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Physical properties of AgsSbSs thin films for photovoltaic applications

Propiedades fisicas de peliculas delgadas de AgsSbSs para aplicaciones fotovoltaicas
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Abstract

Ags3SbSs thin films have been prepared by
heating multilayers of glass/Sbh,Ss/Ag at
different temperatures. Thin film of Sb,S3 were
deposited on glass substrates using chemical
bath deposition technique. Thermal evaporation
of silver followed by annealing at 300 and 350°C
were carried out to synthetize AgsSbSs thin
films. XRD spectra showed the formation of
AgsSbSs thin films at 300 and 350 °C with a
micro-strain and grain size of 1.8 x 107 and 21
nm, respectively. Electrical conductivity in the
range of 10 — 10° (Qcm)? and a band gap of
1.3 eV were obtained.

Thin  films, Semiconductor, Absorber
material, Chemical bath deposition, Thermal
evaporation, Formation, Substrate,
Conductivity

Resumen

Peliculas delgadas de AgsSbSz fueron
sintetizadas por tratamiento térmico de
multicapas de vidrio/Sb,Ss/Ag a diferentes
temperaturas. La pelicula delgada de Sh,S3 fue
depositada por la técnica de bafio quimico. Una
capa de Ag fue depositada por evaporacion
térmica y después se sometieron las multicapas
a tratamiento térmico a 300°C y 350°C,
respectivamente. Los patrones de difraccion
confirman la formacién de peliculas delgadas de
AgsSbSz para ambas temperaturas de
tratamiento térmico, mostrando una micro-
deformacion de 1.8 x 10 nm y un tamafio de
grano de 21 nm. Se reporta una conductividad
eléctrica en el rango de 10— 10° (Qecm) ! y una
brecha de energia prohibida de 1.3 eV.

Pelicula delgada, Semiconductor, Material
absorbedor, Bafio quimico, Evaporacion
térmica, formacion, Substrato,
Conductividad
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1. Introduction

Research of novel materials for energy
production and storage have recently made
significant progress and are on track toward
developing alternative energy sources. Metal
chalcogenide thin films have attracted attention
in recent years due their potential applications in
opto-electronic and photovoltaic  devices
(Alharbi, Alam, Salhi, Missous, & Lewis, 2021).
Photovoltaic (PV) solar cells are semiconductor-
based devices that convert sunlight energy into
electricity. One of the components of the solar
cell device is absorber material, which converts
the incident sunlight photon energy into
electricity.

The most used absorber material is Si due
to its high efficiency (>20%) and good reliability
(<25 years). However, there are emerging
photovoltaic absorber materials, such as SnS,
Sh,Se, CuzSnSs3, CuSbhSe, and AgSbS,, which
are made with more environmentally friendly
and earth-abundant elements (Zakutayev, 2017)
(Nadukkandy, et al., 2021) (Alharbi, Alam,
Salhi, Missous, & Lewis, 2021). AgsShSs is a
novel absorber material that crystallizes in a
monoclinic structure having a high absorption
coefficient of 10° cm™ in the visible range with
bang gap around 1.8 eV, depending on the
deposition conditions (Thanabalan, Johnson,
Kannusamy, & Ganesan, 2016) (Thanabalan, S.
Thangaraj, Kannusamy, & Ganesan, 2019).
AQgsSbSz thin films have been prepared by
different methods such as thermal evaporation,
hydrothermal method, etc. (Thanabalan, S.
Thangaraj, Kannusamy, & Ganesan, 2019)
(Tubtimtae, Huang, Shi, & Lee, 2016).
Antimony sulfide (Sh2Ss) thin films were
deposited by chemical bath deposition
(Vinayakumar, et al., 2018), then other layers
were deposited by heating chemical precursors
in order to obtain ternary chalcogenide thin films
for photovaltaic and photodetection applications
(Nadukkandy, Shaji, Avellaneda Avellaneda,
Aguilar-Martinez, & Krishnan, 2023).

This research work is focused on AgzSbSs
thin films prepared by heating multilayers of
glass/Sh>Ss/Ag  deposited by  chemically
deposited Sh,S3 followed by thermally
evaporated Ag thin films, due to there are no
reports using this material and its
optoelectronical properties can be suitable for
photovaltaic applications.

ISSN: 2410-3934
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2. Materials and Method
2.1 Deposition of Sb2Ss thin films

Sh>Ss thin films were deposited on 7.5 x 2.5 cm
clean glass substrates by chemical bath
deposition technique. The chemical bath
deposition was prepared using 0.650 g of ShCls,
then it was dissolved in 2.5 ml of acetone using
a 100 ml beaker, followed by the addition of 25
ml of 1M NaxSOs and 72.5 ml of preheated
deionized water (40 °C), then the solution was
stirred for 30 seconds. Finally, the solution was
used to fill a Petri dish containing clean glass
substrates placed horizontally and the chemical
bath was maintained at 40°C for 1 hour. The
chemical bath deposition was made twice
resulting in a uniform orange Sb,Ss thin films of
~ 500 nm of thickness. The thickness was
measured using a confocal microscope (ZEISS,
Axio CSM 700).

2.2 Deposition of Ag thin films

A silver layer of 70 nm was deposited by thermal
evaporation on Sh,Ss thin film. Silver wire of
99.999 % purity was evaporated onto
glass/Sh,Sz layers at high vacuum using a high
vacuum system (INTERCOVAMEX-TE12P)
and its thickness was measured using a quartz
crystal thickness monitor.

2.3 Heat treatment

The multilayers of glass/Sb.S3:/Ag were heated
at two different temperatures, samples M1 and
M2 at 300°C and 350°C, respectively, for 1 hour
at low vacuum (10-3 torr) in a vacuum furnace
(TM Vacuum products model No V/1G-803-14).

2.4 Characterization

X-ray diffraction patterns of the samples were
recorded by PANalytical diffractometer using
Cu Kal radiation with A, = 1.54059 A. The scan
range (20) was from 10° to 70°. Morphological
studies were done using scanning electron
microscope FEI Nova NanoSEM 200 associated
with an Energy Dispersive X-ray detector
(EDX), the optical transmittance and specular
reflectance were recorded using a Shimadzu
3600 spectrophotometer, electrical
measurements were carried out using Keithley
6487 Picoammeter/Voltage source interfaced
with a computer.

GARCIA-GUILLEN, Grisel, GONZALEZ-GARZA, Jorge Oswaldo and
RIOS, Bernardino. Physical properties of AgsSbS; thin films for
photovoltaic applications. Journal of Chemical and Physical Energy.
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For the DC conductivity measurements, the
contacts used were two planar electrodes of 3
mm in length and 3 mm in separation using
carbon paint.

3. Results
3.1 X-ray Diffraction

Graph 1 and Graph 2 show the XRD spectra for
samples heated at 300 °C (M1) and 350 °C (M2),
respectively. For both samples can be observed
well defined peaks at 20 positions 27.7°, 28.78°,
30.97°, 32.26°, 32.71°, that corresponds to the
planes (041), (-102), (-122), (-202) and (-212)
which match the standard pattern of AgsShS3
(JCPDS #25-1187). Additionally, traces of
unreacted Sb»Sz are observed. The presence of
secondary phases can be attributed to not enough
temperature for the antimony and sulfide atoms
to diffuse and completely react, or the Ag layer
thickness was not enough and acts as a limiting
reagent.
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Graph 1 XRD patterns of AgsSbSs thin films heated at
300°C for 1 h in vacuum
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Graph 2 XRD patterns of AgsSbSs thin films heated at
350°C for 1 h in vacuum
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The average crystallite size of the AgzSbSs
thin films was evaluated using the line
broadening analysis of the diffraction patterns.
The diffraction peak broadening can be attribute
to small crystallite size as well as micro-strain
present in the films (Tubtimtae, Huang, Shi, &
Lee, 2016). The average crystal size was
determined using the Scherrer’s formula (Jebali,
Khemiri, & Kanzari, 2016):

__ 0.9x) (1)

- Bxcos6

Where D is the average crystallite size, A
is the X-ray wavelength, 6 is the diffraction
angle of the stronger peak and f is the full width
at half maximum (FWHM). The micro-strain ¢
was evaluated by using the equation (Jebali,
Khemiri, & Kanzari, 2016):

e = ﬁc;)s@ (2)

Sample M1 (300°C) showed an average
crystallite size of 21 nm and a micro-strain ¢ of
1.73 x 1073, and the sample M2 (350°C) showed
an average crystallite size of 25 nm and a micro-
strain ¢ of 1.43 x 1073. The increase in the
average crystallite size can be due to the
coalescence of small grains by grain boundary
diffusion, that is a thermal activated process,
which results in the formation of bigger grains.
Also, it is observed a reduction in micro-strain as
the temperature in increased from 300°C to 350
°C, this indicates an improvement in the
crystalline quality of the films (Jebali, Khemiri,
& Kanzari, 2016).

