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ABSTRACT: The problem of microplastics (MPs) in the environment has been an emerging
concern to the world in recent times. This is because the migration of MPs in the environment
has been identified as deleterious culprits of the entire ecosystem and by extension may cause a
decrease in life expectancy and quality of life in humans, fauna, and flora. This threat is seriously
militating against the continuous existence and well-being of the entire ecosystem. Therefore, this
research attempts to provide a solution to this global problem through the application of amino-
functionalized zeolite series/phosphoric acid-coffee waste biochar (AFZ) for the removal of
polystyrene MPs in solutions, drinking water, and wastewater. Findings from this research showed
that AFZ removed 4.78 to 4.85 mg g−1 of polystyrene MPs from solutions at 20 to 50 °C,
respectively. This was achieved by a combination of chemisorption and physisorption
mechanisms via hydrophobic interactions between the π-electrons of the sp2 carbon orbital
and π−π aromatic moieties of AFZ and the π-electrons of the polystyrene MPs and electrostatic
attraction between AFZ and polystyrene MPs, respectively. Surface characterization of AFZ
before and after its uptake of polystyrene MPs revealed that functional moieties such as C−H, C−
O, C=C, N−H, Al−O, and Si−O was majorly responsible for the adsorption process. Hence, this research revealed that AFZ has
potential to treat polystyrene MP-contaminated drinking water and wastewater.

1.0. INTRODUCTION
Microplastics (MPs) are emerging contaminants that have
posed a deleterious menace to the environment in recent
times. Technological advancement and globalization, which
have led to the quantum applications of plastic products in all
spheres of human endeavors, have tremendously increased MP
pollution in the ecosystem.1,2 Due to the alarming utilization of
plastics (poly(ethylene), poly(propylene), poly(styrene), poly-
(methyl metacrylate), poly(ethylene terephthalate), poly-
(amide), etc.) all over the world, statistical data from Plastics
Europe (Consortium of European Plastic Producers) has
shown that global plastic production in 2020 has risen to 367
million tons, and it is expected to rise to 445 million tons by
2025.3,4 This statistical data are expected to increase by 29% in
the year 2028.5 Developing efficient strategies for the
consumption and sustainable production of plastics have
become an issue of utmost and imperative importance if a
lasting solution must be sought to this environmental quagmire
currently ravaging the world.6 The global plastic production
comprises approximately 77% of polymers with a carbon−
carbon skeleton, having molecular structures and moieties that
have strong resistance to environmental degradation, thus
resulting in long-lasting chemical compounds and their reactive
intermediates that persist in the environment for decades.7,8

The pathways of MPs into the environment are by steady
disintegration into tiny particles under the influence of
weathering, mechanical wear, solar radiation, and microbes.9,10

These environmental recalcitrance, chemical stability, unique

persistence, and nonbiodegradability of MPs have led to
precarious toxicological impacts and the continuous survival of
humans, aquatic biota, flora, and fauna.1

The fragments of plastics are widely distributed in various
water sources, such as drinking water, wastewater treatment
plants (WWTPs), groundwater, sewage drains, fresh water,
sediments, lakes, rivers, oceans, estuaries, atmosphere, soil,
food, humans, animals, and aquatic lives.11−16 Moreover, the
physicochemical properties of MPs such as their high surface
area, small particle size, and strong hydrophobicity make them
special carriers for the transport or migration of other toxic
contaminants, which comprise pathogens, plasticizers, anti-
biotics, pesticides, pharmaceuticals, and heavy metals.14

MPs in the environment have become a serious concern to
the global scientific community. The effective removals of MPs
present in drinking water, wastewater, and sewage drains are
problems of contemporary concern to researchers, govern-
ment, and environmental policy makers globally.1,3,7,12

An avalanche of technologies has been used to remove MPs
from water, such as biological processes (microbial degrada-
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tion), advanced oxidation processes (photocatalysis, photo-
electrocatalysis, electrocatalysis, and electrocoagulation), other
chemical-physical processes (coagulation and adsorption), and
mechanical or physical processes (membrane filtration, density
concentration, magnetic extraction, and magnetic separation).
These technologies have different pitfalls, which include
increased amounts of coagulants, pore blockage of membranes,
low efficiency, nonsimplicity, expensive processability, to
mention a few. Among these technologies, adsorption
technology is the simplistic, efficient, and cost-effective
technology applied for water treatment due to the fact that it
minimizes reactive chemical intermediates and secondary
byproducts, no special technique is needed, and it is effective.
In recent times, few publications are available in literature for
the application of adsorption technology for the removal of
MPs in water.17−30

It is interesting to note that MPs have been detected in
human placentas and blood, respiratory and digestive tracts of
aquatic species, and drinking water sources.14 The health
hazards of the accumulation of MPs in human, animals, and
aquatic lives could lead to neurotoxicity, impaired develop-
ment, oxidative stress, intestinal injuries, and a wide array of
inflammation. The human health and ecological impacts of
MPs contamination has become an issue of serious concern to
the world, as the global production of plastics is on the
rise.14,31,32 MPs, which are contaminants of emerging concern
in water, have been promoting damage to the ecosystem in
recent times. Hence, rapid and urgent attention has to be given
to this life-threatening problem so as to proffer a swift panacea
to this global problem and prevent further damage being done
to the ecosystem in the future. An avalanche of research works
in literature show that various attempts that have been made to
solve this problem have been limited to the application of
various MPs to remove other contaminants such as non-
organics, organics and microbes in water.33−54 Also, these
attempts have shown that these MP adsorbents have the
potential to leach into treated water, thereby escalating this
problem.
To date, few research works are available in literature that

reported the application of adsorbents for the removal of MPs
from contaminated water.17−24,30,55,56 These adsorbents
utilized in the literature are expensive and readily unavailable
and thus may cause limitations in their usage. This study
addressed this pitfall such that a low-cost adsorbent from a
cheap and ubiquitous source was used for the removal of
polystyrene monodispersed microsphere suspensions
(PSMMs) from contaminated water.
The application of amino-functionalized zeolite series/

H3PO4-coffee waste biochar for the removal of PSMMs in
wastewater and drinking water might provide a potential
solution to this environmental problem.

