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Abstract

Currently, new materials are being developed to remove contaminants from wastewater by combining
materials to improve their individual properties. This chapter describes the production of the zinc oxide
(Zn0O) and carbon composite. The ZnO was synthesized by electrolysis, adding Spend Coffee Grounds
(SCQG) to the electrolytic medium, and finally calcined at 400 °C for 30 min. ZnO, carbon, and the
composite were synthesized and characterized. Scanning Electron Microscopy found that ZnO deposits
in the pores of the carbon; Infrared Spectroscopy identified bonds associated with carbon and ZnO; X-
Ray Diffraction yielded a diffractogram with lower intensity compared to that of ZnO (JPDS-361451),
due to the synthesis of amorphous carbon; u-RAMAN Spectroscopy detected characteristic bonds of
both materials; finally, the isoelectric point of the composite is 7.3, which will allows working with
sorption in neutral systems.

Elaboration of a Carbon-based/ZnO composite synthesis and it characterization

Synthesis
C, ZnO, SC6/Zn(OH),,C/ZnO

Caracterization Zn’:;‘(]g 1
Morphological: SEM C/Zno: 7.3

Chemistry: EDS, FTIR, Raman
Phisics: XRD
Superficial: pH(I)

Composite, SCG, C/ZnO
Resumen

Actualmente, se desarrollan nuevos materiales para eliminar contaminantes en aguas residuales,
combinando materiales para mejorar sus propiedades individuales. En este capitulo se describe la
obtencion del compdsito de 6xido de zinc (ZnO) y carbdn, el ZnO se sintetizd por electrolisis, afiadiendo
café molido usado (CMU) al medio electrolitico, finalmente se calcind a 400 °C durante 30 minutos. Se
sintetizo y caracterizo ZnO, carbén (C) y el composito. Por Microscopia Electrénica de Barrido se
encontrd que el ZnO se deposita en los poros del carbon; por Espectroscopia de Infrarrojo se identificaron
enlaces asociados al carbon y ZnO; en Difraccion de Rayos X se obtiene un difractograma con menor
intensidad comparado con el de ZnO (JPDS-361451), debido a que se sintetiza carbén amorfo; en
Espectroscopia [J-RAMAN se detectaron enlaces caracteristicos de ambos materiales, , finamente el
punto isoeléctrico del composito es 7.3, esto permitira trabajar la sorcion en sistemas neutros.

Elaboracion del compésito base Carbon/ZnO sintesis y su caracterizacion

Sintesis
C, ZnO, CMU/Zn(OH),,C/ZnO

e o PH(T)
aracterizacién Zn0: 9.1
Morfolégica: MEB C/Zn0: 7.3

Quimica: EED, IRFT, Raman
Fisica: DRX
Superficial: pH(I)
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Composito, CMU, C/ZnO
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Introduction—Definition of the problem

Water pollution has increased with population growth; therefore, new alternatives for wastewater
treatment are being sought (Rodriguez O. M. J., 2021), with the synthesis of new materials that can be
used as catalysts in photocatalysis (Bognar S., 2024).

One of the catalysts used is zinc oxide (ZnO), which has high chemical stability, a wide range of
radiation adsorption, and thermal stability (Kotodziejczak R.A., 2014), (Colonia R., 2013). Its chemical,
mechanical, optical, adsorption, and electrical properties can be improved when supported by inorganic
substances (oxides and hydroxides) or organic substances (Mahmood A. A. H. A., 2023) (Kotodziejczak
R.A., 2014).

For example, activated carbon (AC) can be used as a catalytic support, gas storage, molecular
sieves, porous membranes and electrodes, among other things. This is due to its large surface area, pore
volume, performance and chemical stability, among other factors (Aminu 1., 2023), (Grima O. C., 2016),
(Cesano, 2008), (Vasquez G.N.F., 2024). It can be synthesised from renewable sources due to its low
cost, easy availability, and high carbon content. The following are used: cherry pits, bamboo, corn cobs,
cinnamon nut shells, corn husks, pecan nut shells, vine shoots, brandy lees, lotus stems, toddy palm,
coconut shells, sorghum, used coffee grounds, rubber wood sawdust, chestnut wood, fruit pits, cattle
bones, cotton stalks, chicken feathers, rice husks, etc. (Elanthamilan E., 2019), (Hongying Q., 2018)
(Njewa J. B., 2022).

