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Featured Application: This work deals with the development of an activated carbon adsorber via
the exploitation of spent coffee waste. Economic and environmental benefits from such processes
are extended. The application on hexavalent chromium removal was tested.

Abstract: Hexavalent chromium (Cr(VI)) is a heavy metal that is highly soluble and exhibits toxic
effects on biological systems. Nevertheless, it is used in many industrial applications. The adsorption
process of Cr(VI), using activated carbon (AC), is under investigation globally. On the other hand,
around six million tons of spent coffee is sent to landfill annually. In the spirit of cyclic economy,
this research investigated the production of AC from spent coffee for the removal of Cr(VI) from
wastewater. The AC was produced via pyrolysis process under a nitrogen atmosphere. Chemical
activation using potassium hydroxide (KOH) occurred simultaneously with the pyrolysis process.
The produced AC was tested as an absorber of Cr(VI). The best fitted kinetic model was the
diffusion—chemisorption model. A 24-h adsorption experiment was carried out using a solution
with a pH of 3 and an initial Cr(VI) concentration of 54.14 ppm. This resulted in an experimental
maximum capacity of 109 mg/g, while the theoretical prediction was 137 mg/g. It also resulted in
an initial adsorption rate (r;) of 110 (mg/(g h)). The Brunauer-Emmett-Teller surface area (Sgpgr)
was 1372 m?/g, the Langmuir surface area (SgLang.) Was 1875 m?/g, and the corrugated pore structure
model surface area (Sgcpsm) was 1869 mz/g. The micropore volume was 84.6%, exhibiting micropores
at Diicro1 = 1.28 and Diyjcrop = 1.6 nm. The tortuosity factor (1) was 4.65.

Keywords: activated carbon; spent coffee; waste coffee; biowaste valorization; hexavalent chromium;
chromium adsorption; chromium removal kinetics; biowaste activated carbon characterization
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1. Introduction

Nowadays, the cyclic economy spirit globally makes imperative the need for exploitation of
biomass and biowaste to balance the impact of industrial activities on environmental pollution and
public health. One of the biomass exploitation products is the biomass derived from activated carbon
(AC). Since the age of the ancient Egyptians, biomass-derived activated carbon (AC) has been used
to enhance land fertility, as fuel, or in medical applications. Activated carbon (AC) is also used in
many advanced applications such as catalyst supports, electrode materials, air filters, and gas storage,
and since 1800, as an adsorbent for wastewater treatment [1-4]. The last one is of great importance
because clean water supply scarcity is one of the major problems in our days [5]. As a result, the world
requirements for activated carbon (AC) are expected to increase dramatically and to reach the amount
of 5424 .9 kilotons by the year 2021 [6]. The USA and China will be the two largest markets of AC.
This high demand will cause a high increase in the cost of AC [7] and consequently a limitation of the
applications of AC as an adsorbent. A promising and ecofriendly approach to handle this problem is
the production of activated carbon derived from biomass or biowaste [8]. Various adsorbents have
been developed and used to remove dyes and other organic compounds from water. Among them,
activated carbon (AC) is one of the most wildly used. This is because it has a well-developed pore
structure with a high specific pore surface area, large pore volume, low density, high chemical resistance,
and high adsorption capacity for various organic compounds [9]. Spent coffee (SCF) is a biowaste,
the main quantity of which, following the linear economy model, ends up in a landfill. According to a
study for the city of Sydney, this amount is around 93% of an annual quantity of 3000 tonnes of waste
coffee grounds. The turn to the circular economy model proposes the exploitation of this biowaste for
energy and high added value material production [10]. One of the major interests of these materials
is the activated carbon (AC) produced via pyrolysis of spent coffee (SCF) and used for hexavalent
chromium (Cr(VI)) removal. Hexavalent chromium (Cr(VI)) is considered to be one of the most toxic
heavy metals. According to the World Health Organization (WHO), the permissible level in the water
is 0.05 ppm [11]. This toxic pollutant waste is derived from chemical and metallurgical industries.
The wastewater from such industrial activities contains 0.5-270 ppm of Cr(VI). For such concentrations,
water purification is of vital importance. Nowadays, several researchers are investigating one of the
most popular, simple, and eco-friendly methods for water treatment. This method is the adsorption of
Cr(VI) on activated carbon (AC) originated from biomass or biowaste pyrolysis process. Spent coffee
(SCF) is one of such biosources [12-14]. Although many conventional processes exhibited promising
results for hexavalent chromium (Cr(VI)) removal from wastewater (e.g., chemical precipitation, ion
exchange, membrane filtration, electrochemical treatment, and adsorption) [15-18], each one of these
processes also exhibited limitations [11]. Our method is an ecofriendly method, is not a high-cost
process because the precursor material is waste, and exhibits high adsorption potential to reduce Cr(VI)
concentration close to values required by the legislation.