2.0. MATERIALS AND METHODOLOGY
All chemicals were obtained from commercial sources and
used without further purification.
2.1. Preparation of the Adsorption Material (Amino-

Functionalized Zeolite Series/H3PO4-Biochar). In the first
step, 85% phosphoric acid (ortho-phosphoric acid, H3PO4)
(Merck, KGaA, Germany) was added in a stepwise sequence to
deionized water (Millipore, electrical resistivity of 18.2 MΩ cm
at 23.4 °C) in the ratio 1:3. Thereafter, 50 g of coffee waste (as
dry mass) was added to 720 mL of H3PO4 solution and soaked
for 21 h to allow its proper H3PO4 impregnation. Then, the

coffee waste-H3PO4 suspension was filtered under vacuum to
obtain a wet residue of H3PO4-impregnated coffee waste,
which was oven-dried at 105 °C for 24 h in an oven
(ThermoFisher Scientific GmbH, Germany). The dry mass
H3PO4-impregnated coffee waste obtained was crushed with a
mortar and pestle into “dark powder”.
In the second step, 20 g of the dark powder, 5 g of

ammonium ZSM-5 (Zeolite Socony Mobile-5) zeolite (Na-
tional Institute of Standard and Technology, USA), and 5 g of
zeolite Y (Merck, KGaA, Germany) were added together and
mechanically mixed with a mortar and pestle to obtain a
uniform mixture. This uniform mixture was transferred into
crucibles that were heated (annealed) in a muffle furnace
(Carbolite, CWF 1100 Model (Merck, KGaA, Germany) at
550 °C for 2.5 h at a heating rate (annealing rate) of 30 °C
min−1. After heating (annealing), the resulting “amino-
functionalized zeolite series/H3PO4-biochar” was allowed to
cool to room temperature before it was removed from the
furnace and stored in a desiccator for experimental use.
2.2. Preparation of Polystyrene (PS) Monodispersed

Microsphere Suspension. The analytical standard of 6 μm
monodispersed polystyrene (PS) microsphere suspension with
a specific gravity of 1.05 g cm−3 (Sigma-Aldrich Chemie
GmbH, Germany) was sonicated in an ultrasonic bath
(Bandelin Electronic GmbH & Co. KG, Germany) for 15
min so as to enhance their dispersion in a 1:1 deionized water/
ethanol mixture. After sonication, the standard solution of PS
monodispersed microsphere suspension (PSMMs) was diluted
into various experimental concentrations.
2.3. Adsorption and Desorption Studies. For the

adsorption studies (each in triplicate), 50 mg each of amino-
functionalized zeolite series/H3PO4-biochar (AFZ) was added
to 25 mL of 10 mg·L−1 PSMMs and agitated for 3 h at 200
rpm, within the pH range of 1.0 to 13.0 (pH studies), 1 to 10
mg·L−1 (equilibrium studies), 1 to 180 min (kinetic studies),
20 to 50 °C (thermodynamic studies), and 0.05 to 1.25 g
(adsorbent dose).
Recycle study was done for AFZ using solvents, such as

HNO3, acetone, deionized water, and ethanol, for 3 h at 200
rpm for six cycles at 20 °C. Additionally, samples of drinking
water (DW) and wastewater (WW) from WW Treatment
Plant in Garching (48° 15′N 11° 39′E), Germany, were
collected and spiked with 1, 4, and 10 mg·L−1 PSMMs. Fifty
milligrams of AFZ was added to 25 mL of these spiked
solutions and agitated for 3 h at 200 rpm. The WW was
characterized by chemical oxygen demand (COD), biochem-
ical oxygen demand in 5 days (BOD5), total dissolved solids
(TDS), total suspended solids (TSS), electrical conductivity
(EC), and turbidity.
After all experiments, samples were centrifuged (Multi-

application Centrifuge, NUWND Model, Germany) for 10
min at 3000 rpm to get their supernatants. These supernatants
were analyzed for the residual concentrations of PSMMs by a
UV/Visible Spectrophotometer (DR 6000 Model, Hach Lange
GmbH, Düsseldorf, Germany).
The amount of PSMMs adsorbed (Qe) in mg per g of AFZ

was calculated by the mass balance equation, given as
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Ci, Ce, V, and M in eq 1 are expressed as the initial
concentration of adsorbate ions (mg·L−1), equilibrium
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concentration of adsorbate ions (mg·L−1), volume of aqueous
solutions (L), and mass of adsorbent (g), respectively.
Also, the experimental data obtained from equilibrium,

kinetic, and thermodynamic studies were fit into two-
parameter57 and three-parameter nonlinear equations,58

optimized by the Quasi-Newton least-squares algorithm, sum
of square error (SSE), and correlation coefficient (R2) in a
KyPlot Software 2.0 model (KyensLab Incorporated, Tokyo,
Japan) and Data Analysis and Graphing Software, OriginPro
9.1, OriginLab Corporation, Northampton, Massachusetts,
USA, given as
Freundlich model (FM)59