3.2 Morphology

Figure 1 Scanning electron micrograph of glass/Sh,Ss/Ag
multilayers heated at 350°C for 1 h in vacuum

GARCIA-GUILLEN, Grisel, GONZALEZ-GARZA, Jorge Oswaldo and
RIOS, Bernardino. Physical properties of AgsSbS; thin films for
photovoltaic applications. Journal of Chemical and Physical Energy.
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Figure 1 depics the scanning electron
micrography at 50,000X for the multilayers
heated at 350 °C for 1h. The surface morphology
of the fimls showed a compact structure with
interconected grains, and no pin holes were
observed. The EDX was taken at different areas
of the surface of the thin films, the results
showed an homogeneous surface distribution of
the elements with weigth percentage of 14.81%,
37.58%, and 47.6% for S, Ag and Sb,
respectively.

3.3 Optical Properties

Optical transmission (%T) and reflection (R%)
of samples M1 and M2 were recorded in the
wavelength range of 200 - 1100 nm. Graph 3
shows the optical absorption coefficient of the
Ag3ShSs thin films, that was computed using the
following relation (Gonzalez, et al., 2013):

a=(3)m[S] ©

where R and T are the specular reflectance
and optical transmittance, respectively, and d is
the film thickness which was ~ 600 nm for both
samples. From Graph 3, it is observed high
absorption coefficients between 1x10% and 1x10°
cm? in the visible range, which make this
material a suitable candidate as absorber in
heterojuction photovoltaic structures.
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Graph 3 Absorption coefficient of AgsSbhSs thin films
heated at 300°C and 350°C
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Graph 4 shows the optical band gaps for
samples heated at 300°C and 350 °C, labeled as
M1 and M2, respectively. The band gap of the
samples was calculated using the following
formula (Gonzalez, et al., 2013):

(ahv)" = A(hv — Ey) 4)

600

400

(ahv)'Z(cmeV)'?
w
2
1

200 -

10 12 14 18 18 20 22 24
hv (eV)

Graph 4 Tauc plots of AgsShSs thin films heated at 300°C
and 350°C

where a is the absorption coefficient, h is
the planck’s constant, v is the frecuency, A is a
constant, Eg is the optical band gap and n can
take values of 2, 1/2, 2/3 for allowed direct,
allowed indirect, and forbidden optical
transitions, respectively. The Tauc plot shown in
Graph 4 of (ahv)" vs hv for both samples has a
good linear fit when n = 1/2, that implies that the
fundamental absorption of AgsSbSs thin films is
dominated by an indirect allowed transition. By
extrapolating the linear fit to a = 0, the value of
the bang gap was estimated as 1.3 eV for both
samples.

3.4 Electrical Properties

Graph 5 shows the photocurrent response of
AgsSbSz thin films. The ohmic behavior of the
carbon contacts was verified by a potential
sweep and the corresponding current
measurement, showing a straight line, given in
the inset of the graph.

GARCIA-GUILLEN, Grisel, GONZALEZ-GARZA, Jorge Oswaldo and
RIOS, Bernardino. Physical properties of AgsSbS; thin films for
photovoltaic applications. Journal of Chemical and Physical Energy.
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To measure the photo-current, a bias
voltage of 100 V for sample M1 and 20 V for
sample M2 was applied and the current was
measured through the sample as follows: 10 s in
dark, 20 s under illumination and 10 s after
switching off the illumination, respectively.
Sample heated at 300 °C showed a dark
conductivity ~ 10 (Qcm)™* and sample heated at
350 °C showed a value ~ 10* (Qcm™). The
increase in dark conductivity can be attributed to
the bigger grain size of sample heated at 350 °C
and can be explained as follows: as long as the
grain size increases, the grain boundaries are
reduced, and the mobility of the charge carriers
increases by reducing the trapping sites at grain
boundaries (Jong Hoon Lee, 2015). Hot probe
tests on the samples showed p-type conductivity.
P-type conductivity of AgsShSs is due to the
presence of defects of Ag or Sh vacancies (VAg
or VSb) (Gonzalez, et al., 2013).

Graph 5 Electrical properties of multilayers of
glass/Sh,Ss/Ag heated at 300°C and 350°C

4. Discussion

One portion of the hypothesis proposed was to
obtain a ternary Ag-Sbh-S material by promoting
crystal grain growth using thermal treatment
conditions, which is expected to achieve better
optical and electrical properties due to a decrease
in the grain boundaries of the material. In the
XRD study, the diffraction pattern corresponds
to the material AgsSbSsz (Rhomboedral, a=, b=,
¢=) in the Graph 1 and Graph 2, it was observed
greater intensity in planes (041), (-102), (-122),
(-202) and (-212). The crystallization improves
as the temperature of the thermal treatment
increases and the appearance of the ternary
compound AQgsSbSz for both samples (M1 &
M2) is found, providing further evidence of Ag
incorporation into Sh,Sa.
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In the morphology study, the calculation of
D for the M1 sample was 21 nanometers and for
M2 sample was 25 nanometers, an increase of 4
nanometers indicates an improvement in the
crystallinity quality of the material.

It was observed by XRD study that Ag is
incorporated on the Sb2Ss thin film leading a
decrease in the electrical resistivity of the
material with electrical conductivity values
obtained in the order of 10° — 10* (Qcm)? as
well as on band gap value with Eg = 1.3 eV
compared to other materials such as Sh,Ss of Eg4
= 1.88 eV, being an ideal candidate for
applications in solar cells.

However, for future work is proposed to
carry out the study for different thermal
treatments to improve crystallization and grain
size increasing of the AgsShSsz materials and its
application in solar cells.

5. Conclusions

AQsShSs thin films were prepared by heating
multilayers of glass/Sb>Ss/Ag at 300°C and
350°C under vacuum. XRD showed the
formation of AgsSbSs as a major phase and
traces of unreacted Sh.S3. Morphology studies
depicted compact structures with no pin holes
and uniform distribution of the element in the
samples. Optical measurements showed high
absorption coefficients ~ 10* — 10° cm™ in the
visible range and indirect allowed transitions
with a band gap ~ 1.3 eV. AgsShSsz thin films
showed p-type conductivities with values 10 —
10* (Qcm)™* measured in dark.
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Abstract

The disperse blue dye 56 (AD56) is of the anthraquinone
type and is considered an important source of water
pollution due to the discharges generated by the textile
industry. An efficient way to eliminate it is using porous
materials, for example, metal-organic networks (MOF). In
this work, the adsorption of AD56 with an Er MOF was
studied and synthesized by microwave-assisted method
and using 1,4-benzene dicarboxylic acid (BDC) as an
organic ligand. Physicochemical analysis of the Er,BDC3
was carried out by XRD, FTIR, SEM, and UV-Vis
spectroscopy to determine the dye concentration. Due to
its high porosity, the results show that the MOF can be
reused for up to seven adsorption cycles for the AD56 dye.
The adsorption process changed the structure of the MOF,
obtaining a more pure and stable material in an aqueous
medium. The maximum AD56 adsorption capacity
obtained was 33.97 mg/g after seven cycles. This material
can be used in consecutive adsorption processes and for
other anthraquinone dyes.