The main aim of this work was to combine the benefits of spent coffee biowaste valorization and
wastewater purification through Cr(VI) removal by adsorption in bio-activated carbon. This attempt
was expected to be successful because of the micropore structure of the produced AC. Similar studies
are reported in literature where the exploitation of different biomass raw materials (e.g., cocoa shell,
bamboo fibers, coconut shell, orange peel, palm shell, rice husk, sawdust, walnut shell, and Macoré fruit
shell) led to the production of AC with a high specific surface area [19-26]. Furthermore, this attempt
was expected to be successful considering other reported results in literature where AC was produced
from spent coffee via different processes (pyrolysis, microwaves, ultrasonic, using potassium hydroxide
(KOH), using phosphoric acid (H3POjs), using sulfuric acid (H,SOy), etc.), and tested for Cr(VI)
adsorption capability. According to these results, the adsorption capacity was from 22.75 mg/g [27]
to 157 mg/g [28].
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2. Materials and Methods

2.1. Materials

Spent coffee was collected from the student café of the University of Ioannina. After a
drying procedure at 80 °C, it was used for AC production via pyrolysis in a nitrogen atmosphere.
Potassium hydroxide (KOH, 85%), purchased from Riedel-de Haen company (Darmstadt, Germany),
was used as a chemical activation reagent. For Cr(VI) removal kinetic measurements,
potassium dichromate (KyCr;O7, 99.98%), 1,5-diphenylcarbazide (>97%), and phosphoric acid
(H3POy4, 85%), purchased from Sigma-Aldrich (Steinheim, Germany), were used. Hydrochloric acid
(HCI, 37%) and acetone (99.9%), purchased from Merck (Darmstadt, Germany), were also used.

2.2. Preparation of Activated Carbon

Activated carbon (AC@SCF) was produced via the pyrolysis process of spent coffee. After drying
for 24 h at 80 °C, an amount of 5 g of spent coffee was impregnated with KOH aqueous solution
(5 g KOH/100 mL H;0). Seven different samples from the produced sludge were heated up at seven
different temperatures (i.e., 450 °C, 500 °C, 550 °C, 600 °C, 650 °C, 700 °C, and 800 °C) and kept at this
temperature for 2 h. This heating procedure was carried out under an inert atmosphere (nitrogen flow
of 0.2 mL/min) to estimate the optimum temperature for this process. The criterion for this estimation
was the specific surface area of the produced AC@SCEF. It was observed that, for pyrolysis temperatures
equal to or higher than 650 °C, the specific surface area and the micropore volume fraction of the
produced AC were almost stable, and the chosen temperature value of 650 °C was the optimum.
The pyrolysis process took place in a muffle furnace mounted with a controlling atmosphere system
and the temperature increasing rate was 5 °C/min. The cooling process was carried out for 24 h
randomly just by switching off the furnace, but always under an inert atmosphere. The produced
activated carbon was added to an HCI solution (1 N) and stirred for 2 h. Sequentially, the liquid was
filtered and the precipitate was washed with deionized water to a neutral pH of approximately 7.
The final material was dried at 80 °C for 24 h and tested for its Cr(VI) removal capacity.

2.3. Batch Experiments

A precursor Cr(VI) aqueous solution was prepared by dissolving an appropriate amount of
K,Crp,O7 with distilled water, targeting an initial Cr(VI) concentration of 1 mg/mL in the precursor
solution. Solutions with various concentrations were achieved by the dilution of this precursor solution
with deionized water. Solutions with an initial Cr(VI) concentration of 6 ppm were used to investigate
the optimum pH value for the adsorption process. The tested pH values were in the range of 1.5-5.5
and were adjusted using a 0.1 N HCI aqueous solution. The optimum pH value was 3. After this,
hexavalent chromium aqueous solutions with the optimum pH value (i.e., pH = 3) and with various
initial concentrations (i.e., 5.23, 14,55, 20,94, 26.73, 35.40, 45, and 54.14 ppm) were prepared. All these
solutions were treated with AC@SCF at 21 °C. More specifically, AC@SCF powder was added to
these solutions in a final concentration of 180 mg/L and stirred for 24 h at 21 °C in a lab-scale batch
reactor. Sequentially, a sample of 5 mL was centrifuged immediately and a smaller amount from
the overnatant solution was measured colorimetrically, while the rest of the sample was returned to
the reactor. To carry out these colorimetrical measurements, the overnatant sample was mixed with
1,5-diphenylcarbazide for the formation of a chromium-1,5-diphenylcarbazide complex. This complex
exhibited a red-purple colour, and the Cr(VI) concentrations were calculated via the light absorbance
of such samples at 540 nm. A calibration curve was developed before these measurements using
solutions with standard Cr(VI) concentrations (i.e., 0-1 mg/L). The interpretation of the light absorbance
measurements led to adsorption kinetic results for Cr(VI) sorption process in AC@SCF.
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2.3.1. Kinetic Study for the Sorption Process of Cr(VI) in AC@SCF

The Cr(VI) removal capacity of AC@SCF depends on the contact time as well as Cr(VI) initial
concentration. Kinetic experiments were carried out at pH = 3, temperature T = 21 °C, and for five
Cr(VI) initial concentrations (i.e., 5.23, 20.94, 26.73, 35.40, and 54.14 ppm). Samples, each of 5 mL,
were withdrawn from the liquid solutions at different periods (0, 0.5, 1, 2, 3, 6, 9, and 24 h), centrifuged,
and titrated for Cr(VI) concentration determination. Measurements are depicted as relative liquid Cr(VI)
concentration, that is, C(t)/Cj,;; versus contact time t (h). A further transformation of these experimental
measurements was carried out taking into account that the solid activated carbon concentration in the
liquid was 180 mg/L. The kinetic curves are depicted as adsorbed Cr(VI) concentration in AC@SCF
solid g(t) (mg/g) versus contact time ¢ (h).