Q K Ce F e
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Langmuir model (LM)60
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Mixed-1,2-order model (MOM)64
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Van’t Hoff model58
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dLF
, K
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,

k1,2, and η are the Freundlich constant (mg g−1)(L mg−1)1/n, an
empirical constant that represents the adsorption affinity,
Langmuir adsorption constant (L mg−1), Qe for a complete
monolayer (mg g−1), amounts of adsorbate ions adsorbed at
time t (min) by AFZ (mg g−1), pseudo-first-order rate constant
(min−1), pseudo-second-order rate constant (g mg−1 min−1),
entropy change (J mol−1 K−1), enthalpy change (J mol−1),
universal gas constant (8.314 J mol−1 K−1), absolute
temperature (K), Langmuir−Freundlich equilibrium adsorp-
tion capacity (mg g−1), Langmuir−Freundlich constant for
adsorption affinity, Langmuir−Freundlich constant (mg g−1)(L
mg−1)1/n, mixed-1,2-order rate constant (min−1), and mixed-
1,2-order exponent (min−1), respectively.
2.4. Characterization of Surface Textural Properties

of AFZ. Attenuated total reflectance-infrared (ATR-IR)
spectrophotometry was studied by a PerkinElmer Spectrum
100 ATR-IR spectrometer with a Specac Golden Gate ATR
unit. The background was obtained by KBr, and the scanning
wavenumber range was 400 to 4000 cm−1. Raman spectros-
copy was done by using a LabRAM HR Raman micro-

spectrometer (Horiba Scientific, France) with an integrated
Olympus BXFM microscope. The measurements were
performed with a diode laser (785 nm, max 61 mW at the
sample), He−Ne laser (633 nm, max 13.9 mW at the sample),
and frequency-doubled neodymium-doped yttrium aluminum
garnet (Nd:YAG) laser (532 nm, max 27 mW at the sample).
The scanning Raman shift was 100 to 2000 cm−1. Scanning
electron microscopy−energy-dispersive X-ray spectroscopy
(SEM-EDX) was performed with a SIGMA VP 300 (Carl
Zeiss AG, Germany) microscope. Images and spectra were
recorded with the In-Lens detector at an acceleration voltage
of 1.00−2.00 kV and a working distance between 2.8 and 3.1
mm. Thermogravimetric analysis (TGA) and differential
thermogravimetry (DTG) were studied by a NETZSCH
STA 449F3 Jupiter. The Al2O3 crucible was used for these
analyses with a heating rate of 10 °C min−1 from ambient
temperature to 1000 °C. X-ray diffraction (XRD) was studied
by a Bruker D8 Bragg−Brentano Geometry, with λ: Cu Kα
radiation (λ = 0.154 nm) at 40 kV and 40 mA. Samples were
ground in isopropanol and dried in a vacuum compartment
drier at 40 °C before the measurement. The N2 adsorption/
desorption physisorptometry was studied by a Microtrack
Belsorp Mini 2 physisorptometer. Samples were degassed at 10
Pa and 200 °C for 3 h before measurements were done. The
Brunauer−Emmett−Teller (BET) and T-plot multipoint
techniques were used to analyze the surface areas and pore
diameters and pore volumes of samples. Also, the solid-state
cross-polarization magic angle spinning 13C nuclear magnetic
resonance (CP-MAS 13C NMR), Bruker Avance 300 model,
equipped with a 9.4 T wide-bore superconducting magnet, a
frequency of 300 MHz, and Dispersion Technology Model DT
1200 Zetasizer were used to characterize AFZ. The spectra
from X-ray photoelectron spectroscopy (XPS) were obtained
in hybrid lens mode at a pass energy of 10 eV and a takeoff
angle of 0° with a Kratos Axis Supra setup equipped with a
monochromatic Al Kα X-ray source (hν = 1486.7 eV) operated
with an emission current of 15 mA and an applied power of
225 W. The beam area was set to ≈2 × 1 mm2 using the slot
collimation mode.

3.0. RESULTS AND DISCUSSION
3.1. Characterization of AFZ. 3.1.1. Zeta Potential (ZP).

The zeta potential (ZP) of AFZ at pH 7.3 is +10.8 mV (Figure
S1). The implication of this is that the surface of AFZ is highly
protonated at pH < PZC and these protons decrease drastically
as pH > PZC. It was observed that the uptake of PSMMs by
AFZ increased from pH values of 1.0 to 7.0 until a sharp fall
was observed at pH > 7.0.57,58,65 The plausible reason for the
protonation of the surface of AFZ at pH ≤ 7.3 and the
possession of a positive zeta potential is the modification of
coffee waste (a starting material for AFZ synthesis) with
concentrated phosphoric acid. Moreover, at pH > PZC, the
solution possessed greater negative charges that improved the
uptake of PSMMs by AFZ.65−67 A positive zeta potential
shows an increase in the hydrophobic interaction between the
target contaminant and adsorbent. In this case, the positive
zeta potential increased the hydrophobic interaction between
PSMMs and AFZ through π−π interactions, van der Waal
interactions, and hydrogen bonding.68

3.1.2. Thermogravimetric Analysis (TGA) and Differential
Thermogravimetry (DTG). The thermal behavior and stability
of materials are best understood with TGA and DTG. The

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.3c03971
Ind. Eng. Chem. Res. 2024, 63, 3947−3961

3949

https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.3c03971/suppl_file/ie3c03971_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.3c03971/suppl_file/ie3c03971_si_001.pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.3c03971?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


thermal stability of adsorbents during applications at elevated
temperatures is fundamental to their efficiencies.58,69,70

Figure 1 shows the TGA and DTG thermograms of AFZ.
The TGA thermogram of AFZ has three regions of weight loss.

