of gt
to 114.3 and 79.2 mg g~ ! from the 100 mg L~! CPXN at 35 °C and 50 °C, respectively,
which inferred exothermic adsorption. Due to its fast adsorption, short equilibrium time,
comparatively high experimental q; values, and low cost factor, this CCNP adsorbent is
considered excellent compared to the existing carbonaceous adsorbents in the literature
(Table 1).

The pH of the solution influences the availability and accessibility of functional groups
on the CCNPs’ surface and CPXN molecules [38]. The effect of changing the pH of the
solution on the adsorption of pollutants was measured in terms of qt values at each pH
value (Figure 3c). CPXN was better eliminated at pH 6.0, and its removal efficiency declined
dramatically below pH 5.0 and above pH 8.0. At low pH, the readily accessible H+ may
protonate the electron-rich sites on contaminants and/or CCNPs. On the other hand, -OH
availability above pH 8.0 may compete with pollutants on adsorbent adsorption sites. The
CPXN (pKa = 10.3) auxochrome group is protonated in water at low pH. These findings
suggested that electrostatic attraction plays a considerable role in removing CPXN by
CCNPs, consistent with the literature findings [39,40].

Table 1. Comparing the CCNPs with carbonaceous adsorbents in the literature in removing CPXN

from water.

Adsorbent Pollutant Adsorption Capacity (mg g~1) Reference

CCNPs CPXN 142.6 This study
Activated commercial carbon CPXN 13.6 [41]
FCNTs CPXN 955 [42]
Carbon nanoparticles (CNPs) CPXN 103.1 [34]
multiwall carbon nanotube (MWCNT) CPXN 1.75 [43]
Magnetic carbon Fe304 composite CPXN 90.1 [44]
Coal fly ash CPXN 1.5 [44]
Elite CPXN 33.1 [44]
Graphene oxide-polysulfone CPXN 82.8 [45]
FCNTs-Fe;0;4 CPXN 107.7 [46]
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Figure 3. (a) time influence on CPXN adsorption by CCNPs; (b) effects of temperature and CPXN

initial concentration on its removal by CCNPs and (c) the influence of initial solution pH on CPXN
adsorption by the CCNPs.

3.3. Kinetics

Figure 4a,b illustrates the PFM and PSM regression lines of CPXN removal by CCNPs,
and the results are in Table 2. The attained R? values prevailed in the agreement of CPXN
adsorption to the PSM. LFM and IPM plots of CPXN removal by CCNPs were presented
in Figure 4c,d; their outcomes were collected in Table 2. The CPXN adsorption on the
CCNPs agreed with the LFM, which revealed the CPXN’s excellent movement to the
CCNPs’ surface.

Table 2. Kinetics outcomes of CPXN adsorption onto CCNPs.

Adsorption Rate Order

(mg 1) PEM PSM
aeep meg qecal (mgg) R? ki (min ) qecal (mgg ) R? ko (g mg ! min~)
95.936 18.250 0.858 0.049 87.298 0.969 0.005
Adsorption Mechanism
LFM IPM
Kig (min~1) R? Kp (mgg! min—9%) R? C
0.049 0.921 5.772 0.839 43.286
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Figure 4. (a) PFM; (b) PSM; (c¢) LFM and (d) IPM investigations of CPXN adsorption onto CCNPs.
(The * in the equation boxes refer to multiplication).

3.4. Isotherms and Thermodynamics

Figure 5 demonstrates the linear plots of FIM and FIM. The computed results for both
isotherm models illustrated in Table 3 prevailed that CPXN adsorption onto CCNPs better
fit the FIM model, and the 1/n of 0.126 implied favorable adsorption [47].

Table 3. The isotherms and thermodynamic obtaining of CPXN adsorption onto CCNPs within a
25 to 100 mg L~ concentration range.