Four kinetic models were used to interpret these data. The first two models were based on
the mass balance equations for a continuous stirred batch reactor, assuming complete mixing (ideal)
conditions. For an nth order process, this equation is as follows:

B0 — by x fge - q(0))” <1>
where q(t) (mgcy(vn/gac) is the total Cr(VI) adsorbed in AC@SCF activated carbon after ¢ (h) contact
time, ge (mgcr(v)/gac) is the total Cr(VI) adsorbed to AC@SCEF activated carbon at equilibrium stage
(t—00), and ky, ((g Ac/mgCr(VD)“‘1 h™1) is the sorption rate constant for an nth order adsorption process.
The initial rate r; for such an adsorption process becomes by the substitution of t = 0 and g(t) = 0 to

Equation (1) and reads as:

dq(t)
ri = = kn X q; )
dat |,_, ¢
By the substitution of 7 = 1 and n = 2 to Equations (1) and (2), we achieved the most commonly

used kinetic models of pseudo-first and pseudo-second orders [29,30].

Pseudo-First Order Kinetic Model

For a process with a first-order kinetic (n = 1), Equation (1) is transformed to Equation (3) and
assuming the boundary conditions q(t) = 0 at t = 0 and gq(t) = q; at t = t, the definite integration of
Equation (3) leads to Equation (4). Moreover, the initial adsorption rate is derived from Equation (3) by
assuming g; = 0 for t = 0 and it is described by the Equation (5).

d
= =kix(g.=a) ©)
gr = go x (1 -7 <t) (4)
dqt
ri = Et:o_kl X e ®)

Pseudo-Second Order Kinetic Model

For a process with a second-order kinetic (n = 2), the mass balance of Equation (1) is transformed

as follows [30]:

d

=k (e -q)’ ©®)
The definite integration of the above mass balance, using g =0 for t =0 and q; = tfor f =t as

boundary conditions, gives the following expression:

qukzxt

(T | @
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Furthermore, the initial rate for this second-order model is as follows:

_

o _ 2
7 at | ky X g2 (8)

Intraparticle Diffusion Kinetic Model

Weber and Morris (1962) [31] proposed Equation (9) as a semi-empirical equation for the calculation
of the rate of the intraparticle diffusion process.

thKIDXf%—I—C 9)

Similarly to the abovementioned models, the g; (mgcr(vn/gacaescr) variable is the adsorbate uptake on
the activated carbon at time ¢ (k). Moreover, the constant K;p (mg/(g h'/2)) is rate constant considering
the intraparticle diffusion process and C (mg/g) is an index of the boundary layer thickness at the
surface of the AC@SCF particles.

Diffusion-Chemisorption Kinetic Model

Sutherland (2004) [32] expressed the following empirical differential equation which describes the
diffusion—chemisorption process:

d x Kpe x 171

at 9
where g; (mg/g) is the uptake of Cr(VI) on the AC@SCF particles at time ¢ (), 4. (mg/g) is the uptake at
the equilibrium stage, Kpc (mg/(g h®®)) is the rate constant of Cr(VI) ion transfer from the liquid into
the solid particles and 7 is a dimensionless empirical time constant which exhibits a best universal
value centred around 0.5.
For boundary conditions g; = 0 at t = 0, and q; = g; at t = t, the definite integration of the
diffusion—chemisorption empirical differential equation leads to:

1
qt = l_|_—1 (11)

qe Kpc x 105

The initial rate is provided by the empirical ratio:

KZ
i = —oc (12)
de

2.3.2. Initial Cr(VI) Concentration and pH Influence Experiments

To test the effect of the initial Cr(VI) concentration on the sorption capacity of AC@SCF,
seven samples, each of 100 mL, with different initial Cr(VI) concentrations (i.e., 5.23, 14.55, 20.94, 26.73,
35.40, 45, and 54.14 ppm) were tested for 24 h. The adsorption process was carried out at pH = 3 using
18 mg of AC@SCEF. Moreover, the influence of pH on the sorption capacity of AC@SCF was tested via
experiments at pH 1.5, 3.0, 4.0, 4.5, 5.5, and 6.5. The adsorption process was carried out using 18 mg of
AC@SCF and at 7.44 ppm of Cr(VI) initial concentration. The sampling and measuring were carried
out according to the method described above.
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2.4. Thermodynamics of Cr(VI) Adsorption

Equations (13) and (14) were used for the calculation of Gibbs free energy (AGP) for the adsorption
process of Cr(VI) in AC@SCF at temperature T =21 °C and pH = 3,

Kp = qe/ce (13)

and
AG? = —RT InKp (14)

where C, is the concentration of Cr(VI) in the liquid phase at the equilibrium stage (mg/mL), g, is the
amount of Cr(VI) adsorbed in the activated carbon at equilibrium stage (mg/g), Kp is the distribution
coefficient (mL/g), R is the gas constant (8.134 J/mol K), and T is the process temperature in Kelvin (K).

2.5. Characterization

Nitrogen porosimetry measurements were carried out at 77 K on a Sorptomatic 1990,
Thermo Finnigan porosimeter. The AC@SCF sample was outgassed under vacuum (i.e., 10® mbar)
at 150 °C for 10 h, before such measurements. Using the Corrugated Pore Structure Model (CPSM)
which is reported in the literature, pore structure parameters, such as specific surface area (SSA),
pore size distribution (PSD), total pore volume (TPV) [33-35], micropore volume (Vmicro) [36],
and tortuosity factor (tcpsym) [37], were estimated. These estimations were achieved by the simulation
and interpretation of the raw nitrogen porosimetry data using the free available CPSM software [38].
For comparison reasons, the SSA was also calculated by the Brunauer—-Emmett-Teller [39] and Langmuir
(monolayer) methods [40], while the PSD in the micropore region was also calculated by the Density
Funcional Theory (DFT) model [41]. Finally, the microporosity fraction was also calculated by the
Dubinnin-Raduskevitch method [42]. The overall pore volume was calculated via the total adsorbed
nitrogen amount at P/Py = 0.998.