The first region has 2% weight loss at <200 °C, which was
attributable to the loss of moisture.58,69 The second region has
10% weight loss above 200 to 800 °C, which was due to the
loss of solvents, volatile components of the polysaccharides
such as galactomannans and arabinogalactans in the coffee
waste.58,71 At this stage, the fragmentation of high molecular
weight compounds into small molecules took place. Also, the
volatilization of hemicelluloses, cellulose, and lignin took place
before the release of various volatile components.29,58,71 The
third region has 20% weight loss above 800 °C due to the
carbonization and endothermic thermal decomposition of
lignin and cellulose in the coffee waste.29,58,71

The DTG thermogram shows (Figure 1) an exothermic
shoulder at <700 °C due to the pyrolysis and thermal
decomposition of hemicelluloses, cellulose, and lignin.71,72 An
endothermic peak was observed >700 to 960 °C, which was
attributed to the formation of some hydrocarbons, carbon
dioxide, and carbon monoxide from the pyrolysis of molecular
bonds of hemicelluloses, cellulose, and lignin and the
condensation of volatiles.71,72 Above 960 °C, an exothermic
peak was observed due to the slow thermal decomposition of
lignin into a carbon skeleton.71,72

3.1.3. Solid-State Cross-Polarization Magic Angle Spin-
ning 13C Nuclear Magnetic Resonance (CP-MAS 13C NMR).
This spectroscopic technique is used to validate the carbon
structure of materials with respect to their possible interaction
with other atoms. A prominent peak at a chemical shift (δ) of
128 ppm in the spectrum of CP-MAS 13C NMR of AFZ shows
the presence of unsaturated carbon signals73 (Figure S2),
which comprise broken glycosidic bonds,74 aromatic carbons
from biochar derived from lignocelluloses,73,75 and delocalized
graphitic planes of carbon formed from the pyrolysis of
lignocelluloses, resulting from the carbonization of the
hydrophilic matrix of polysaccharides.75,76 It is evident in this
technique that the carbon skeleton in AFZ was formed from
the components of various polysaccharides that are found in
AFZ.74,76 These delocalized graphitic planes of the carbon

network in AFZ were responsible for its hydrophobic
interaction with PSMMs.
3.1.4. Attenuated Total Reflectance-Infrared (ATR-IR)

Spectrophotometry. Figure 2 depicts the ATR-IR spectrum

of AFZ, which possesses various shoulders at 810, 950, 1075,
1270, and 1611 cm−1 corresponding to the Al−O stretch
vibration from the zeolite series68 and symmetric stretch
vibration of a siloxane group (due to the Si content of the
zeolite series),68,77 −C−O bend vibration from the carbon
skeleton,68,77 −C−H bend vibration from aromatic carbon and
siloxane stretch vibration,1,68,77,78 −C−O stretch of aromatic
carbon and −C=C− stretch vibration from sp2 carbon, and
then, N−H bend of primary amine, respectively.68,77,78

3.1.5. Raman Spectroscopy. Figure 3 shows the Raman
spectrum of coffee waste biochar. The G-band was observed at
1583 cm−1, which is attributed to graphitic carbon crystallites
for the high-frequency phonons of doubly degenerate E2g
carbon symmetry at the Brillouin-zone center (BZC).75,79

The D-band was observed at a Raman frequency of 1351 cm−1,
which is attributed to the activation of structural defect

Figure 1. TGA and DTG thermograms of AFZ.
Figure 2. ATR-IR spectrum of AFZ.

Figure 3. Raman spectrum of coffee waste biochar.
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resulting from A1g mode breathing vibrations of aromatic sp2
carbon rings, reflecting a disordered graphitic structure and
dislocated crystal phonons arising from alterations in the
graphite lattice of the coffee waste biochar.80 The D’-band was
observed at a Raman frequency of 1274 cm−1, which is
attributed to the sp3 phases of disordered graphite lattice in the
grain boundaries for the E2g carbon symmetry at the BZC.81

The crystallite size was calculated by the formula

L nm
I I

( )
2.4 10

( / )a

10 4

D G
= ×

(9)

where La, λ, ID, and IG are the crystallite size, wavelength of the
laser source (532 nm), ratio of the peak for the D-band, and
ratio of the peak for the G-band, respectively. The size of the
crystallite is 13.88 nm.82

3.1.6. X-ray Photoelectron Spectroscopy (XPS). XPS gives
information on the various electronic states of the functional
moieties that are involved in the bond formation and chemical
interactions between the surfaces of adsorbents and the target
molecules (adsorbates).75,83 The binding energies involved in
the interaction(s) between adsorbents and adsorbates are a
function of specific delocalized electrons on the surfaces of
adsorbents available for chemical interactions with target

contaminant molecules.84 Figures 4a,b reveal the C 1s
excitation states of AFZ after its adsorption and desorption
of PSMMs, respectively. From Figures 4a, the C 1s excitation
state shows that AFZ comprises C−H, C−O, C−C, C−O−C,
and O−C−O bonds, which were found at binding energies of
284.5, 287.2, 284.6, 286, and 289.5 eV, respectively, after
adsorption of PSMMs onto its surface. From Figure 4b, after
desorption of PSMMs from the surface of AFZ, the binding
energies were unaltered for C−H, C−C, and C−O−C bonds.
Interestingly, the binding energies were altered for C−O and
O−C−O bonds, which showed a slight increase from 287.2 to
287.5 eV with a decrease in peak intensity and a decrease from
289.5 to 288.5 eV with an increase in peak intensity,
respectively. The reason for these changes is the fact that the
adsorption of PSMMs onto the surface of AFZ led to the
formation of weak hydrophobic interactions such as hydrogen
bonding, covalent bonding, non covalent aromatic π-system,
electron donor−acceptor interactions, van der Waals forces,
etc.84,85 This confirms the presence of sp2 hybridized carbon
and carbon skeleton in the AFZ structure that appeared in the
form of various bonds in the ATR-IR result in Figure 2.75

Desorption study showed that only some bonds were affected
and altered. Also, Figure 4c reveals that after the adsorption of