Used ground coffee is considered a precursor rich in lignocellulosic material; that is, it is a
material with a higher amount of carbon (Arredondo F. E., 2022), (Rhodes D.H., 2007). This paper
studies the synthesis and characterisation of carbon-supported ZnO (C) obtained from used ground
coffee, based on the Hall methodology.

This chapter presents the materials used in the Hall methodology to obtain the composite and its
characterisation. The results section discusses the results obtained when characterising the material
obtained. Finally, the conclusions are presented based on the results obtained.

Methodology

The following steps of Hall's methodology (1989) were applied: Definition of the problem. The subject
of study and the derived alternatives were proposed. Synthesis of systems. Carbon and zinc oxide
alternatives were proposed. Analysis. Using characterisation techniques.

Materials

Used ground coffee, distilled water, zinc electrodes, sodium chloride. The methodology is carried out in
two stages. First, the materials were obtained separately. Subsequently, the composite was prepared by
pyrolysis. The methodology used is described below.

Carbon synthesis

The used ground coffee is washed with distilled water, then distilled water is added and heated to 90 °C
for 20 minutes with constant stirring. The sample is filtered and dried in an oven at 80 °C for 24 hours.
The coffee residue is placed in a porcelain capsule in a muffle furnace and calcined at 450°C for 1 hour.

Synthesis of zinc oxide

Zinc oxide was obtained by electrolysis; a zinc anode and cathode were used in an electrolytic medium
with sodium chloride, working at a current density of 260 mA/cm? for 30 minutes with magnetic stirring
at room temperature. The solution obtained is centrifuged, the precipitate is washed with distilled water,
and dried at 80 °C for 16 hours. Finally, the sample is calcined at 400 °C to obtain zinc oxide.


https://dialnet.unirioja.es/servlet/articulo?codigo=8201462
https://www.mdpi.com/2227-9717/12/6/1256
https://www.mdpi.com/1996-1944/7/4/2833
https://dialnet.unirioja.es/servlet/articulo?codigo=9392140
https://www.sciencedirect.com/science/article/abs/pii/S1387700323010274
https://www.mdpi.com/1996-1944/7/4/2833
https://www.mdpi.com/1996-1944/7/4/2833
https://www.sciencedirect.com/science/article/pii/S2667056923000561
https://www.sciencedirect.com/science/article/pii/S2405844016300457
https://www.sciencedirect.com/science/article/abs/pii/S101060300700398X
https://www.scielo.org.mx/scielo.php?pid=S0188-49992024000100135&script=sci_arttext
https://www.sciencedirect.com/science/article/abs/pii/S0169433219313108
https://www.sciencedirect.com/science/article/abs/pii/S0169433218302204
https://onlinelibrary.wiley.com/doi/10.1155/2022/9975444
http://www.scielo.org.co/scielo.php?script=sci_arttext&pid=S0370-39082022000100233
https://www.tandfonline.com/doi/pdf/10.1080/03081079008935080
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Synthesis of the uncalcined composite of activated carbon implanted with zinc oxide

First, the electrolyte (NaCl) was prepared, the used ground coffee was added, and it was left to hydrate
for about 15 min. A zinc anode and cathode were used in an electrolytic medium with electrolyte (NaCl
+ coffee waste), working at a current density of 260 mA/cm? for 30 minutes with magnetic stirring at
room temperature. The solution obtained is centrifuged, the precipitate is washed with distilled water,
and dried at 80 °C for 16 hours. Finally, the sample is calcined at 400 °C to obtain zinc oxide/coffee
grounds.

Characterisation techniques

Thermogravimetric analysis (TGA)

The TGA study was performed with a TGA-TDA 5 thermogravimetric analyser, manufactured by
Termogravimetric Analyzer Instruments, coupled to a Thermal Analysis 2000 TA computer, in the
temperature range of 20 to 850 °C.

Scanning Electron Microscopy (SEM)

A Jeol IT-100 scanning electron microscope was used, coupled with a Bruker X-ray microprobe. The
SEM was operated in high vacuum mode with an acceleration voltage of 20 kV, and the micrographs
were acquired with the secondary electron signal.