Metal-organic frameworks, Dyes, Adsorption

Resumen

El colorante azul disperso 56 (AD56) es de tipo
antraquinébnico 'y se considera una fuente de
contaminacién de agua importante debido a las descargas
que genera la industria textil. Una forma eficiente de
eliminarlo es mediante el uso de materiales porosos, por
ejemplo, las redes metal-organicas (MOF). En este trabajo
se estudié la adsorcién de AD56 con una MOF de Er,
sintetizada mediante microondas y empleando el acido
1,4- bencenodicarboxilico (BDC) como ligante organico.
El andlisis fisicoquimico de la Er,BDC; se llevo a cabo
mediante DRX, FTIR, SEM y se utilizé espectroscopia
UV-Vis para determinar la concentracion de colorante.
Los resultados muestran que la MOF puede ser reutilizada
hasta siete ciclos de adsorcion para el colorante AD56,
esto debido a la alta porosidad. El proceso de adsorcion
cambid la estructura de la MOF, obteniéndose un material
con mayor pureza y estable en medio acuoso. La maxima
capacidad de adsorcion de AD56 obtenida fue de 33.97
mg/g después de siete ciclos. Este material puede utilizarse
en proceso de adsorcion consecutivos y para otros
colorantes antraquinénicos.

Redes metal organicas, Colorantes, Adsorcion
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Introduction

The generation of textile dyes, given the
industrial demand, was affected due to the
insufficiency of materials of natural origin; This
resulted in the creation and production of
synthetic dyes with the same characteristics as
the natural ones. The most widely used industrial
dyes are anthraquinones due to their high
resistance to biodegradation, sun exposure, and
chemical attack. (Martinez, et al., 2014) Small
amounts of these materials can color large
quantities of water; they also greatly damage
flora, fauna, and human life due to their toxic,
mutagenic, and carcinogenic effects. (Doval,
2014) Around 10,000 dyes are used in various
industrial processes.

It is estimated that from 2 to 50% are
discarded in wastewater and considered
pollutants that cannot be removed by
conventional methods in water treatment.
Removing these dyes has been an environmental
problem, which has encouraged the development
of new technologies and methods for their
removal and thus reducing their environmental
impact. (Pifion, 2019; Nufiez & Victoria, 2020)

One way to remove colorants from water
is by using porous materials, among which are
metal-organic frameworks (MOFs). MOFs are
coordination polymers of metal ions with
organic ligands forming one-, two- or three-
dimensional crystal lattices. (Sorribas & Téllez,
2016; Loera-Serna, et al., 2019). The union of
these two units gives rise to different types of
coordination, which depend on the symmetry of
the linker and the coordination number of the
metal center. (Loera-Serna, et al., 2012).

Its characteristics include high structural
and composition versatility, different pore sizes,
high specific surfaces, pore volumes, exposed
metal centers, and structural flexibility.
(Rodriguez, 2019) Among the great variety of
MOFs, the LnMOFs (lanthanide metal-organic
networks) can be found, which present
characteristics such as ionic radii variation, high
selectivity, and highly porous structures. In a
2017 study, an erbium MOF (Er-MOF) was used
for the adsorption of methylene blue from an
aqueous solution, achieving a maximum
removal capacity of 92%. The MOF was
synthesized hydrothermal and characterized by
FT-IR, XRD, and SEM.
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The material presented high stability in
water and an accessible nanometric opening,
which could make it a good adsorption material
for polluting effluent dyes. The adsorption,
thermodynamic and Kinetic isotherm resulted in
a porous material that conforms to the Langmuir
isotherm. In addition, the adsorption process
took about 30 minutes, and it is a process with
low cost and high adsorption efficiency.
(Mohammadnejad et al., 2018)

This work synthesized an erbium-based
organic metal-type adsorbent material to remove
the disperse blue anthraquinone dye 56 from
water. The study of the physicochemical
properties of the material was carried out using
X-Ray diffraction (XRD), Fourier transform
infrared spectroscopy (FT-IR), and scanning
electron microscopy (SEM). The adsorption
capacity was determined by ultraviolet-visible
spectroscopy (UV-Vis), and due to the high
adsorption capacity of the MOF, several
adsorption cycles were performed for the
analyzed dye.

Methodology
MOF synthesis

The synthesis was carried out using 1.5 mmol of
the organic ligand BDC, which was dissolved in
30 mL of N, N-dimethylformamide (DMF), and
1 mL of methanol with 0.1 g of NaHCO3 was
added; this solution was stirred. On the other
hand, 0.5 mmol of de ErClz-H20 was dissolved
in 3 mL of methanol; this second solution was
added drop by drop to the first solution with
DMF and stirred at a T=50°C for 8 hours. At the
end of agitation, the mixture was placed in glass
vials of 30 mL each, and The Anton Paar was
used with a heating ramp of 5 minutes until
reaching T=150°C. It was kept like this for 15
minutes, then the temperature dropped to
T=55°C. The powders obtained were washed
with methanol in a centrifuge at 12,000 RPM.

Dye adsorption

A solution was prepared with 100 mL of
deionized water with a known concentration of
disperse blue anthraquinone dye 56. For the
calibration curve, solutions were synthesized,
and with a UV-Vis spectrophotometer,
maximum absorbance data were obtained for the
different concentrations.

MORA-VARGAS, Etnia Valeria & LOERA-SERNA, Sandra. Removal
of disperse blue textile dye 56 from water using a metal-organic
framework of erbium Journal of Chemical and Physical Energy. 2023
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Finally, a wavelength of 545 nm was
obtained for maximum absorbance. Adsorption
was performed by adding 0.2 g of the MOF in 10
mL of the stock solution. To determine the
amount of dye adsorbed by the MOF, NanoDrop
brand UV-Vis spectroscopy was used, and the
calibration curve was performed with a
maximum concentration of 100 ppm.

Characterization of the MOF

The XDR of the MOF before and after
adsorption was performed in a Philips X’PERT
PRO equipment with a monochromator with
copper anode (45 Kv and 40 mA), with a
scanning speed of 0.11% and a range of 26 from
5to 50°C. This technique was used to determine
the formation of the MOF by comparing the
diffractogram with the CCDC database
(Kennard et al., 1965). To obtain the
spectroscopy with Fourier transform (FT-IR),
Bruker Tensor-27 equipment was used, with a
spectral range of 4000-400 cm™ at room
temperature, using the attenuated total reflection
(ATR) technique with a resolution of 2 cm™ and
24 scans. The morphology of the MOF was
determined by scanning electron microscopy
using a ZEIZZ supra 55VP instrument coupled
with a 2kV voltage elemental analysis probe
without sample coating.

Results
Physicochemical properties of the MOF

Figure 1 represents the experimental
diffractogram obtained for pristine MOF and
compared with the simulated ones for Th.BDCs3
reported by Reineke et al. (1999), which is
registered in the CCDC database as QACTUJ
and Er.BDCs reported by Chen et al., (2006)
both were obtained from the microwave-assisted
solvothermal method.

It can be observed that the experimentally
obtained pattern represents characteristic peaks
of high and low intensity at different Bragg
angles, which match those reported for Th,BDC3
represented with an (x) and Er.BDCs represented
with an (+). The structure obtained for MOF-Er
is not reported in theory, the comparison can be
made with the simulated XRD pattern of terbium
and erbium MOF structures.
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Due to obtaining various crystalline
compounds, the percentage of each structure
present in the MOF-Er was calculated using the
following equations:

For the total intensity:
Iy =YL +X 1, +XIp 1)
Where the total intensity (I1) is equal to the
sum of the intensity of terbium (Ix), erbium (I+)

and funds (Ig).

For the percentage of crystalline phase:
% phase = 2282 (100
%o phase = i (100)

Table 1 shows a higher percentage of the
Er,BDCz structure reported by Chen et al.
(2006).

Material % crystalline phase |
Th,BDC3 25.46
Er,.BDC; 56.85
Funds 20.70

Table 1 Percentage of crystalline phases in MOF
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Figure 1 Diffractogram of Er.BDC; synthesized by
microwave-assisted method compared to Th.BDC; and
Er,BDC;

The crystal size of the MOF-Er sample
was determined using the Debye-Scherrer
equation:

KA

D =
BCos6@

)

Where: D is the crystal size, K is
Scherrer’s constant, A is the wavelength in A, B
is the width of peak at half-height in radians, and
0 is the peak angle in radians.

MORA-VARGAS, Etnia Valeria & LOERA-SERNA, Sandra. Removal
of disperse blue textile dye 56 from water using a metal-organic
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Two characteristic peaks were taken in the
MOF-Er, each corresponding to Th2BDC3z and
Er,BDCa. Table 2 shows the values obtained for
the crystal size for these two peaks. It is observed
that the largest size corresponds to the structure
Th2BDCs3; this could be attributed to the fact that
there is greater compaction in the network
parameter of that structure and by the Van der
Waals interactions that are generated in the
material, which causes more remarkable growth
of the crystals.