Figure 4. XPS for C 1s excitation states of (a) AFZ after adsorption of PSMMs and (b) AFZ after desorption of PSMMs and O 1s excitation states
of (c) AFZ after adsorption of PSMMs and (d) AFZ after desorption of PSMMs.
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PSMMs by AFZ, the O 1s excitation state had two broad peaks
at 533 and 535.5 eV that were involved in the formation of N−
H, Si−O, and Al−O bonds, as shown in Figure 2.85,86 For
Figure 4d, N 1s, Si 2p, and Al 2p excitation states for AFZ
appeared at 135, 289, and 488.5 eV, respectively, in addition to
O 1s that appeared at 534 eV after the desorption of PSMMs
from its surface. This confirms the presence of N−H, Si−O,
and Al−O functional groups on the surface of AFZ, as shown
in Figure 2.
3.1.7. X-ray diffraction (XRD). Figure 5 shows the XRD

patterns of AFZ after the adsorption and desorption of

PSMMs. The Miller indices of AFZ after adsorption of PSMMs
appeared at 8.5, 15.7, 23.5, 25, 26.5, 27.5, and 29°, which
revealed that these phases correspond to the (002), (103) +
(202), (114), (400), (105), (022) + (323), and (313)
diffraction planes, respectively, that are attributed to the
presence of silica and alumina constituents in the zeolite series
that are crystalline73,76,87 and the presence of amorphous
graphitic carbon symmetry73,76 (card no.: PDF 89-1397). It is
interesting to note that the constituent of biochar in AFZ is
responsible for the amorphous phases that are found between
15.7 and 35°, which reveals stacking reflection of conjugated
aromatic carbon, unraveling a graphitic structure.68 These
broad amorphous phases in AFZ are an indication of the large
presence of graphitic carbon matrix over the zeolite phase.
After desorption of PSMMs, it was observed that the Miller
indices of the diffraction peaks of AFZ at 8.5 and 27.5°
disappeared. Also, there was a shift in the diffraction peak that
appeared at 15.7° (after adsorption) to 17° (after desorption).
These changes that resulted from a shift and disappearance of
diffraction peaks after desorption might likely be due to the
disentanglement of covalent bonds and noncovalent aromatic
π-bonds.87,88 Other diffraction peaks of AFZ at 23.5, 25, 26.5,
and 29° were unchanged after desorption of PSMMs. This
implies that after desorption, the surface of AFZ was not
deformed of the mixed phases of silica and alumina.88 The
crystallite size was calculated using nλ = 2d sin θ (eq 10),
where n = 1 and λ, d, and θ are the wavelength of X-rays, d-
spacing, and Bragg’s angle, respectively. The crystallite sizes for
AFZ after the adsorption of PSMMs were 0.077 (2θ = 15.7°),
0.121 (2θ = 26.5°), 0.083 (2θ = 27.5°), and 0.082 nm (2θ =
29°) for the (103) + (202), (105), (022) + (323), and (313)

diffraction planes, respectively. These crystallite sizes were
unchanged after the desorption of PSMMs from AFZ.82

3.1.8. Scanning Electron Microscopy (SEM). Figures 6a−c
and 6d−f show the SEM images of the surfaces of AFZ before
and after adsorption of PSMMs, respectively. The surface of
AFZ before the adsorption of PSMMs comprises large lumps
of clogged and agglomerated particles that appeared to contain
a distribution of small and large pores. After the adsorption of
PSMMs onto AFZ, its surface appeared to be coarse, and the
small and large pores disappeared. This coarseness and
disappearance of small and large pores suggest the presence
of PSMMs on the surface of AFZ. Figures 6g,h show the EDX
spectra of AFZ before and after adsorption of PSMMs,
respectively. From these EDX spectra, it was observed that the
peak intensities of C and O for AFZ after the adsorption of
PSMMs were greater than those of AFZ before the adsorption
of PSMMs. This accounts for the adsorbed PSMMs on the
surface of AFZ.57,58,69,75,78 Table 1 reveals the elemental
(CHNS) composition of the coffee waste, supporting the fact
that the coffee waste consists of different atomic constituents.
3.1.9. Brunauer−Emmett−Teller (BET) Physisorptometry.

Figure 7a−d shows the plots of N2 gas uptake (cm3 g−1 STP)
against relative pressure and N2 gas uptake (cm3 g−1 STP) and
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against relative pressure before and after

adsorption.
The BET specific surface area and pore volume of AFZ

before and after adsorption of PSMMs were 79 m2 g−1 and
0.09 cm3 g−1 and then 33 m2 g−1 and 0.08 cm3 g−1,
respectively. These plots show that the pores of AFZ were
readily available for the uptake of PSMMs, in addition to its
active sites. The BET specific surface area and pore volume of
AFZ decreased after the adsorption of PSMMs,58,75 which is an
indication that the adsorbed PSMMs occupied the active sites
and pores on the surface of AFZ after adsorption. During the
adsorption process, the surface and pores of AFZ play
significant roles as follows:
First is the diffusion of adsorbate (PSMMs) through the

solution to the external surface of the adsorbent (AFZ) or the
boundary layer diffusion of the adsorbate or solute molecules
(surface or boundary layer diffusion); second is the gradual
adsorption, in which intraparticle diffusion may be a rate-
limiting step (intraparticle diffusion); third is the diffusion of
adsorbate particles to adsorption sites either by pore diffusion
through the liquid-filled pores or by a solid diffusion
mechanism (pore diffusion or solid diffusion). Some of the
adsorbates are adsorbed onto the adsorbent by a combination
of one, two, or three diffusion mechanisms.57,89−91 Also, the
activation and pyrolysis of biomasses have been understood to
cause the formation of irregular carbon layers that comprised
abundant small-sized pores, which played a vital role in the
adsorption of target contaminants.75,92,93 Noteworthy of
mention is that numerous published papers focused and
dwelt on adsorbents with a large surface area and pore size as
the only platform in which more functional moieties (active
sites) and pore channels could be made available for enhanced
adsorption processes. Generally, it is understood that the small
surface area and pore size of adsorbents prevent target
contaminant molecules from accessing more active sites and
pore channels during adsorption processes. As reasonable as
these claims are, it is pertinent to understand that only the
formation of an appropriate surface area and pore size can