Fourier Transform Infrared Spectroscopy in Attenuated Total Reflectance mode (FTIR-ATR)

The equipment used was a Perkin-Elmer FT model 2000 in ATR mode. The scans were performed in
approximately 40 s, in the wavelength range from 4000 to 530 cm™.

Raman spectroscopy

The RAMAN analysis was performed with Horiba Joni Yvon p-Raman equipment, model XploraPlus,
using a solid-state laser of A= 532 nm, with a maximum power of 2.5 mW on the sample surface. A 1200
I/mm diffraction grating was used; 100 acquisitions were averaged with an exposure time of 3 s each.

X-ray diffraction (XRD)

A Bruker Discover D8 X-ray diffractometer was used, obtaining a diffraction pattern in a range of 20°
to 80° in 26 geometry.

Isoelectric Point (IP)

To determine the isoelectric point of the study materials, six samples with carbon, six samples with zinc
oxide, and six samples with the uncalcined and calcined composite were prepared in polypropylene tubes.
For each sample, the amount of mass was varied by placing 0, 0.05, 0.1, 0.2, 0.4, and 0.8 g in each tube.
Next, 5 mL of distilled water was added, and the tubes were agitated for 72 hours. After that time, the
pH of each suspension was measured and plotted as a percentage of mass against pH.

Results
Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was performed to obtain the temperature at which carbon is obtained from
used ground coffee. It was found that this can be done at 311 to 452 °C (El-Sayed Khater, 2024),
(Suwimon Thowphan, 2002), since the calcination temperature depends on the biomass used. It is also
necessary to know this temperature range, since when making the composite, a temperature of 450 °C is
required to obtain ZnO, (Noura A.M., 2016), (D.S. Dmitriev, 2025).


https://www.nature.com/articles/s41598-024-52336-5
https://iopscience.iop.org/article/10.1088/1742-6596/2175/1/012009/meta
https://www.researchgate.net/publication/312093277_Preparation_and_Characterisation_of_ZnO_Nanoparticles
https://www.sciencedirect.com/science/article/abs/pii/S1572665724007914
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Figure 1

Thermogravimetric Analysis (TGA) of CMU

Source: Own Elaboration

Scanning Electron Microscopy (SEM) and Elemental Analysis by Energy Dispersive Spectroscopy
(EED)

Scanning electron microscopy revealed the morphology of the precursor materials and the composite,
while elemental analysis identified the elements of the materials used to make the composite. In the used
ground coffee (Figure 2(a)), porous structures with various shapes can be observed. When calcined
(Figure 2(d)), the pores become more visible, confirming that the carbon obtained is porous. This porosity
allows us to expect that the ZnO will lodge in the pores of the coffee used to make the composite. The
Zr (OH) (Figure 2(b)) has agglomerated particle growth. When calcined, ZnO is obtained (Figure 2(e)),
which continues to be agglomerated particles. When Zn

(OH)z is performed on the used ground coffee, the zinc hydroxide is placed on the surface and
pores of the coffee (Figure 2(c)), and finally, the composite (Figure 2(f)) shows that ZnO covers the
surface and pores of the carbon. Table 1 presents the results of the elemental analysis showing the
elements in atomic percentage of the precursors and the composite.

ZnO has a close 1:1 ratio. The carbon has a percentage of 74.82% at., followed by 16.44% at. of
oxygen and traces of magnesium, calcium and potassium. The presence of traces of these elements is due
to the fact that the carbon is obtained from used coffee grounds. When performing electrolysis to obtain
Zr(OH)2 supported in coffee in a saline medium, the elements Mg, Cl, K, Ca are observed. The major
element is again carbon with 87.93% at., and it is not possible to establish a stoichiometry for oxygen,
zinc and hydrogen, as hydrogen cannot be quantified. Finally, when calcination is performed to obtain
the composite, a decrease in carbon content is observed, with a stoichiometry close to 1:1 for ZnO. The
elimination of traces of Mg, Cl, K and Ca is due to several washings of the uncalcined material (Table
1). It should be noted that the electrosynthesis of Zr(OH) is a simple technique for synthesising ZnO and
only requires heat treatment at temperatures of 400 °C or higher to obtain it. This made it possible to
obtain the composite without removing the carbon from the material. (D.S. Dmitriev, 2025), (Dalia Isabel
Garcia Salinas, 2025)