Fourier-transformed infrared (FT-IR) attenuated total reflectance (ATR) measurements were
carried out in a JASCO FT/IR-6200 instrument using the EasiDiff apparatus from PIKE Technologies.
The samples were grounded and mixed with pure KBr reagent and placed in a holder (1 cm in
diameter). The resultant spectra were the average of 64 scans at 2 cm™~!
range was from 400 to 4000 cm~!. The final spectra were obtained after Kubelka-Munk calculations
(F(R) = (1-R)?/2R, R is the attenuated reflectance).

Raman spectra for the AC@SCF material were recorded using a micro-Raman RM 1000 Renishaw
system. Laser excitation line was at 532 nm (Nd-YAG) and the frequency range was from 250 to 3500
cm™!. The power of the laser was ~10 mW and a 2 um focus spot was used.

X-ray powder diffraction data were reported using a D8 Advance Bruker diffractometer.
Measurements were carried out with CuK« radiation (40 kV, 40 mA, A = 1.54178 A) and using
a secondary beam graphite monochromator. The 26 range of the diffraction patterns was from 0.5° to
80° and the increasing step was 0.02° for 2 s counting time.

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were performed using

resolution and the frequency

a Perkin Elmer Pyris Dimond instrument. Approximately 5 mg of the sample was heated from 25 °C
to 900 °C following a temperature increasing rate of 5 °C/min.

Scanning electron microscope (SEM) images were taken using a JEOL JSM-5600 apparatus, which is
equipped with X-act EDS by Oxford Instruments company. The sample was covered by a thin gold
film before the measurements.

Observations of transmission electron microscopy (TEM) were reported using a JEOL JEM-2010
instrument equipped with an LaB6 cathode (accelerating voltage of 200 kV; point-to-point resolution
of 0.194 nm).

Finally, the concentration of the chromium solutions was calculated using the spectra of a
UV-visible (UV-Vis) instrument. These measurements were performed using a quartz vesicle and a
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UV-2401(PC)-Shimadzu apparatus with a halogen lamp. The scanning range was 400-700 nm and the
increasing step was 0.5 nm.

3. Results and Discussion

3.1. Characterization of AC@SCF Activated Carbon

Nitrogen sorption measurements (Figure 1a) indicated clearly that the produced AC@SCF material
was microporous (Dmicropore < 2 nm). Porosimetry hysteresis loop exhibited a sharp knee in the
low-pressure range (i.e., P/Py < 0.01) and an insignificant increase of the adsorbed nitrogen amount
in the pressure range P/Py > 0.1, which is characteristic of microporous materials. Interpretation of
sorption data by both CPSM and DFT models provided pore volume distributions, which exhibited
peaks at pore diameters Dpicro < 2nm. As can be seen from Figure 1b and Table 1, such peaks,
according to the DFT model, were observed at 0.67, 1.2, and 2 nm, while, according to the CPSM
model (Figure 1c, Table 2), such peaks were observed at 1.28 and 1.6 nm. Both models supported
the evidence that AC@SCF was a highly microporous material. Moreover, CPSM model provided a
too-low peak at 27 nm (Figure 1d), which corresponded to the insignificant increase of the adsorbed
nitrogen at 0.97 < P/Py < 0.997. The micropore volume percentage was calculated by both the CPSM
model [36] and the Dubinnin-Raduskevitch (D-R) method [42]. The last one is also depicted in
Figure le. As reported in Table 2, according to the CPSM model, the micropore volume was 84.5%.
This evidence was supported by the D-R calculations, which estimated a micropore volume of 86.6%
(Table 1). Furthermore, the CPSM model predicted 8.9% of the pore volume in the pore diameter range
from 2 to 3 nm and 6.6% of the pore volume in the pore diameter range from 3 to 100 nm. According to
Table 2, the total pore volume of the AC@SCF material was 0.748 cm®/g. The curvature effect on specific
surface area (SSA) calculations is significant for such microporous materials. The higher the micropore
volume percentage, the higher the deviation of the Brunauer-Emmett-Teller (BET) model estimations
for the SSA [39] from the real value. More realistic predictions for the SSA of the microporous materials
are provided by the Langmuir model (monolayer adsorption) [40]. A commonly used criterion for the
accuracy of the estimations of the BET and Langmuir model is the C constant which should be positive
and equal or greater to the unity (1). But for microporous material cases, the Cpgr is negative, while the
CLangmuir (CLang,) is positive. As shown in Table 1, for the AC@SCEF carbon, the SSA according to the
BET method was 1372 mz/g with a Cggr value of —93 (P/Py range was from 0.05 to 0.25), while the SSA
according to the Langmuir approach was 1875 mz/g with a Cpang. value of 98. According to the CPSM
model [33-35], the SSA was 1870 mz/g. As shown in Table 2, the mean pore diameter calculated from
the pore number distribution (DCPSM 1 ean) Was 1.47 nm and the mean pore diameter calculated from
the pore volume distribution (DEPSMy, - on) was 3.71 nm [33,34]. Finally, the structure complexity and
the resistance to diffusion through the pore channels were described with the tortuosity factor which,
according to the CPSM model, was 4.65 [37]. This is in good agreement with the values reported in
the literature for Filtrasorb 400 activated carbon derived from biomass [43], which ranged between 3
and 4.6.
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Figure 1. Nitrogen adsorption—desorption data and pore size distributions for Activated Carbon
from Spent Coffee (AC@SCEF). (a): nitrogen sorption hysteresis loop simulated by the CPSM model;
(b): differential pore volume distribution estimated by the DFT model; (c): differential pore volume
distribution estimated by the CPSM model in the micro-pore range; (d): differential pore volume
distribution estimated by the CPSM model in the meso-macro-pore range; (e): Dubbinin-Raduskevitch

curve fore micropore volume fraction estimation.