Figure 5. XRD patterns of AFZ after adsorption and desorption.
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enhance adsorption of target contaminant molecules. The
appropriate surface area and pore size mean a large surface area
and pore size, coupled with readiness to adsorb or trap target
contaminant molecules through an intragranular diffusion

mechanism. Intragranular diffusion rapidly enhances the
entrapment of adsorbates onto adsorbents (adsorbate−
adsorbent interactions) by weak hydrophobic interactions
such as hydrogen bonding, covalent bonding, noncovalent
aromatic π-system, electron donor−acceptor interactions, van
der Waals forces, etc.94−98

3.2. Adsorption Studies. 3.2.1. Effect of pH on the
Adsorption of PSMMs. The solution pH is an essential
experimental factor influencing the adsorption of PSMMs by

Figure 6. (a−c) SEM images for AFZ, (d−f) SEM images for PSMMs adsorbed on AFZ, (g) EDX spectrum for AFZ, and (h) EDX spectrum for
PSMMs adsorbed on AFZ.

Table 1. CHNS Elemental Analysis of Coffee Waste

elements C H N S O

% relative abundance 67.60 4.94 0.75 0.86 25.85
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AFZ.99 From the pH studies, it was observed that the amount
(Qe) of PSMMs adsorbed by 0.05 g of AFZ increased from
3.94 to 4.70 mg g−1 (79 to 94%) from pH values of 1.0 to 7.0,
respectively. However, there was a decrease in the amount of
PSMMs adsorbed by AFZ from 4.70 to 4.22 mg g−1 (94 to
84.4%) at pH > 7.0 (Figure S3). The implication of this is that
the PSMM molecules filled the active sites of AFZ increasingly
as its surface became deprotonated, with a reduction in the
active sites available on the surface of AFZ. Thereafter, there
was decrease in the uptake of PSMMs by AFZ at pH >
7.0.20,57,58 It is understood that polystyrene particles are
negatively charged based on their surfaces, irrespective of the
fact that they are not specifically functionalized. This property
favored the uptake of PSMMs by AFZ below the ZP of 7.3.100

3.2.2. Effect of Adsorbent Dose on the Adsorption of
PSMMs. Adsorbent dose is a vital process variable in
determining the adsorption capacities of adsorbents as a
function of the weight differential. It was observed that as the
mass of AFZ increased from 0.05 to 1.25 g, the uptake of
PSMMs decreased from 4.97 to 0.04 mg g−1 (99 to 0.77%),

respectively (Figure S4). This can be explained by agglomer-
ation or aggregation of AFZ with increasing mass, which leads
to an increase in its diffusion path of PSMMs during the
adsorption process. This phenomenon decreased the rate of
diffusion of PSMMs into the film or boundary layer,
intraparticles, and pores of AFZ.58,69 The mass transfer of
adsorbates (solutes) onto the surfaces of adsorbents gives
information about the diffusion pathway (mass transport)
during adsorbate−adsorbent interaction. Mass transfer gives an
account of the diffusion of PSMMs from the bulk solution to
the AFZ particle surface, diffusion of PSMMs across the
boundary layer of AFZ particles, and intraparticle diffusion of
PSMMs from the boundary layer into the pore walls of
AFZ.101,102 The mass transfer coefficient was calculated using
the mathematical expression, K S C C( )C

t t e
d
d S BET= (eq 11).

As time t = 0, Ce = 0, eq 11 becomes K SC C
t t

d( / )
d 0

S BET
t o =

=
.

The terms Ct, KS, and SBET are adsorbate concentrations at t
(min), mass transfer coefficient (m s−1), and BET surface area

Figure 7. Plots of (a) N2 gas uptake (cm3 g−1 STP) against relative pressure before adsorption, (b) N2 gas uptake (cm3 g−1 STP) and (Ä
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(m2 g−1), respectively. The mass transfer coefficient was 1.73 ×
10−6 m.s−1. This implies that the KS value is the diffusion rate
of the molecules of PSMMs onto the particle surface and pore
walls of AFZ, which is required to break the mass transfer
resistance barrier for adsorption to occur.102,103

3.2.3. Adsorption Equilibrium. Adsorption equilibrium
explores the mathematical relationship between the equili-
brium concentration of known contaminant solutes (adsor-
bates) and solid materials (adsorbents) at a particular
temperature.58,104 Also, it is a solid−liquid/fluid interphase,
in which the adsorbates are concentrated on the surfaces of the
adsorbents.104 For this study, the adsorption of PSMMs by
AFZ increased from 0.44 to 4.97 mg g−1 (8.80 to 99.4%), 0.38
to 4.94 mg g−1 (7.60 to 98.8%), and 0.38 to 4.91 mg g−1 (7.60
to 98.2%) at 20, 35, and 50 °C at an adsorbent dosage of 0.05
g, respectively. This trend is attributable to the increase in
temperature from 20 to 50 °C, which led to rapid mobility of
the PSMMs molecules onto the surface of AFZ, respectively.
The rise in temperature led to the increase in the kinetic
energy of the PSMM molecules as they migrate to the surface
of AFZ.57,69

The adsorption equilibrium studies have shown that the
nonlinear LFM best fits the experimental data (Figure 8a),
with correlation coefficients (R2) of 0.99 in all cases and the
adsorption capacity, Qe dLF

, from 4.78 to 4.85 mg g−1 at 20 to 50
°C, with SSE values from 0.21 to 0.17, respectively (Table 2).
This shows that the surface of AFZ comprises both
homogeneous and heterogeneous layers. Therefore, the uptake
of PSMMs by AFZ was a combination of chemisorption and
physisorption. It occurred that the molecules of PSMMs filled
the single-existing active sites of AFZ first before filling its
combined active sites.19,20