Isotherms
Langmuir model Freundlich model
R? (a.u) K. (Lmg™) gm (mgg™h) R? (a.u) Kf (Lmg™1) 1/n (a.u)
0.848 2.020 89.653 0.927 58.252 0.126
Thermodynamics
-1 AHC (K] o -1 ° -1 o -1 o -1 R?
Fed Conc. (mgL™") mol1) AS° (k] mol™) AG® (kJ mol™") 298 K AG® (kJ mol™") 308 K AG® (kJ mol™") 318 K (@.u)
25 —46.859 —0.149 —2.552 —1.065 0.421 0.996
50 —25.811 —0.053 —10.047 —9.518 —8.989 1.000
75 —58.250 —0.192 —0.967 0.956 2.878 0.928

100 —43.737 —0.148 0.264 1.741 1.741 0.727
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Figure 6a shows the linear plots of Equation (8) for CPXN concentrations of 25, 50,
75 and 100 mg L~!.The obtained AH® values pointed to exothermic adsorption, and the
resulting AG® suggested that CPXN adsorption occurred spontaneously [48]. Furthermore,
the significant increase in the AG® at higher temperatures indicated that CPXN adsorption
by CCNPs was temperature sensitive. The AG® values obtained with the four tested
concentrations were less than 80.0 k] mol !, indicating a physisorptive nature. Moreover,
the negative AS° results supported the Freundlich outcome that the CPXN adsorption on
the CCNPs was favorable [49].
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Figure 6. (a) The thermodynamic results for the adsorption of CPXN on the CCNPs within a
temperature range of 20 °C to 50 °C using 25, 50, 75 and 100 mg L~1 CPXN solutions; (b) the CCNPs
reuse in removing CPXN from aqueous solutions.

3.5. Reuse Study

It is crucial to investigate the adsorbent’s reusability as an economic factor; hence the
used CCNPs were regenerated via sonication with 20 mL of ethanol for 15 min and filtered;
then, the sonication was duplicated with 20 mL, distilled, filtered, reactivated at 110 °C
and employed for the next round. Figure 6b demonstrates the performance of CCNPs in
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removing CPXN within four consecutive regeneration-reuse cycles. The CCNPs showed
an RSD of 3.1%, average efficiency of 95.8% and least efficiency of 92.8%. The lowering
of CCNP performance in the last cycles can be attributed to the adsorption agreement
with LFM and FIM that implied the ease of CPXN penetration into the CCNP inner shells
and the multilayer accumulation of CPXN on the CCNPs’ surface. However, the CCNPs
performed excellently throughout the four batches of contaminated water.

4. Conclusions

CCNPs were fabricated from coffee skin as cheap agricultural waste via carboniza-
tion in a tubular furnace under a nitrogen stream followed by a vertical planetary ball
milling methodology. The SEM revealed CCNPs within the range of 35.6 to 41.6 nm. In
the N, adsorption—desorption analysis, the CCNPs possessed SA, PD and PV values of
105.638 m? g1, 19.38 A and 0.301 cm® g1, respectively. Thereafter, CCNPs were tested for
removing CPXN and showed a ¢ of 142.6 mg g~ ! from the 100 mg L~! solution. Raising
the solution’s temperature affected q; inversely, as indicated by the drop of q; to 114.3 and
79.2 mg g~ ! from the 100 mg L~ CPXN at 35 °C and 50 °C, compared to 142.6 mg g~ ! at
20 °C, which indicated an exothermic adsorption. CPXN was better eliminated at pH 6.0,
and its removal efficiency declined dramatically below pH 5.0 and above pH 8.0. Kinetically,
CPXN adsorption fitted the PSM and agreed with the LFM, which indicated the CPXNs’
preference for the CCNPs’ surface. The obtained AH® values supported an exothermic
nature, and the resulting AG® revealed the spontaneity of CPXN adsorption. Moreover,
the negative AS° results supported the Freundlich outcome that the CPXN adsorption on
the CCNPs was favorable. The CCNPs had an RSD of 3.1%, average efficiency of 95.8%
and least efficiency of 92.8% in the four reuse cycles. The lowering of CCNP performance
in the last cycles can be attributed to the adsorption agreement with LFM and FIM that
implied the ease of CPXN penetration into the CCNP inner shells and the multilayered
accumulation of CPXN on the CCNPs’ surface. However, the CCNPs performed excellently
throughout the four batches of contaminated water.
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