Table 1. Pore structure parameters derived from N, adsorption—desorption data and classic models.

SgBET CBET SeLang. CL Vpore DPFT o VP Riicro
(m?%/g) (m?%/g) ang: (cm®/g) (nm) (% cm®/g)
1372 -93 1875 98 0.748 0.67/1.2/2 86.6

Table 2. Pore structure parameters derived from Corrugated Pore Structure Model (CPSM) model
simulation of the overall N, adsorption—desorption hysteresis loop.

SCPSM VCPSMpore DCPSMNmean DCPSMVmean DCPSMmicro DCPSMmeso VCPSMmicro T
(m?/g)  (cm3/g) (nm) (nm) (nm) (nm) (% cm3/g)  (Tortuosity)
1869 0.748 147 3.71 1.28/1.6 27 84.6 4.65

FT-IR spectra of the fresh coffee, the spent coffee, and activated carbon which was derived from
the pyrolysis and chemical activation of the spent coffee are presented in Figure 2a. The spectra of
fresh coffee and spent coffee were very similar, showing several characteristic vibration bands of
organic groups and oxygen-containing carbon groups. The sharp bands at 2855 cm™! and 2925 cm™!
correspond to stretching vibration modes of CH3 and CH, groups [44], whereas the broadband at
1650 cm~! can be attributed to physically adsorbed water molecules, stretching vibration modes of
C=C groups in aromatic rings, and/or to -COO™ groups [45]. The last band at 1750 cm™! in both
spectra reveals the presence of ketonic groups C=0O that exist in aromatic rings or other organic rings
such as those of caffeine [46,47]. The band at 1250 cm™! can be attributed to stretching vibration
modes of -C—C—C bridges on ketonic groups and/or deformation vibration modes of O-H bonds in
carboxylic groups (-COOH) [45]. On the other hand, in the spectrum of activated carbon AC@SCF,
only a few broadbands were observed and the most important were those at 1590 cm™~! and 1260 cm™!;
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these bands can be assigned to stretching vibration modes of carbonylic groups (-COO™) and C-O
bonds that exist in ether and hydroxyl groups, respectively [48,49].

1585

AC@SCF
1590
1260 ) 1345
2 W A
c
2 b
: 2955 |
2 1250 1650 285 A
° 1450 111750 spent coffeq b !
2 H = |
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Figure 2. (a) Fourier-transformed infrared (FI-IR) spectra, (b) Raman spectra, (¢) X-ray diffraction (XRD)
pattern, and (d) differential thermal analysis (DTA)/TG% (Thermo Gravimetric) curves of AC@SCEF.

The Raman spectrum of the activated carbon AC@SCF is presented in Figure 2b. The spectrum
exhibited the characteristic peaks of carbon-based materials at 1585 cm™! and 1345 cm™!,
corresponding to the well-known G- and D-band vibrations, respectively. The G-band having
Epg symmetry derives from the in-plane-bond stretching motion of pairs of sp? carbon atoms, both in
aromatic rings and conjugated chains, whereas the D band corresponds to lattice breathing mode and
has Ajg symmetry. The D band only becomes active in the presence of disorder and derives from sp?
edge plane breathing vibrations [50]. Several factors such as the carbonization degree, clustering of
the sp? phase, bond disorder, presence of sp? rings or chains, sp?/sp® ratio, porosity, crystallite size
distribution, and concentration of amorphous component affect the position and width of D and G
bands [50-52]. For instance, the position of G band of pure crystalline graphite (~1580 cm~!) can be
correlated with the presence of surface graphene layers or graphitic molecular nanostructures with
strained geometry [50,53]. The ratio of relative intensities of D and G bands Ip/lg is also related
to the structural disorder degree and hence with the size of the graphitic domains [50-53]. In case
of AC@SCEF, the Ip/I ratio (0.88) as well as the shape and position of G and D bands, indicate the
existence of mainly amorphous carbon structure and amorphous regions with negligible graphitic
ordering. Finally, the crystallite size (La) of AC@SCF carbon was calculated using the Tuinstra and
Koenig law [52-55] and was found to be 21.85 nm.

An amorphous carbon structure was also revealed from the X-ray diffraction (XRD) pattern of
AC@SCF sample in Figure 2c. The XRD pattern exhibited two broad reflection peaks at 20 = 25° and 43°;
these peaks can be attributed to the (002) and the (100) reflections of graphite, respectively, and originate
from the stacking of the (002) graphene layers and the (100) in-plane structure of graphitic crystallites.
The broadening of these peaks compared with the XRD pattern of graphitic carbon expressed a more
amorphous carbon structure.
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Figure 2d shows DTA and %TG (Thermo Gravimetric) curves of AC@SCEF in air. The inset
image of Figure 2d shows the corresponding curves of spent coffee before the pyrolysis and chemical
activation. The DTA curve of spent coffee consisted of three exothermic peaks at 310, 420, and 472 °C
accompanied with 100% weight loss, which correspond to the combustion of the organic ingredients of
the wasted coffee. After pyrolysis and chemical activation, the DTA curve of AC@SCF exhibited two
exothermic peaks at 394 and 422 °C, which correspond to the carbon matrix combustion, and were
accompanied with 76% weight loss. At lower temperature (<100 °C), there was an endothermic peak,
which corresponds to the removal of physically adsorbed water molecules. The TGA curve exhibited
some remaining mass (~4%), which was composed when the TGA temperature was raised to values
>450 °C. This observation could be attributed to K impurities from KOH that have been used for
the chemical activation and trapped in carbon’s pores. The TGA curve of spent coffee did not show
remaining mass after combustion of the organic phases.