The partition coefficients, KD (a linear adsorption constant
(L g−1)), are recognized as Henry’s isotherm, which is analyzed
and indexed as the linear relationship between the adsorbed
solute and the quantity of bulk solute in the solution at
equilibrium. The partition coefficient, KD, is given as Qe = KDCe
(eq 12).35,105 The KD values for the adsorption of PSMMs by
AFZ are 1.52 to 3.86, 4.35 to 9.55, and 4.75 to 9.69 L g−1 for
20, 35, and 50 °C, respectively. The KD values for the
adsorption of PSMMs by AFZ increased with rise in
temperature, which implies that electrostatic interactions, van
der Waals interactions, and hydrophobic interactions played an
active role in the adsorption process.105

3.2.4. Adsorption Kinetics and Thermodynamics. Adsorp-
tion kinetics is concerned with the mass transfer rate of
adsorbates or solute ions onto the surfaces of adsorbents.69

This process facilitates the migration of solute ions from bulk
solutions into the active sites of adsorbents.69 This process is
achieved by the steady diffusion of adsorbates from the bulk
solutions into the boundary or film layers of adsorbents and
the steady diffusion of adsorbates from the boundary or film
layers of adsorbents into their intraparticles and pores.57,58,69

This study revealed that 0.47 to 4.97 mg g−1 PSMMs were
adsorbed by AFZ for an agitation time of 1 to 180 min,
respectively. The kinetics studies have shown that the MOM
best fit the experimental data (Figure 8b), with the value of Qe
of 4.90 mg g−1, a correlation coefficient (R2) of 1.00, and an
SSE value of 0.02 (Table 3). The PSMM molecules were
rapidly adsorbed by AFZ from 1 to 90 min. After 90 min, the
surface of AFZ was saturated, resulting in further uptake of
PSMM molecules by AFZ. Table 4 shows the thermodynamic
parameters for the uptake of PSMM molecules by AFZ. The
adsorption process at all temperatures were nonspontaneous
(ΔG° was positive at all temperatures). Also, the adsorption

Figure 8. (a) Plot of Qe (mg g−1) against Ce (mg·L−1) for the adsorption of PSMMs by AFZ at different temperatures (adsorbent dose: 0.05 g,
agitation time: 180 min, temperature: 20 °C, initial concentration: 1−10 mg·L−1, pH: 7.0); (b) plot of Qt (mg g−1) against t (min) (adsorbent
dose: 0.05 g, agitation time: 1−180 min, temperature: 20 °C, initial concentration: 10 mg·L−1, pH: 7.0).

Table 2. Isotherm Parameters at Different Temperatures for
the Adsorption of PSMMs by AFZ

Temperatures 20 °C 35 °C 50 °C
Isotherm Models
FM
1/n 0.805 0.059 0.046
KF(mg.g−1)(L.mg−1)1/n 1.568 0.668 0.710
r2 0.962 0.977 0.983
SSE 0.285 0.181 0.125
LM
QmaxdL

(mg.g−1) 4.54 4.58 4.63

KL(L.mg−1) 0.069 0.031 0.022
r2 0.987 0.988 0.989
SSE 0.166 0.400 0.291
LFM
QmaxdLF

(mg.g−1) 4.78 4.82 4.85

K
dLF
(mg.g−1)(L.mg−1)1/n 0.050 0.070 0.090

n
dLF

0.001 0.004 0.007

r2 0.999 0.999 0.999
SSE 0.212 0.183 0.166
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process was endothermic, with a decrease in the degree of
entropy at which adsorption occurred.57

3.2.5. Plausible Adsorption Mechanism for the Uptake of
PSMMs onto AFZ. The adsorption mechanism of the
adsorption processes provides an understanding of the
chemical interaction between adsorbates and adsorbents.
Also, the adsorption mechanism gives useful information on
the process dynamics of the uptake of target contaminants

onto the surfaces of adsorbents.75 The characterization of the
surface of AFZ by ATR-IR, XPS, and CHNS analyses revealed
that it comprises various functional groups, which are C−H,
C−O, C=C, N−H, Al−O, and Si−O. These moieties were
responsible for hydrophobic interactions between the π-
electrons of the sp2 orbital of the carbon in AFZ and the π-
electrons of the PSMM molecules, π−π aromatic interactions
between AFZ and the molecules of PSMMs, electrostatic
attraction between the molecules of slight negatively charged
PSMMs and AFZ, hydrogen bonding between AFZ and the
molecules of PSMMs, electron donor−acceptor interactions,
and weak van der Waals forces.43,98 Also, the chemical
interaction between PSMMs by AFZ was a combination of
chemisorption and physisorption mechanisms, which involves
the rapid filling of the active sites on the surface of AFZ with
PSMMs to form a monolayer that in turn became active sites
for other molecules of PSMMs to form a multilayer on the
surface of AFZ.61,95,98

3.2.6. Recycle Study. Recycle study is vital for the
continuous usage, sustainability, eco-friendliness, and cost
reduction of producing adsorbents.21 The recycle study for
PSMM-loaded AFZ was done six times, as shown in Figure 9.
This study reveals that AFZ achieved 92.2−68.0% removal of
PSMMs in deionized water (DW) from the first to sixth cycles.
Also, it was observed that 1.0 M HNO3, acetone, and ethanol
from the first to sixth cycles achieved 72.7−53.0, 63.0−36.0,
and 17.6−9.0%, respectively. This implies that AFZ has good
recovery potential for the removal of PSMMs in DW. The
removal ability of most of the solvents is significantly small,
probably due to the fact that PSMMs are held onto the surface
of AFZ by chemisorption through electrostatic attraction, π−π
aromatic stacking, and other hydrophobic interactions. Table 5
shows the adsorption capacities of different materials for
PSMMs compared to AFZ.
3.3. Adsorption of PSMMs from Real Life Water