20 | D (nm
9.22 (Th,BDC) 56.92
16.17 (Er.BDC3) 4115

Table 2 Crystal size for the Er,BDCs
Morphology

Figure 2 shows the micrographs obtained
magnifications for Er.BDCa. Figure 2a shows a
microstructure in the form of a rectangular prism
at 25,000 magnifications; this structure has sizes
of 11.6 um in height, side a =3.6 um and side b
=4.6 pum, also the bottom you can see an
aggregate (red circle) with an asymmetrical
shape that has a length of 6.26 um and width of
2.53 um Figure 2b. An approximation of 50,000
magnifications of the structure observed in
Figure 2a was made. The porosity of the material
can be readily appreciated with grains of 0.30-
1.0 pm.

Figure 2c¢) shows structures with a shape
corresponding to a rhomboid prim with a larger
diagonal D =17.25 um and smaller diagonal d =
9.75 upm. Finally, Figure 2d at 10,000
magnifications shows that Er.BDCz comprises
microstructures of  different sizes and
asymmetrical shapes with grains sizes from
0.30-1.5 pum. On the surfaces of the
microstructures, it is easy to see holes called
pores, which can be related to the interaction and
nature of the reagents used in synthesizing the
material.
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Figure 2 Micrographs of Er,BDC; at a different
magnification; a) 25,000, b) 50,000, c) 20,000, and d)
10,000

Functional groups Er.BDC3

Figure 3 shows the FT-IR of ErBDCs
synthesized by a  microwave-assisted
solvothermal method using DMF as an organic
solvent and terephthalic acid (BDC) as an
organic ligand. The bending vibration of the O-
H bond of the carboxylic group (COOH) is
observed at 835 cm™ (Wang et al., 2016). The
bands in the 1394-1573 cm™ range correspond to
the C-C stretching vibration of the 1,4-
disubstituted mononuclear aromatic ring
structure (Larkin, 2018).

The band of the metal-oxygen bonds is
also observed in a range of 400-560 cm™ (Liu et
al., 2009), belonging to the Er-O bond. Finally,
bands can be observed at 677, 1159, 1255, and
1676 cm™ (Saito et al., AIST), characteristic of
the DMF. However, not all the characteristic
bands of this compound appear; it is observed
that an amount was not removed by washing and
is still present in Er.BDCs.

The result is expected due to the electron-
donating nature of DMF, which coordinates with
the Lewis acid sites generated by the erbium
coordination deficiency of the hybrid lattice.

MORA-VARGAS, Etnia Valeria & LOERA-SERNA, Sandra. Removal
of disperse blue textile dye 56 from water using a metal-organic
framework of erbium Journal of Chemical and Physical Energy. 2023
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Figure 3 FT-IR spectrum for Er,BDC3; synthesized with
DMF as an organic solvent

Dye adsorption
Calibration curve for dye AD56

For the construction of the calibration curve, a
stock solution was prepared with an initial
concentration of Co = 100 ppm of the
anthraquinone dye AD56. Subsequently,
solutions of 90 to 10 ppm were prepared, and for
the absorbance measurements of the different
concentrations, UV-Vis spectroscopy was used
to obtain the spectrum shown in Figure 4.

Py
Yyre.
Cypm
Syre
e
Tppm

Absartance (10mm )

Ty
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[P

Pl o “o m e ™ - "
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Figure 4 UV-Vis spectrum of disperse blue 56 at different
concentrations

Figure 4 shows that the absorbance is
directly proportional to concentration. A
wavelength A = 545 nm was chosen for the
calibration curve, and the maximum absorbance
was obtained for each concentration.

The corresponding linear adjustment was
made to obtain an equation of the form:

Clppm] = m(abs) + b
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Where C is the unknown concentration in
the solution in ppm, m is the slope of the line,
ADbs is the maximum absorbance at time t, and b
is the ordinate to the origin.

A correlation factor R? =0.9995 was
obtained; this indicated that the wavelength
selected for the maximum absorbance is
adequate. Figure 5 shows the calibration curve
obtained for the anthraquinone dye studied.

..
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Figure 5 Calibration curve for disperse blue 56
Adsorption cycles

Adsorption was performed by adding 0.2 g of
Er.BDCs to 10 mL of 100 mg/g of dye solution.
This mixture was left stirring for 30 minutes and
centrifuged for 20 minutes at 6,000 RPM, and an
aliquot of the liquid remnant was taken to obtain
the UV-Vis spectrum. Figure 6 shows the UV-
Vis spectra obtained after adsorption.

ARAARRA
IO A e -

Absactisacc | [am)

S o8
Warelesgih (nm)

Figure 6 UV-Vis spectrum for the adsorption cycles of
AD56 with Er,BDC3

In Figure 7, it can be seen that for this
material, adsorption between 88 and 99% was
obtained; this is because the dye has a small
molecular size, as shown in Figure 8. This allows
the MOF not to become saturated quickly,
resulting in several adsorption cycles.

MORA-VARGAS, Etnia Valeria & LOERA-SERNA, Sandra. Removal
of disperse blue textile dye 56 from water using a metal-organic
framework of erbium Journal of Chemical and Physical Energy. 2023



Article

13

Journal of Chemical and Physical Energy

The maximum adsorption capacity that
was obtained with all the cycles was 33.97 mg/g,
which, compared to MIL-56 (Cr or Al), exceeds
the capacity reported for the methylene blue,
which is 20 mg/g (Mohammadnejad et al.,
2018). It should be noted that methylene blue is
a cationic dye with three benzene rings and
sulfur and nitrogen atoms that act as Lewis
bases, while disperse blue 56 has N and O.

Cycles
100 9888 9986 9635 9867 9872 9808
o 88,86 —

80
70
% 60
L
3 40
30
20
10
0

1 2 3 4 5 & 7

Figure 8 Molecular structure of disperse blue dye 56

Post-adsorption MOF stability

In Figure 1, the diffraction pattern for pristine
Er.BDCs presents characteristic peaks to the
diffractograms theoretically reported for terbium
and erbium. Once the adsorption was carried out,
it is observed in the diffractogram of Figure 9,
the crystalline structure of the material changed,
presenting peaks in the same Bragg angle
positions as the simulated diffractogram
reported for Th,BDC3 (Reineke et al.,1999), that
is to say, that the adsorption for the AD56 dye in
the initial structure works as a structural
purification process (recrystallization) where the
Er.BDCs phase is eliminated and only the
Th2BDCsstructure is formed.
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This result indicates that it is possible to
use the dyes to obtain the purer structure of MOF
and that dye molecules present in contaminated
water can be eliminated.

“ [l il w MOF-ADS6

Intensity (u.a)

WA e M S

}‘ Simulated Th2BDC3
Ny l M b o sst e ot e
5 10 15 20

25 30 35 40 45 50
a{%

Figure 9 Comparison of the simulated diffractogram of
Th,BDC; and the diffractogram of the MOF with dye
AD56 after adsorption

The Debye-Scherrer equation was used
to determine the crystal size of the MOF after
dye adsorption. The maximum peak of the
sample was taken at 9.19° (20), and the crystal
size D obtained was 44.77 nm. When comparing
this crystal size and the data obtained for the
structure of Th2BDCz present in the pristine
MOF (table 1), it can be observed that there is a
decrease in size. Despite the different Van der
Waals interactions by the functional groups
present in the dye, crystal aggregation in the
MOF is not favored, and there is a noticeable
change in crystal size.

Functional groups

Figure 10 represents the FT-IR of Er2BDC3
before and after the adsorption. According to the
analysis carried out in functional groups, from
the section on physicochemical properties of the
MOF, it can be seen that there was a variation in
the material. At 1159 cm™, a characteristic band
of DMF is observed, which still indicates its
presence in the material. It is important to
mention that there is a 1,4-disubstituted
mononuclear ring in the structure of the dye,
corresponding to anthraquinone and in MOF-Er
to the presence of BDC, used as an organic
ligand. Because of this, two bands are at the
same wavelength for both materials. At 752 cm™
1 a band is observed by bending =C-H of
aromatic rings.