Figure 3 shows SEM (a,b) and TEM (c,d) images of the AC@SCF material. From SEM images,
the material seemed to have a “sponge-like” morphology consisting of macropores with 1 pm diameter,
whereas TEM images also showed the existence of micropores.

£

SEI_ 20kV WD16mm SS50 x16.000 1pm 2 WD16mm  SS50

Figure 3. Scanning electron microscope (SEM) (a,b) and transmission electron microscope (TEM)
(c,d) images of the AC@SCF activated carbon.

3.2. Effect of the Initial Cr(V1) Concentration and the pH Values on the AC@SCF Sorption Capacity

The effect of solution pH value on Cr(VI) uptake capacity after 24 h as well as the effect of the initial
Cr(VI) concentration on Cr(VI) sorption at pH = 3 are shown in Figure 4. At pH equal to and lower than
4, the Cr(VI) uptake was 100% for 7.44 ppm initial concentration, whereas this capacity was reduced
to almost 17% at pH 6.5 (Figure 4a). At a lower pH, the carbon surface of AC@SCF was positively
charged due to the presence of H" ions and attracted electrostatically the hexavalent chromate anions
(HCrO4~, CrO4%~, and Cr,0;%7). At pH > 4.5, the carbon surface was more negatively charged (due to
the presence of OH™) and the chromate anions (HCrO,4™, CrO4%") were electrostatically repulsed from
the carbon surface. For this reason, the sorption efficiency gradually decreased. According to the
literature [29], the predominant species of Cr(VI) in aqueous solutions are HCrO,~ and Cr,O,2 for
pH < 6 and Cr,0,2~ and CrO,2~ for pH > 6. The pH value also affects the charge of the AC surface
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active sites and by extension the Cr(VI) removal capacity. This is also supported by Figure 4a, where the
% uptake capacity versus pH is depicted. The 24-h adsorption capacity of AC@SCF increased by
increasing Cr(VI) initial concentration and the experimental values for the initial concentration range

(Cinir) of 29-300 mg/g fell in the range of gyuax = 29-109 mgcrvn/gacaescr. Figure 4b presents such
values in details.
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Figure 4. Effect of the initial pH (a) and the initial concentration of hexavalent chromium (Cr(VI))
(b) on the uptake capacity of AC@SCF.

3.3. Sorption Kinetics for Hexavalent Chromium

The kinetic behavior for the adsorption process of Cr(VI) on AC@SCEF, for different Cr(VI) initial
concentrations and pH = 3, is depicted in Figure 5a. Solutions of 100 mL each, which contained 18 mg
of AC@SCEF and five different Cr(VI) initial concentrations (i.e., 5.23, 20.94, 26.73, 35.40, and 54.14 ppm),
were used to carry out 24-h adsorption experiments.

10

120

Figure 5. (a) Kinetic behavior of Cr(VI) removal via adsorption on AC@SCF activated carbon. The 24-h
experiments at pH = 3 for different Cr(VI) initial concentrations (5.23, 20.94, 26.73, 35.40, and 54.14 ppm).
Best fit of four kinetic models on adsorption process experimental data for initial concentrations of
(b) 5.23 ppm, (c) 20.94 ppm, (d) 26.73 ppm, (e) 35.40 ppm, (f) 54.14 ppm.
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As can be seen from the same figure, apart from the 5.23 ppm initial concentration, all the other
Cr(VI) initial concentrations were enough for AC@SCEF to almost reach the intraparticle saturation
stage after 24 h of adsorption activity. Nevertheless, this data set, in combination with the other four
data sets, is useful for the interpretation of the kinetic behaviour of the process and the evaluation of the
influence of the initial concentration on kinetic parameters for different kinetic models. For the study
of the complete adsorption process as to the chemical equilibrium stage and for the prediction of the
maximum uptake capacity of AC@SCEF, an initial concentration beyond 20 ppm Cr(VI) in combination
with 1.8 gacescr/L was required. The main criterion which was used for the choice of the most
appropriate kinetic model for the adsorption process was the goodness of fitting of the model over the
experimental data. Figure 5b—f and the values of the correlation coefficient R?, which are presented in
Table 3, showed that the diffusion—chemisorption (DC) model provided the most accurate estimations.
It was also obvious that the intraparticle diffusion (ID) model provided the worst estimations and the
worst fitting. The pseudo-second model also provided good enough estimations with R? values quite
close to these of the DC model. Moreover, in the case of the 5.23 ppm initial Cr(VI) concentration, the R
value was better. But in this case, no equilibrium stage was reached. For this reason, reduced chi values
are also presented in Table 3. The bigger the difference between q; values, experimental and predicted
by a model, the bigger the reduced chi-squared values. In theory, if the observed (experimental) and
expected (theoretical) values were identical, then chi-square would be zero. It is also obvious from
Table 3, that apart from the case of 5.23 ppm, the DC model was superior to the pseudo-second model.
The values in Table 3 were achieved using the OriginPro 2015 software of OriginLab Corporation.
Moreover, the IBM SPSS Statistics software, version 26, was deployed to statistically investigate the
hypothesis further that the diffusion—chemisorption model is the most appropriate kinetic model.
The Akaike and Bayesian criteria showed that the diffusion-chemisorption model was the preferred
model with Kpc = 46-123 mg/(g h®®). Moreover, the predicted uptake capacity of AC@SCF at the
equilibrium stage was higher than the experimental maximum adsorbed amount (§u4x) for 24 h and
fell in the range of g, = 35-137 mgcy(v)/gAcascr-

This is presented in Figure 6a, which was based on the predictions of the DC model. This figure
showed that, for temperature 21 °C and pH 3, the maximum uptake of Cr(VI) on AC@SCF activated
carbon at the equilibrium stage was obtained for the initial concentration of 54.14 ppm and it was
around 137 mgcrvi/gacesce. It was also obvious from this figure that a sharp trend existed for
increased g, in cases of increased initial concentrations.