Mapping allows us to observe how zinc oxide is distributed on the surface of the carbon (Figure
3). Only zinc (purple) and carbon (yellow) are identified, as they are the main elements of the composite.
Zn is associated with ZnO and carbon with carbon. This mapping has been previously reported. (Victor
Hugo Castrejon Sanchez, 2021).


https://www.sciencedirect.com/science/article/abs/pii/S1572665724007914
https://ctc.inin.com.mx/Papers/T07/CTC_XXXIII_15-05-2025(102650)-Revision.pdf.
https://ctc.inin.com.mx/Papers/T07/CTC_XXXIII_15-05-2025(102650)-Revision.pdf.
https://www.ecorfan.org/bolivia/researchjournals/Energia_Quimica_y_Fisica/vol8num24/Journal_of_Chemical_and_Physical_Energy_V8_N24_2.pdf
https://www.ecorfan.org/bolivia/researchjournals/Energia_Quimica_y_Fisica/vol8num24/Journal_of_Chemical_and_Physical_Energy_V8_N24_2.pdf
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SEM micrographs of precursor materials and composite (a) Used Ground Coffee (UGC),
(b) Zn(OH)2, (c) Composite without heat treatment (SCG/Zn(OH)2) (d) Used Ground
Coffee Carbon (C), (e) ZnO and (f) Composite with heat treatment (C/ZnQ)

Source: Own Elaboration

Table 1
Results of elemental analysis by Energy Dispersive Spectroscopy
Elements : AL :

ZnO | Coal | Untreated composite (SCG/Zn(OH)2) | Heat-treated composite (C/Zn0O)
C --- | 74.82 88.00 28.00
0 54.61 | 16.44 4.90 33.30
Zn 45.39 4.53 38.70
Mg --| 0.33 1.18
Cl --- 0.70
K - | 1.02 0.19
Ca --| 0.26 0.50
Sum 100 | 100 100 100

Source: Own Elaboration
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Figure 3
Mapping by SEM C (yellow) and Zn (purple).
Source:(Victor Hugo Castrejon Sanchez, 2021)

Fourier Transform Infrared Spectroscopy in Total Attenuated Reflectance Mode (IRFT-ATR)

FT-ATR spectroscopy was performed to analyse the functional groups of the precursor materials (used
coffee grounds, carbon, ZnO, uncalcined C/Zn(OH). composite) and the composite (carbon/ZnO). Figure
4 shows the IR spectra of the individual precursors corresponding to the compound: used coffee grounds
(SCG), carbon (C), zinc oxide (ZnO), uncalcined composite precursor (SCG/Zn(OH)2) and calcined
composite (C/ZnO) (Figure 4).

Figure 4 (a) corresponds to SCG and shows signals for the functional groups C-H at 2929, 2869,
874 and 815 cm™; C=0 at 1747 cm'; C=C at 1658 and 1448 cm-1 and C-O at 1039 cm™; all of these
signals are attributed to SCG (Orozco-Castro, 2019), (L. F. Ballesteros, 2014).

For C (Fig. 4(b)), a band attributable to aromatic groups such as C=0 at 1560 cm™, C-N at 1188
cm?, C-O at 1039 cm™®, and C-H at 874 and 815 cm™ can be observed. The ZnO precursor is shown in
Figure 4(c). The spectrum shows a C=0 band at 1560 cm™ due to CO; and is similar to that obtained by
WU et al., 2010 for zinc oxide (Dapeng Wu, 2010).

In Figure 4 (d), the spectrum of the compound before calcination (precursor) can be seen, showing
a bond vibration at 3413 cm™. This signal is associated with the presence of Zn(OH), (Dapeng Wu,
2010), which is a precursor of ZnO. Other functional groups can also be observed for C-H at 2929, 2869,
874,and 815 cm™; C=0 at 1747 cm™*; C=C at 1658 and 1448 cm; and C-O at 1039 cm™ (Orozco-Castro,
2019). All of these bands are attributable to SCG.

After calcination, ZnO supported on C is obtained (Fig. 4(e)). The spectrum shows a small signal
corresponding to the O-H bond and two small signals attributable to aliphatic and aromatic groups of the
C-H bond, which were also observed in the precursor. Because IR spectroscopy was performed in ATR
mode, it is impossible to observe the signal located at 440 cm™ corresponding to ZnO (Oo, Win
Mawhlaing, 2007). Some authors use the signal located at 530 cm™ to identify it (Ruiz Peralta, 2007)
(C.M. Martinez-Hernandez, 2024), (Dapeng Wu, 2010).