MORA-VARGAS, Etnia Valeria & LOERA-SERNA, Sandra. Removal
of disperse blue textile dye 56 from water using a metal-organic
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Fernandez G. reports that para-
substituted aromatic rings have two combination
bans in a range of 1670-2000 cm™, but the data
obtained experimentally it is observed that these
bands are found at 1508 and 1574 cm*. Finally,
for the FT-IR of the MOF with dye after the
adsorption, at 886 cm™, two low-intensity bands
belong to the disubstituted aromatic ring, and at
1590 cm?, there is a low-intensity band
corresponding to the bending of the C-H bond of
the aromatic ring of anthraquinone, the main
compound of the dye.

Tranamatancs (w.a)

MOELe-ADSO

4009 %00 o 30 2400 2000 1800 1200 800 100

Wasesumber {om )

Figure 10 Comparison of FT-IR spectrum of Er,BDCs;
before and after the adsorption of disperse blue dye 56
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Conclusions

In this work, microwave synthesis of Er,BDC3
was performed and used to remove dye AD56.
The MOF was characterized before and after the
adsorption of the anthraquinone dye. The result
obtained in XDR shows a change in the
crystalline structure after adsorption, obtaining a
purer material with a single crystalline phase.
Also, a change in the crystal size was observed
due to the different Van der Waals interactions
generated by the functional groups present in the
dye. The morphology shows that Er,BDCs
presents microstructures of different asymmetric
shapes with aggregates from 0.30-1.5 pum.
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Also, it is observed that his material has
a very porous surface, allowing it to be reused
for several cycles to remove dyes. When
comparing, the FT-IR is observed that after the
removal of the anthraquinone material, two
characteristic bands belong to the anthraquinone,
which confirms the presence of AD56 in the
Er.BDCaz. Finally, the seven cycles performed
obtained a total maximum adsorption capacity of
33.97 mg/g. The degree of adsorption of dyes in
Er.BDC3 depends on the size of the molecule.
The steric effect was notably observed for the
AD56 dye, since presenting a small molecule
made it possible to adsorb in a higher percentage
during the seven cycles. This material is a viable
option in wastewater treatment for removing
chemical contaminants, particularly dye.
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Abstract

In this work, the effects of fouling on the performance of
flat plate solar collector networks that operate with water
as the thermal fluid are studied, and design considerations
are put forward to be used in the sizing of these systems
from the thermal and hydraulic points of view. The
quantification of the effects produced by scaling is carried
out through a mathematical model that predicts the
deposition on the walls of the tubes. The model considers
that CaCOs; is the only compound present in the fouling
layer. Results indicate that for a volumetric flow rate of
3.78 I/min and assuming a CaCQOj3; concentration of 250
ppm, in a period of six months, the maximum outlet
temperature that can be obtained in a day falls 1.5 °C and
the pressure drop increases four times. It is shown that it
is advisable to design a network of solar collectors
considering scaling. The case study indicates that to
supply a total flow rate of 48 I/min at a temperature of 70
°C, the design considering scaling requires 220 collectors
and a volumetric flow rate of 4.8 I/min per line with a total
annualized operating cost of $343,300 Mx.

Design, Flat plate, Solar collectors, Networks,
Thermal-hydraulic performance, Scaling, Pressure
drop, Mathematical model, Fouling prediction

Resumen

En este trabajo se estudian los efectos del ensuciamiento
por scaling en redes de colectores solares de placa plana
que operan con agua como fluido de trabajo y se plantean
consideraciones que se utilizan en el dimensionamiento de
estos sistemas tanto desde el punto de vista térmico como
hidréaulico. La cuantificacion de los efectos ocasionados
por el ensuciamiento se realiza a través de un modelo
matematico que predice la deposicién en las paredes de los
tubos. EI modelo considera al CaCOs; como el Unico
compuesto presente en la capa de ensuciamiento. Los
resultados indican que para un flujo volumétrico de 3.78
I/min y suponiendo una concentracién de CaCOj3 de 250
ppm, en un periodo de seis meses, la maxima temperatura
de salida que se puede obtener durante el dia se reduce 1.5
°C y la caida de presiébn aumenta cuatro veces. Se
demuestra que es méas recomendable disefiar una red
colectores solares considerando scaling. El caso de estudio
indica que para suministrar un flujo total de 48 I/min a una
temperatura de 70°C, el disefio considerando scaling
requiere 220 colectores y un flujo volumétrico de 4.8 I/min
por linea con un costo total de operacion anualizado de
$343,300 Mx.

Disefio, placa plana, Colectores solares, Redes,
Desempefio termo-hidraulico, Scaling, Caida de
presion, Modelo matemético, Predicciébn de
ensuciamiento
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Introduction

Scaling fouling is a common phenomenon in
thermal equipment using water as the working
fluid. Sometimes, scaling can lead to severe
thermal and hydraulic problems characterised by
a loss of heat transfer capacity and increased
pressure drop. High water hardness, high
temperatures and low flow velocity are factors
that favour the formation of scaling. Proper
control of these variables can reduce the
problems caused by this type of fouling [1].

There are several methods to reduce
scaling fouling. Among the most commonly
used are treating water to reduce its hardness and
replacing the use of water with mixtures of
ethylene glycol and water as working fluids.
These methods have additional costs associated
with them, tend to contaminate the water and can
cause corrosion problems by changing the pH.

Some authors have used coatings to inhibit
scaling scale deposition on solar collector tubes.
The use of anti-scaling coatings can extend the
life cycle and cleaning period of the equipment.
Although coatings can inhibit the deposition
process of CaCO3 and oxide scale, they also
tend to increase the resistance to heat transfer
due to the thickness of the coating itself [I1].

Another way to prevent fouling is through
corrective  cleaning  techniques.  These
techniques could be implemented more
effectively if the speed at which the fouling layer
forms were known in order to determine, in
advance, the appropriate time to clean the
equipment. On the other hand, from an
operational point of view, a factor that has been
shown to have an important effect on the speed
of scaling is the velocity of the working fluid.
This parameter is defined at the design stage of
the equipment, which means that fouling can be
reduced from this early stage.

The aim of the work presented here is to
demonstrate how to design to reduce fouling and
predict the appropriate time to carry out cleaning
activities on the equipment. In this context, this
work introduces a study to quantify the effects of
scaling on solar collectors by determining the
amount of mass deposited on the surfaces over
time. In this analysis, geometrical data are taken
from a real solar collector plant used in food
dehydration processes [I11].

ISSN: 2410-3934
ECORFAN® All rights reserved.

June 2023, Vol.10 No.28 16-24

There has been published work addressing
the design and optimisation of flat-plate solar
collectors and collector fields; however, there is
limited information on the incorporation of
fouling effects into the design and operation of
these systems. Some of the notable work is that
of Hajabdollahi et al [IV], who developed a
study to model and optimise a flat-plate solar
collector array based on an equation relating the
cost of the collector array and the conventional
heating system. In the cost model, the authors
incorporate the energy efficiency variable. Some
geometrical parameters such as length, collector
width, pipe diameter and collector arrangement
are involved in the work. It is concluded that the
cost-effectiveness of a solar system decreases
when high thermal efficiencies are sought.

From the point of view of collector field
operation, Weinstock and Appelbaum [V],
investigated the performance of a solar plant
considering intermittent effects on radiation
absorption caused by shading on the collector. In
addition, the system design was optimised to
minimise operating costs as a function of the
annual amount of energy produced. The authors
concluded that, for an optimal operation of the
plant, it is necessary to determine: the daily
energy demand, the cost of the area where the
collectors will be installed, as well as the
efficiency of the solar collector [VI.

Given that most of the work on solar
collector networks focuses on aspects of
operation, sizing and optimisation, without
considering the effects of fouling, the work
introduced here aims to fill this gap. To this end,
the starting point is the design of solar collector
networks to supply part or all of the thermal load
of an industrial process. For the purpose of this
work, a solar collector network consists of a
structure of parallel collector lines, where each
line consists of a certain number of collectors in
series.

The structure of a flat plate solar collector
network is such that the number of collectors in
series determines the temperature level that can
be achieved, while the number of collector lines
in parallel is determined by the total thermal load
to be delivered to a process. If it is known how
scaling deposition evolves over time, it will be
possible to define the number of collectors that
will allow operation to be maintained at a target
time.