Samples. Above the laboratory applications of AFZ to

Table 3. Kinetic Parameters for the Adsorption of PSMMs
by AFZ

Kinetic Models Parameter Values

PFOM
Qe(mg g−1) 4.361
k1(min−1) 0.021
r2 0.987
SSE 0.214
PSOM
Qe (mg g−1) 4.653
k2(g mg−1 min−1) 0.013
r2 0.991
SSE 0.171
MOM
Qe (mg g−1) 4.898
k1,2 (g mg−1 min−1) 0.007
η 0.036
r2 1.000
SSE 0.014

Table 4. Thermodynamic Parameters for the Adsorption of
PSMMs by AFZ

20 °C 35 °C 50 °C
ΔG° (kJ mol−1) +66.9 +68.8 +70.7
ΔH° (kJ mol−1) +30.2
ΔS° (J mol−1.K−1) −126

Figure 9. Recycle study of PSMM-loaded AFZ over six cycles (adsorbent dose: 0.05 g; agitation time: 180 min; temperature: 20 °C; pH: 7.0).
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cleanup aqueous solutions contaminated with PSMMs, further
studies were carried out to understand the potential of AFZ to
cleanup real-life water samples. Table S1 shows the
physicochemical properties of WW contaminated with
PSMMs. The amounts of PSMM molecules removed by
AFZ from real life water samples were 11.1 to 55.8% from 1 to
10 mg·L−1 for WW and 25.1 to 89.3% from 1 to 10 mg·L−1 for
DW, respectively (Figure 10). The amounts of PSMM
molecules removed by AFZ were higher in DW than WW
due to the fact that the WW is a matrix of other contaminants
and PSMM molecules, thereby decreasing its adsorption
capacity when compared to DW.28 It should be noted that
the tests were carried out with the WWTP inflows since
microplastics are found there in particular.

4.0. CONCLUSIONS
Finally, amino-functionalized zeolite series/H3PO4-biochar
(AFZ) demonstrated potential for the removal of polystyrene
monodispersed microsphere suspension (PSMMs) in aqueous
solutions, drinking water, and wastewater. The surface
characterization of AFZ showed the graphitic matrix, and
some functional moieties such as aromatic olefin, amine,
hydroxyl, carbonyl, and carboxyl were responsible for the
uptake of PSMMs by AFZ. Data analysis revealed that the
uptake of PSMMs by AFZ occurred by a combination of
chemisorption and physisorption, in which the moieties on the
surface of AFZ were responsible for hydrophobic interactions
between the π-electrons of the sp2 orbital of the carbon in AFZ

Table 5. Comparison of Adsorption Capacities of Some Adsorbents for the Removal of PSMMsa

S/No. Adsorbents Qmax(mg.g−1) Conditions ref.

1 Mg/Zn modified biochar 374.57 pH = �, T = 25 °C, IC = 300 mg·L−1, AD = 100 mg 17
2 Chitin sponge materials 5.44 pH = 7.0, T = 25 °C, IC = 20 mg·L−1, AD = 10 mg 18
3 Graphene/layer double oxide 209.39 pH = 9.0, T = 25 °C, IC = 400 mg·L−1, AD = 250 mg 19
4 Magnetic ZIF-8 24.50 pH = �, T = 25 °C, IC = 25 mg·L−1, AD = 5 mg 20
5 Fly ash magnetic material 89.90 pH = 7.0, T = 25 °C, IC = 30 mg·L−1, AD = 20 mg 21
6 Chitin/graphene oxide sponge 5.90 pH = 6.0, T = 25 °C, IC = 15 mg·L−1, AD = 10 mg 25
7 Aquifer fine sand 0.00857 pH = 7.0, T = 25 °C, IC = 10 mg·L−1, AD = 2 g 26
8 Reduced graphene oxide 617.28 pH = 6.0, T = 26 °C, IC = 600 mg·L−1, AD = 1.5 mg 28
9 Magnetic iron oxide 2,799.20 pH = 3.0, T = 25 °C, IC = 300 mg·L−1, AD = 100 mg 29
10 Cr-MOF 319.49 pH = 5.0, T = 25 °C, IC = 70 mg·L−1, AD = 4 mg 55
11 Co/Mn-Kaolin 22.00 pH = �, T = 25 °C, IC = 100 mg·L−1, AD = 10 mg 106
12 Fe-Kaolin 13.68 pH = �, T = 25 °C, IC = 100 mg·L−1, AD = 10 mg 106
13 Fe3O4 nanoparticles 7.9 pH = 6.5, T = 25 °C, IC = 60 mg·L−1, AD = 60 mg 107
14 Sugar cane bagasse biochar 44.9 pH = �, T = 25 °C, IC = 10 mg·L−1, AD = 15 mg 108
15 Granular activated carbon 2.2 pH = 7.4, T = 25 °C, IC = 40 mg·L−1, AD = 5 g 109
16 AFZ 4.85 pH = 7.0, T = 25 °C, IC = 10 mg·L−1, AD = 50 mg This study

aNote: IC: Initial concentration, AD: Adsorbent dosage

Figure 10. Percent removal amounts of PSMMs in drinking water and wastewater by AFZ.
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and the π-electrons of the PSMMs molecules, π−π aromatic
interactions between AFZ and the molecules of PSMMs,
electrostatic attraction between the molecules of slightly
negatively charged PSMMs and AFZ, hydrogen bonding
between AFZ and the molecules of PSMMs, electron
donor−acceptor interactions, and weak van der Waals forces.
AFZ showed potential for the removal of MPs from
contaminated water.
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