According to Figure 6b, all the applied models predicted that the initial rate of the adsorption
process increased as the initial Cr(VI) concentration increased. More specifically, according to the DC
model, the initial adsorption rate (;,;;) was in the range from 60 mg/(g h) to 110 mg/(g h). This result
agreed with Fick’s first law, where the mass transport rate is proportional to the driving force of
the mass transfer (i.e., dC/dx). The second competitive kinetic model, the pseudo-second model,
predicted the initial rate (;,;;) in the range of 60-110 mg/(g h). It was obvious from Figure 6¢,d that,
considering the intraparticle diffusion model and the diffusion—chemisorption model, the adsorption
rate constants K;p and Kp¢ increased as the initial concentration increased, which is in accordance
with the previous results.
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Table 3. Predicted parameters from the Cr(VI) uptake kinetic study.

Initial Cr(VI) Concentration (ppm)

5.23 20.94 26.73 35.40 54.14
(}5‘_11) 1.3444 1.27414 1.1203 1.10482 1.0753
Std.Err. 0.2087 0.32308 0.18399 0.25478 0.19029
qe 27.6321 67.51102 75.88982 84.64005  97.99323
(mg/g)
Pseudo 1st Std.Err. 0.95304 3.88327 2.96895 4.67388 419475
¥
37.1486 86.01849 85.01937 9351202  105.37212
(mg/(g h))
R? 0.962 0.90073 0.95637 0.91304 0.94961
Reduced 3.64622 59.08945  32.52281 80.06587  63.65652
Chi-Square
k>
0.06913 0.02366 0.01884 0.0169 0.01368
(g/(mg h))
Std.Err. 0.00715 0.00585 0.00219 0.0035 0.00196
qe 29.89882 74.37154 83.43419 93.05058  108.16824
(mg/g)
Pseudo 2nd Std.Err. 0.48902 3.08611 1.69007 3.35803 2.76546
i 61.79803 130.86644  131.15021  146.32714  160.06104
(mg/(g h))
R? 0.99434 0.96616 0.99233 0.97546 0.98824
Reduced 0.54307 20.14076 5.72074 2258891  14.8523
Chi-Square
K"il((,‘;‘;‘f/ 8 4.94248 13.54311 14.84577 16.76772  19.31547
Std.Err. 1.63303 3.3512 3.95221 421855 5.15192
Intraparticle ¢ 11.94049 26.06581 28.66642 31.71079  36.17903
Diffusion (mg/g)
Model Std.Err. 3.89454 7.9921 9.42542 10.06059 12.28655
R? 0.53826 0.68655 0.65191 0.67888 0.65098
Reduced 4430361 186.57304  259.49435 29564733  440.94717
Chi-Square
Kpc
46.29542 92.56639 99.60416 108.97757  123.08776
(mg/(g h%5))
Std.FErr. 4.84763 476127 7.16302 42913 13.07894
(mqge/ ) 35.52516 94.11232 104.76698  118.20737  137.06461
Diffusion— 8
Chemisorption Std.Err. 1.47317 2.36586 3.77604 2.38653 7.6133
Model -
i 60.33602 91.04585 94.69576 100.46845  110.53617
(mg/(g h))
R? 0.98855 0.99651 0.9932 0.99788 0.9848
Reduced 1.09873 2.07537 5.07288 195057  19.20491
Chi-Square

Where Std.Err is the Standard Error.
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Figure 6. (a) Predictions for maximum loading of Cr(VI) at equilibrium conditions on AC@SCF for
different initial concentrations. (b) Initial rate estimation for different initial concentrations using the
three different kinetic models (except the intraparticle diffusion model). (c) Intraparticle diffusion
constant for different initial concentrations. (d) Diffusion—chemisorption constant for different
initial concentrations.

According to the literature [56], Table 3 values could be interpreted as follows:

Although the pseudo-first model could not perfectly fit the experimental kinetic data, we could say
that the initial adsorption rate r; increased as the initial concentration increased, but not proportionally,
as it was obvious by the reduction of the k; values. The maximum uptake capacity also increased
as it was obvious from the g, quantity. Moreover, the external film diffusion seemed not to be the
controlling stage because this model was not the best-fitted model. Even though the pseudo-second
model exhibited the same behavior, the better pseudo-second R? values indicated that pore diffusion
influenced the adsorption rate more than the external film diffusion. The increase of the Kjp of
the intraparticle diffusion model indicated that the surface diffusion rate increased as the initial
concentration increased. Moreover, the increase of the C parameter indicated the increase of the
contribution of the surface adsorption in the rate-limiting step. Finally, the better R? values obtained
from the fitting of the diffusion-chemisorption kinetic model over the experimental data indicated that
this was the dominant mechanism. According to the literature [32], this indicated that the increase
of the initial concentration sequentially increased the dependence of the adsorption rate on both
the diffusion and chemisorption mechanisms. Moreover, the domination of this model indicated
that Cr(VI) was bonding on the AC pore surface and the migration or desorption processes became
difficult. The last was consistent with the thermodynamic analysis results, which are described in the
following section.