LUGO-GRANADQS, Hebert Gerardo, CANIZALEZ-DAVALOS,
Lézaro and PICON-NUNEZ, Martin. Consideration of fouling by scaling
in the sizing of flat plate solar collector networks. Journal of Chemical
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In this work, a period of six months is set
as the desirable operating horizon for the
network. Since the appropriate oversizing is that
in which the fluid velocity is maintained,
oversizing is considered by adding collectors in
series at the cost of increasing the pressure drop.
The evolution of the pressure drop with
increasing fouling is analysed and an economic
analysis is carried out to determine the ideal
conditions for reducing investment and
operating costs. The results of this work
establish the basis for optimisation studies.

Methodology

To determine the scaling fouling, a mathematical
model developed by Lugo and Picén [I] is used.
The model is used to determine the amount of
CaCOz deposited on the inner walls of the tubes.

0= BB _
mg = 2(uk,+(cl+62)

[B+(C1sCy) a kP4 a2 Ky (Ko [CIC,1) ) ( 1)

a? k,?

The model determines the mass flux mg,
(kg/m?s) of CaCOs that is deposited inside the
tubes and considers the parameters involved in
scaling formation such as pH, Ca?* (C1) (kg/m®)
and COsz% (C2) (kg/m®) concentration, which
affect the solubility Ks, (kg?/m®) of CaOs in
water. The model includes design variables such
as temperature, which impacts the rate at which
the chemical reaction for crystal formation takes
place (defined by the reaction constant, ki
(m?/kgs). Another variable is the fluid velocity,
which directly affects crystal deposition and is
quantified by the mass transfer coefficient £
(m/s). A dimensionless parameter « is included,
which depends on the viscous and inertial
stresses that affect crystal deposition on the
surface. Over time, fouling increases leading to
changes in pipe roughness and diameter, which
in turn leads to higher pressure drop.

The calculation of the mass flux, my,
(kg/m?s) that is deposited, allows the
determination of the thermal resistance
generated by the fouling during the operation of
the solar collectors by means of Eq.(2).
According to this expression, the thermal
resistance due to fouling, Rs (m? °C/W) is also a
function of the mass flux that is removed, m,
(kg/m? s) [VI]; the density pr (kg/m®) and
thermal conductivity As (W/m °C) of CaCOs.

aR; _ mig=niy
dac pflf (2)
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To determine the amount of heat Q.
(W/m?) per unit length (Eq.(3)) that reaches the
working fluid, it is necessary to take into account
the resistance to heat transfer from the surface of
the fin connecting the plate to the tube and from
the tube to the fluid (Figure 1). These resistances
occur through the junction between the plate and
the tube, Rk (m? °C/W), the tube wall, R; (m2
°C/W), the fouling layer, Rs (m? °C/W), and
from the inner wall to the centre of the tube by
conduction, Ry (m? °C/W), Eq.(4). It is common
to find that solar collector models do not
consider the resistance generated by fouling.

Qu = Uy (Tym = T) ®)

1

f T RntRi+ReiRs )
The thermal resistance due to fouling
directly affects the thermal performance of solar
collectors, since the amount of heat Qu (W)
absorbed by the working fluid (Eq.(5)) is only a
fraction of the net heat absorbed by the plate
(Eq.(6)) due to thermal and optical losses [V11I].

Qu = mf Cp (T; - T,) )
Qu = FrAs [IG (Tac) - UcAs(Tpm - Ta)] (6)

In the above equations, As (m?) is the area
of the plate, 7, (kg/s) is the mass flow inside the
tubes, Cp (kJ/Kg°C) is the specific heat, T; and
To (°C) are the inlet and outlet temperature in the
tubes respectively, Tt is the average temperature
of the working fluid, (Fr) is the heat removal
factor from the plate to the fluid, (Tpm-Ta) is the
temperature difference between the plate and the
environment (°C), (a, and t) are the absorbance
and transmittance of the cover and the Ig term
(W/m?) is the radiation intensity. This last
parameter is fundamental to determine the
efficiency (n) of solar collectors (Eq.(7).

Figure 1 Flat plate solar collector
Source: Own Elaboration in Autocad

Qu
M= (7)
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The thermal resistance generated by
fouling directly affects the hydraulic resistance,
since according to Eq.(8), the fouling thickness
xf (m) generated by CaCOgz deposition is
proportional to the fouling resistance and the
thermal conductivity. The thickness of the
deposit causes a decrease in pipe diameter and
increases the roughness of the pipes, so that the
flow and pressure drop are affected.

From EQ.(9) the pressure drop within a
solar collector network can be known [VII1]. The
pressure drop is proportional to the sum of the
hydraulic resistances, Ki (kPa s*m®°) and the
square of the volumetric flow rate V (m?%s).

APr = v? ?=1Kl- ©)

The main hydraulic resistances are due to
the friction, K1 (kPa s>/m®) generated by the flow
of the fluid through the length of the pipe and
that generated by the fittings Kz (kPa s2/m®),
among which are elbows, valves, unions, etc.

8L

Kl = TL’stf (10)
K, = £k (11)
2 2ds T

From Eq.(10) and (11) it can be seen that,
as the diameter is reduced, the flow resistance
increases, so the pressure drop also increases,
Eq.(11). The term f is the friction factor
generated along the pipe, kr is the resistance
factor for each of the fittings, L (m) and d (m)
are the length and internal diameter of the pipe.

Results

To demonstrate the application of the fouling
model, the operation of a single collector within
a collector network is analysed [IlI]. The
characteristics of the flat plate solar collectors
are shown in Table 1. The solar hour is
considered during a typical day in September
from 6 h to 18 h, the maximum radiation is
reached at 12 h with a value of 1067 (W/m?), see
Graph 1.
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Graph 1 Solar radiation vs. time of day

Dimensions Length Width Absorbent area
2099 [mm] 1196 [mm] 2.311 [m?]
Absorbent Number of tubes g_xternal Inner diameter
tubes iameter
11 10 [mm] 8 [mm]
Cover Material Transmittance Thickness
Solar tempered glass | 0.91 4 [mm]
. . Emissivity
Absorption Absorption surface | Thickness surface
0.95 0.4 [mm] 0.05
. Number of tubes E_xtemal Inner diameter
Collector pipes diameter
2 22 [mm] 20 [mm]

Thickness of bottom | Side insulation
Housing and  [ISNIEUT)) thickness

insulation 44 [mm] 25 [mm]

Material

Poliuretano + lana
mineral

Table 1 Technical characteristics of the solar collector

The study of the thermal and hydraulic
effect generated by fouling in the collector is
carried out under the following operating
conditions: inlet temperature of T;=55 (°C),
radiation of 1c=900 (W/m?) and volumetric flow
of =3.78 (I/min). The thermal resistance due to
fouling with respect to the operating time is
shown in Graph 2. It is observed that, as time
goes by, the fouling resistance increases
reaching a value of 1.5x10-3 (M?K/W) in a
period of 6 months. Graph 3 shows the mass flux
deposited on the pipe wall with respect to the
operating time under the same conditions.

0.002

16=900 [W/m?]
0.0015} Ti=55 [°C]

Flow=3.78 [/min]

0.001+

Rs [m?°C/W]

0.0005¢ 250ppm CaCO;

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time [h]

Graph 2 Thermal resistance due to fouling versus
operating time
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x10®
0.47

0.46 -

0.45F

md [kg/m2-s]

0.441

16=900 [W/m?]
250ppm CaCO3

0.43F

0.42

0 1000 2000 3000 4000
Time [h]

Graph 3 Deposited mass of CaCOj3 by fouling vs. time.

Graphs 4 and 5 show the variation of the
maximum daytime outlet temperature with
respect to the operating time and the increase in
pressure drop. In Graph 4, it can be seen that the
maximum temperature obtained over time
decreases, becoming 1.5 (°C) lower over a
period of just over half a year (4500 h). On the
other hand, the pressure drop increases with time
(Graph 5), reaching a pressure drop of more than
1.6 (kPa), which represents an increase of 4
times the original pressure drop in an operating
time of 4,500 hours. From these results it can be
seen that the fouling of the solar collectors has a
greater impact on the hydraulic part.

Graphs 6 and 7 show the curves of
collector outlet temperature and collector
efficiency versus time of day after 4,500 h of
operation with and without fouling (blue and
black line respectively). Graph 6 shows that,
when there is no fouling, the collector outlet
temperature increases throughout the day
reaching a maximum outlet temperature of 59.3
(°C), while when there is fouling, the maximum
outlet temperature is 57.8 (°C).