The IR spectrum of the calcined composite is very similar to that obtained using zinc nitride and
hexamine to produce ZnO supported on SCG synthesised by Ruiz-Peralta (Ruiz Peralta, 2007). C/ZnO
was synthesised by Tawfik A. Saleh et al., and the IR spectrum of the compound was studied (Saleh, T.
A.,2015).


https://www.ecorfan.org/bolivia/researchjournals/Energia_Quimica_y_Fisica/vol8num24/Journal_of_Chemical_and_Physical_Energy_V8_N24_2.pdf
https://repositorio.unal.edu.co/items/efcff617-7c37-44b3-8641-279ace5b883d
https://link.springer.com/article/10.1007/s11947-014-1349-z
https://pubmed.ncbi.nlm.nih.gov/21124626/
https://pubmed.ncbi.nlm.nih.gov/21124626/
https://pubmed.ncbi.nlm.nih.gov/21124626/
https://repositorio.unal.edu.co/items/efcff617-7c37-44b3-8641-279ace5b883d
https://repositorio.unal.edu.co/items/efcff617-7c37-44b3-8641-279ace5b883d
https://wpcdn.web.wsu.edu/wp-labs/uploads/sites/841/2015/05/Win-Thesis.pdf.
https://wpcdn.web.wsu.edu/wp-labs/uploads/sites/841/2015/05/Win-Thesis.pdf.
https://repositorioinstitucional.buap.mx/items/faecc8b0-2935-4087-9695-e7bd6b8d68d8.
https://repository.uaeh.edu.mx/revistas/index.php/icbi/article/view/13714
https://pubmed.ncbi.nlm.nih.gov/21124626/
https://repositorioinstitucional.buap.mx/items/faecc8b0-2935-4087-9695-e7bd6b8d68d8.
https://www.sciencedirect.com/science/article/abs/pii/S1876107015001339
https://www.sciencedirect.com/science/article/abs/pii/S1876107015001339
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RAMAN spectroscopy

Figure 5 shows the Raman spectrum corresponding to the compound, with Raman signals corresponding
to ZnO and C.

The signals for ZnO are found at 99 (E2i), 203 (E2r), 332 (3E2n-E21), 388 (A1(TO)), 410 (E1(TO)),
437 (Ezn), ~550 (A1(LO)), and 588 cm™ (E1(TO)), corresponding to the wurtzite-type hexagonal
structure. This phase has been reported in applications such as photocatalysis and solar cells, (Periyat P.,
2015) (Decremps F., 2002), (Venkatesha T., 2012), (Mauro A.D., 2017), (B. H. Bairamov, 1983).

The Raman spectrum of all carbon-based materials, including CA, shows diverse behaviour in
the range of 800-2000 cm™, in which the G and D bands (or peaks) are found around 1500-1630 cm™
and 1350 cm™ respectively, for excitation with visible light. If UV irradiation is used, a T band will
appear near 1060 cm™, (Ferrari A., 2004), (Ferrari, A. C., 2002), (Ferrari A., 2000).

In the case of our composite after heat treatment, it is possible to observe the D band at ~1380

cmt and the G band at ~1590 cm; these signals confirm the presence of a carbonaceous material in the
C/Zn0O composite.
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X-ray diffraction (XRD)

The X-ray diffraction (XRD) technique helped to identify the crystalline phase present in zinc oxide
individually and in the composite. Ground coffee residue, charcoal and the composite without heat
treatment are amorphous materials, so it was not possible to identify any crystalline phase in their
diffractograms.