3.4. Thermodynamics of Cr(VI) Adsorption. Results for Gibbs Free Energy

By excluding the 5.23 ppm initial Cr(VI) concentration case, where the total dissolved Cr(VI)
amount was adsorbed and no equilibrium stage was obtained, for initial concentrations of 20.94, 26.73,
35.40, and 54.14 ppm at which AC@SCF became saturated with Cr(VI), AG? was calculated as —24.1,
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—-22,7, -21.6, and —20.2 kJ/mol respectively. The negative values confirmed the spontaneous nature of
the adsorption process, where the values of —20 > AG? > —80 kJ/mol were attributed to the transition
stage from physisorption to chemisorption. Thus, both physisorption and chemisorption phenomena
occurred, and ion exchange and/or surface complexion were likely the main mechanisms. This was
inconsistent with the diffusion—chemisorption model, which is the preferable model for sorption kinetic
studies. Moreover, such AG? values indicate that other mechanisms of adsorption (like ion exchange
and/or surface complexation) mainly occur [56,57].

3.5. Comparison of AC@SCF with Other Adsorbents for Cr(VI) Adsorption

Table 4 presents the maximum adsorption capacity (ascending values) of various adsorbents
for Cr(VI) removal. As shown in this table, the adsorption capacity of AC@SCF was much higher
(109 mg/g, 24 h experimental value; 137 mg/g, theoretical prediction for equilibrium stage at pH 3)
than other adsorbents reported elsewhere.

Table 4. The maximum adsorption capacity of literature reported adsorbents which were used for
removal of Cr(VI) ions from aqueous solution.

i Adsorbent Sger (m¥/g) Pore ]?iameter (nm)  Solution Xizzlr?tl::; Reference
ctivated Carbon (AC) (micro/meso) pH Capacity (mg/g)
AC coconut tree sawdust — — 3.0 3.46 [58]
AC groundnut husk — — 3.0 7.0 [59]
AC mango kernel 490.43 — 2.0 7.8 [60]
AC coconut shell 5-10 — 4.0 10.88 [16]
AC peanut shell 95.51 11.0 2.0 16.26 [61]
AC Casuarina equisetifolia 156-735 L 30 172 [62]
leaves
AC bael fruit shell — — 2.0 17.27 [63]
AC pineapple leaves 374.9 3.66 2.0 18.77 [64]
Spent coftee — — 2 2275 [27]
AC Terminalia arjuna nuts 1260 — 1.0 28.43 [65]
AC longan seed 1511 0.48 3.0 35.02 [66]
i - 20 ws )
AC tires 832 — 2.0 58.50 [67]
AC tamarind hull 431 — 2.0 70 [68]
AC olive bagasse 718 0.4-2.0/3.0-4.1 2.0 88.59 [69]
AC Posidonia oceanica 1148 0.57/1.38/6.38/35.3 3.0 118 [57]
seagrass
AC Ziziphus jujuba cores 608.31 1.0 2.0 124.25 [70]
Spent coffee AC@SCF 1372 0.67/1.28/1.6/27 3.0 137 This work
Spent coftee — — — 156.7 [28]

Micropore size, micropore volume fraction, and the specific surface area seemed to have greater
influence on the adsorption capacity of Cr(VI) in the AC@SCF sorbent. The surface area of the
activated carbon derived from “spent coffee” pyrolysis process was highly noticeable and the abundant
microporous structure probably increased the probability of adsorption of Cr(VI) at available active
surface sites.
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4. Conclusions

Chemical activation of spent coffee using KOH as an activation agent led to a highly
porous, activated carbon with high surface area and almost a 100% microporous pore structure.
Moreover, this process decreased the activation temperature (i.e., 650 °C) compared to that of a
physical activation process (i.e., > 900 °C). This material also exhibited excellent sorption properties
for hexavalent chromium removal from aqueous solutions, with a maximum uptake capacity of 137
mgcrvn/gacescr. According to the porosimetry results, the real specific surface area of the AC@SCF
approached the value of 2000 m?/g, while the micropore volume fraction approached the value of
90%. This was probably the main reason for its high performance on Cr(VI) removal from aqueous
solutions via the adsorption process. According to the results of adsorption experiments, the maximum
Cr(VI) removal capacity was at pH < 4. An optimal pH value of 3 was chosen for carrying out the
experiments because it was most promising for achieving stable and economic conditions in a future
scaled-up production line. For pH > 4.5, a sharp decrease of the maximum adsorption capacity existed.
The interpretation of the kinetic experimental data using four different kinetic models and for five
different initial Cr(VI) concentrations resulted in the conclusion that the diffusion—chemisorption model
was the most appropriate model for the simulation of the adsorption process. Apart from the statistical
criteria, this evidence was also supported by the thermodynamic results where Gibbs free energy was in
the range of —20 > AG? > —80 kJ/mol, which meant that both physisorption and chemisorption control,
such as ion exchange and/or surface complexation, existed. The thermodynamic study suggested
that the adsorption reaction was an endothermic and entry-driven process. In conclusion, spent coffee,
a waste material which is in abundance globally, could play a significant role as a useful precursor for
water treatment to remove toxic hexavalent chromium as well as in different modern applications that
require low cost and easily prepared carbon materials with a high surface area.

Moreover, the environmental fingerprint of this research is highly positive, and it gives strong
momentum to the cyclic economy which is the trend in our days.
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