59.4

¢ T=55°C
= 5851 V=3.78 [I/min]
16=1020 [W/m?]

250ppm CaCO3

57.6

500 1000 1500 2000 2500 3000 3500 4000 4500
Time [hr]

Graph 4 Output temperature versus time
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=
N
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o
o)
T

0.4}

0

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time [h]

Graph 5 Pressure drop vs. time

The behaviour of the thermal efficiency
is presented in Graph 7. A typical trend of
decreasing over the course of the day is
observed. Since this parameter increases when
the fluid temperature is lower, it is observed that,
for the case with fouling, the efficiency values
with respect to time are higher by up to 8.5%
with respect to clean operating conditions.

Solar collector network

In the design of a solar collector network, the
volumetric flow and radiation are parameters
that determine the number of collectors needed
to reach the target temperature.

As higher temperatures are required, the
number of collectors in series increases, while as
the thermal load to be supplied to the process at
that temperature is increased, the number of
parallel lines must be increased. To exemplify,
assume that you have a line of 5 collectors in
series operating at 3 (I/min) and delivering a
certain target temperature (Figure 2a). If you
want to triple the heat load at that temperature,
you must add two more 5-collector lines to the
network as shown in Figure 2b.
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Graph 6 Departure temperature vs. time of day
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collectors each
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Graph 8 shows sizing results assuming a
desired temperature of 70 (°C). For the purpose
of the analysis, the design is carried out under an
irradiation of 700 (W/m?). The design is carried
out under clean and fouling conditions. The
design is presented for three volumetric flow
conditions: 3 (I/min), 4 (I/min) and 4.8 (I/min).
In clean conditions (blue lines), a total of 14
collectors are required for a flow rate of 3
(I/min), while 17 collectors are required when
operating with a flow rate of 4 (I/min) and 21 for
4.8 (I/min). This shows that when operating with
lower volumetric flow, fewer collectors are
required to reach the target temperature.
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In fouling conditions (red lines) under the
same flow and solar radiation parameters, it can
be seen from Graph 8 that with a flow of 3
(I/min), 15 collectors are required to reach a
temperature of 70 (°C). While for a flow rate of
4 (I/min) 19 collectors are required and for 4.8
(I/min) 22 collectors are required.

This means that, if a temperature of 70
(°C) is still expected to be delivered in a period
of six months under the solar radiation
conditions of 700 (W/m?), considering scaling
originating from a hardness of 250 ppm, a higher
number of collectors is required. In the case of
operation with a volumetric flow rate of 4
(I/min), if only 17 collectors are installed, after
six months, the presence of fouling will cause
the outlet temperature to be 67.3 (°C). This
means that, if two more collectors are installed
in series, after six months the target temperature
is 70 (°C). This means a 12 % increase in heat
transfer area.

Design considerations

The changing conditions of solar radiation
throughout the day and over the days of the year
necessarily imply that a design basis must be
taken. If the objective is for the system to be able
to deliver the thermal load at the required
temperature on any given day of the year, the
minimum level of radiation can be specified as
the design basis. This will result in a network
that is oversized on all other days of the year.
However, this means that energy can be stored
for later use [VI]. In Graph 9, the design is
presented considering different radiation levels.
For an irradiation of 600 (W/m?), 700 (W/m?),
800 (W/m?) and 900 (W/m?), 25, 19, 17 and 14
collectors in series are required under fouling
conditions, respectively.
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Graph 10 shows the behaviour of the
pressure drop in a network of solar collectors
operating under different flows in clean and
fouled conditions. It can be seen that the pressure
drop is directly proportional to the number of
collectors, presenting a logarithmic behaviour.
With the presence of scaling, the pressure drop
in the network increases considerably. It is
important to note that in the case of the design
with the lowest volumetric flow (3 I/min), the
rapidity with which fouling occurs causes the
pressure drop growth to be higher than in the
other cases. The implication of this is that
pumping costs grow faster when operating at
low volumetric flow rates. With these elements,
the design with a higher flow rate, e.g. 4.8
(I/min), allows to compensate the higher cost due
to the higher number of collectors needed, with
lower costs due to pumping.

Cost estimation

In this section an economic analysis is
performed based solely on the total annualised
cost of operation which is the sum of annualised
collector field costs plus the annualised cost of

pumping.
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Graph 10 Pressure drop vs. number of collectors
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Where V is the volumetric flow (m®/s), AP
is the pressure drop (kPa) and #p is the pump
efficiency.

The operating cost is obtained from:
Cos_b = cost,wt (13)

Where Cos_b is the cost of operation ($),
costy is the unit cost of electricity ($/kWh) and t
is the time of operation (h).

To determine the unit cost of operation, the
GDMTH tariff with a variable peak charge of
2.13 ($/kWh) for the month of April in the
municipality of Calera, Zacatecas in the Bajio
subdivision, published by the Comision Federal
de Electricidad [X].

The commercial cost of a solar collector is
estimated at $13,800.00 Mx. To obtain the
annualised cost of a solar collector network,
Eq.(14) is used, which requires an annualization
factor defined by Eq.(15). The useful life of the
equipment is considered to be 20 years and the
annual interest rate is 8%.

Cos A=C u-Fac_A-Tot col (14)
[ ia+d)™
Fac A= [(1+i)"—1] (15

Where C_u is the unit cost of the solar
collector, Fac_A is the annualisation factor,
Tot_col is the total number of solar collectors, i
is the annual interest and n is the number of years
of equipment life.

To incorporate the economic analysis into
the design of a collector network taking into
account the existence of fouling, the results of
Graph 8 are used. It is assumed that 48 (I/min) of
water at 70 (°C) needs to be supplied to an
industrial process. To supply this flow it is
necessary to increase the number of parallel lines
in the network. With the total flow and the flow
per line, the total number of parallel lines is
calculated, resulting in 16, 12 and 10 lines
required for a flow of 3, 4 and 4.8 (I/min)
respectively.
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To find the total number of collectors, the
number of lines is multiplied by the number of
collectors in each line.

The annualised total cost of operation is
obtained from:

Cos_T = Cost_A + Cost_b (16)

A comparative analysis is made between
the scenarios with and without fouling. Table 2
shows the results obtained for the case without
fouling. Under these conditions it is observed
that the design with a flow per line of 4 (I/min)
has the lowest total annualized operating cost
($320,376 Mx) and requires the lowest total
number of solar collectors (204).

Flow per line Colec No. | Total Cost Cost Cost
(I/min) per line | Line | colec colec ($) bomb (§) Total ($
3 14 16 224 | 3091200 51040 | 360160
4 17 12 204 | 2815200 38856 | 320376
4.8 21 10 210 | 2898000 33000 | 322800

Table 2 Cost analysis of the network with different design
without scaling

The scenario under fouling conditions is
now analyzed and the results are shown in Table
3. It is observed that with a volumetric flow of 3
(I/min) per line, 15 manifolds in series per line
are required to reach the target temperature, and
a total of 16 lines are needed to achieve the total
flow required by the process. This means that the
total number of manifolds the network needs is
240, resulting in an annualized cost including
pump operation of $386,144 Mx. On the other
hand, when operating with a flow rate of 4
(I/min) and 4.8 (I/min), the total annualized
operating costs are $359,424 Mx and $343,300
Mx respectively. As shown in Table 3, each of
these designs require fewer collectors (228 and
220, respectively), and the operating costs per
pumping are also lower compared to the design
with 3 (I/min) and 4.8 (I/min), respectively).

Flow per line | Colec | No. | Total Cost Cost Cost

(I/min) per | Line | colec | colec ($) | bomb ($) | Total ($)

line

3 15 16 240 | 3312000 54944 386144
4 19 12 228 | 3146400 44784 359424
4.8 22 10 220 | 3036000 39700 343300

Table 3 Cost analysis of the network with different design
considering scaling
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Graph 11 presents the pumping costs for
each of the operating cases of 3 (I/min), 4 (I/min)
and 4.8 (I/min) per line under conditions of
accumulated fouling in six months. It is observed
that starting at manifold 17, the pressure drop of
the network operating at 3 (I/min) grows faster
compared to the other systems. This occurs for
two reasons: a) the number of collectors is
greater, so the length of the fluid flow is greater,
and b) this system, which operates at a lower
speed, tends to generate more fouling, which
over time forms a larger layer that reduces the
diameter of the pipes and increases the resistance
to flow and the pressure drop.