26.4 [T T T T T T T T T T T
SCG
17.6 (a)
8.8 -
0.0
1 1 1 . 1 1 1
36
234 |- e <100 sooa 020 ZnO
<1005 <002 <o (b)
156 - <10 67.61 68.9 76.76
i 47 * <1,1.2>
78 - <1.02> ¥ <201> <202>
0t ;
~~ 45 |-
wn
o 3 C
=*r ©
8 15
=} L
2 of
] E 1 1 1 L 1
£ 45
. —— SCG/Zn(OH),
30 |
I (d)
15 |
o
bl . 1 . 1 . 1 . 1 1 .
33 | . 620 oo c/zno
e ©
22 - <1,00~ "7 <101> <LL0> <1,03> ¢ 51 689 7676
- T e
11 ¥ <201> <202>
r \
o
1 1 1 1 1 1

20 30 40 50 60
2 Theta (°)

Figure 6

70 80

X-ray diffraction of precursors and composites for (a) SCG, (b) ZnO, (c)

C, (d) SCG/Zn(OH): and (d) C/ZnO composite

Source: Own Elaboration.



99

The peaks identified by Rawal et al, 2018 cannot be defined, except for one present at 23.03 on
the 20 scale, which corresponds to the (0,0,2) plane of graphite carbon, a dominant and common
characteristic of amorphous carbons. (Figure 6 (c))

To identify ZnO, JCPDS card 36-1451 was used. It can be seen that the peak with the highest
intensity coincides with that shown in the obtained diffractogram. (Figure 6 (b)) (F. N. Jiménez-Garcia,
2014).

For the uncalcined composite, Zn(OH). (JCPDS card 38-0385) was expected to be observed;
however, it was not possible to identify it because the amount of coffee present in the uncalcined
composite is greater than that of zinc hydroxide. The presence of hydroxide can be confirmed by the
elemental analysis carried out in this work (Figure 6 (d)).

In the calcined composite, the presence of zinc oxide reported in JCPDS card 36-1451 can be
found, mostly coinciding with those reported. A lower intensity was observed with respect to the zinc
oxide diffractogram, due to the presence of carbon in the composite (Figure 6 (e)) (F. N. Jiménez-Garcia,
2014).

Isoelectric Point (PIE)

The isoelectric point is a characteristic that must be evaluated for metal or dye sorption, as the surface
can form neutral, negative or positive species that will allow contaminants to be fixed; mass titration is
a simple technique used for metal oxides (Tajana Preoanin, 1998).
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Figure 7
Precursor and composite FOOT: (a) C/ZnO composite, (b) SCG/Zn(OH)z,
(c) Zn0O, and (d) C.

Source: own elaboration.

Figure 7 shows the results of the mass titrations. Coal has an isoelectric point of 5.25 (Figure
7(d)), zinc oxide has an isoelectric point of 9.1 (Figure 7(c)), the uncalcined composite (Zn (OH)/coffee
grounds) has a pH(I) of 6.8 (Figure 7(b)), and for the calcined composite it was 7.3 (Figure 7(a)). ZnO is
a ceramic oxide that, when found in a polar medium such as water, undergoes surface oxidation and
reduction reactions in the presence of the products of water hydrolysis, HsO" and OH (Borrell Témas,
2018)
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The reported isoelectric point of ZnO is in two ranges, one from 8.5 to 9.01 and the second from
8.7 t0 10.3. The pH(I) obtained in this study is in the second range. The zero-charge pH is interpreted as
meaning that the surface charge on the material is neutral, where the particles have a net zero charge on
their surface at that specific pH value, which reduces the isoelectric forces of the material. Therefore, it
can be deduced that the surface charge is more negative if the pH is higher than the Zeta potential (pHpzc)
and more positive if the pH is lower than pHpz; The Zeta potential quantifies the repulsion due to the
presence of charges on the surface of the particles, so a higher absolute value of Zeta potential implies,
in principle, greater stability of the suspension formed by these particles.

When forming the composite, the isoelectric point is 7.3, which indicates that the surface changed
and allows sorption to occur at neutral pH. (G. Yashni, 2020), (Lab, Academia, 2025).

Conclusion

The synthesis and characterisation of a composite material made it possible to evaluate that the compound
produced contains integrated carbon and zinc oxide. The morphology of the materials shows porosity in
the materials containing carbon and particle aggregates in the case of ZnO. Elemental analysis confirmed
the presence of carbon, oxygen and zinc in the compound. The functional groups observed by FTIR-
ATR and Raman spectroscopy can be associated with the elemental analysis of the compound. The
isoelectric point on the surface of the compound is 7.3, indicating that a neutral pH will be used for
sorption. This was verified by scanning electron microscopy, as it shows that both components are
together, and by comparing the isoelectric points of each material, a change in the surface can be
observed.
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