Conclusions

This paper demonstrates the importance of
considering the effect of scaling fouling in the
design and operation of flat plate solar collector
networks. Taking as a basis the total annualized
operating cost, which includes the investment
cost in equipment and the operating cost by
pumping, the difference between the design that
would be obtained if scaling is considered or not
considered in this stage is clearly observed. It
can be seen that it is advisable to design with a
higher volumetric flow of operation per line,
because with the passage of time, not only will
the operating costs be lower, but it will also be
feasible to achieve the target temperature in the
time in which the cleaning of the equipment can
be planned. The main conclusions of this work
are:

1. The sizing of a solar collector network to
supply low temperature thermal load to
industrial processes must consider the
adverse effects, both thermal and
hydraulic, that scaling fouling produces.
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2. To incorporate the fouling phenomenon
in the design process it is essential to
have a mathematical model to predict the
deposition on the surfaces of the tubes.
The model presented here can be used
satisfactorily for this purpose.

3. The design under fouling conditions
indicates that it is preferable to design
with higher volumetric flow rates per
line, since the fouling deposition rate
depends inversely on the fluid velocity in
the pipes.

4. The total number of collectors per line
increases with the volumetric flow rate,
but the number of lines required to
supply the total flow rate is reduced. This
results in a lower total number of solar
collectors.

5. When a solar collector network has not
been designed taking into consideration
the effects of fouling, it is found that the
maximum temperature obtained drops by
1.5 °C in a period of six months, while
the pressure drop increases
approximately four times.

6. The annualized total cost of operation
indicates that the design of a solar
collector network should be carried out
with a volumetric flow per line of 4
I/min, while, if scaling resistance is taken
into  account, the recommended
volumetric flow is 4.8 I/min per line.
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Abstract

The objective of this research was to evaluate the influence
of the concentration of phosphoric acid in the impregnation
to obtain hydroxyapatite (HAp) from the recycling of the
eggshell reduce the residues formed in conventional
synthesis; in addition to evaluating the Ca/P ratio in the type
of HAp obtained, in order to test the material in the removal
of dyes. The material obtained was characterized by
Scanning  Electron  Microscopy, Energy Dispersive
Spectroscopy (EDS) to obtainmorphology and elmental
composition, Fourier Transform Infrared and Raman
Spectroscopy, to determine functional groups and crystalline
phases respectively. A carbonated HAp was obtained,
increasing the concentration of phosphoric acid (0.5M, 1M,
1.5M, 2M and 2.5M) increases the presence of the phosphate
group in the material; therefore, the presence of carbonates
decreases. It is important to highlight that by Raman it was
not possible to find the presence of phosphates, it is necessary
to analyze the material by other characterization techniques.
Although, with the other techniques used, it was possible to
determine the presence of this in the material.

Green chemistry, Hydroxyapatite, Impregnation

Resumen

El objetivo de esta investigacion fue evaluar la influencia de
la concentracion del acido fosforico en la impregnacién para
obtener hidroxiapatita (HAp) a partir del reciclaje del
cascarén de huevo, con la finalidad de reducir los residuos
formados en las sintesis convencionales; ademéas de evaluar
la relacién Ca/P en el tipo de HAp obtenida, con la finalidad
de probar el material en la remocién de colorantes. El material
obtenido se caracterizd por microscopia electronica de
barrido (MEB) para conocer la morfologia del material,
Espectroscopia de Energia Dispersiva (EDS) para obtener la
composicion elemental, Espectroscopia de Infrarrojo con
Transformada de Fourier y microRaman, para conocer los
grupos funcionales y las fases cristalinas respectivamente. Se
obtuvo una HAp carbonatada, al aumentar la concentracion
del &cido fosfdrico (0.5M, 1M, 1.5M, 2M y 2.5M) incrementa
la presencia del grupo fosfato en el material; por ende,
disminuye la presencia de carbonatos. Es importante destacar
que por Raman no fue posible encontrar la presencia de los
fosfatos, es necesario analizar el material por otras técnicas
de caracterizacion. Aunque, con las otras técnicas usadas si
se pudo determinar la presencia de este en el material.

Quimica verde, Hidroxiapatita, Impregnacion
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1. Introduction When the ratio is 1.67, it is known as

The alternative chemical routes for the synthesis
of materials, is an option to develop synthetic
methodologies that reduce or eliminate the
residues that are formed. They use
environmentally friendly processes, which can
be used in different areas, for example in
photocatalysis (Marinas A., 2007) (Doria S.,
2009) (Hernandez L. & Prierto S., 2017).

One of the materials that has aroused
interest due to its physical and chemical
properties is hydroxyapatite (HAp); it used in
bone implants, drug delivery, dental treatment,
pollutant absorption (Nayak & Bhushan, 2021)
and in the conservation of different materials
(Martinez P., Alvarez G., & Cervantes J., 2021),
With chemical formula Cai0(PO4)s(OH)2, there
are three types of HAp:

1. Carbonated HAp (A and B type).
2. Stoichiometric HAp.
3. Calcium deficient HAp

The difference between these lies in the
atomic relationship between calcium and
phosphate. When the value is greater than 1.67 it
indicates that it is carbonated; where the
carbonate ion (CO3™) can substitute by
physicochemical means, the hydroxyl sites (OH-
) or phosphate (P02™), which are present in the
structure of the HAp (see figure 1) (Botero,
2017).

In Carbonated HAp type B the ions CO5~
replace groups PO;~. While, in A, the CO5™
replace the group OH" (Ochoa, L6pez, & Copete,
2021).

PO‘G' *’. .1 . !
Cost' % ’ _‘. ’ {\OH

l ',9.‘: Usl

olP
Pasicién B KCO.G( 0,)(OH), \

Posicion A

Figure 1 Types of carbonated HAp
Source: (Ochoa, Ldpez, & Copete, 2021)
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stoichiometric HAp, it crystallizes in the
hexagonal system, it has low reabsorption
kinetics and low solubility; for values lower tan
1.67, it is deficient in calcium (Londofio,
Echavarria, & De La Calle, 2006).

Due to the diversity of HAp type, interest
has grown to improve the synthesis method
(Mohd P., y otros, 2020).

HAp can be synthesized using chemical
precursors, especially calcium and phosphorus,
by dry, wet, thermal methods or a combination
of these (Sawada, Sridhar, Kanda, & Yamanaka,
2021), solid, state sol-gel, electrochemical, etc.
(Sultana, y otros, 2021).

Also, it can be extracted from natural
sources such as eggshells, bones or scales of
animals that are rich in calcium (Khoo, Nor,
Ardhyananta, & Kurniawan, 2015)(Agbabiaka,
y otros, 2020).

Recent research has determined the
absorption efficiency of HAp from natural
sources over textile dyes (Vinoth K., Jani S.,
Ahila, Ravindran, & Chang, 2021).

For this reason, in this work the influence
of the concentration of phosphoric acid during
impregnation on the type of HAp is evaluated.

2. Methodology
2.1 Reactant

Hydrogen peroxide (90%), phosphoric acid
(85%) purchased from Sigma-Aldrich and
distilled water.

2.2 Hydroxyapatite synthesis (HAp)

For the synthesis, the methodology proposed by
Enriquez et al (Enriquez P., Castrejon S.,
Rosales D., & Diaz C., 2020) was followed.

HAp source is obtained by recycling the
eggshell, it is first washed with 30% H>O: to
remove impurities; then it was dried at 80°C for
48 h.

ORTIZ-MORALES D. L., ENRIQUEZ-PEREZ, Ma. Angeles,
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Subsequently, the material is divided into
five parts; Table 1 shows the impregnation
conditions with HsPOa. It was left to settle for 24
h, to promote the interaction between the
material and the solution. Subsequently,
washings are carried out with distilled water
until a neutral pH is reached. The material is
calcined at 800°C for 2 h.

Concentration HsPO4 (M) |
0.5

1
1.5
2.0
25

Table 1 Concentration of H3PO4
Source: Own Elaboration

2.3 Characterization of HAp
2.3.1 Scanning Electron Microscopy

To know the morphology of the material, a
Scanning Electron Microscopye (Jeol 1T-100)
coupled to an X-ray microprobe (EDX) was used
for elemental analysis.

For the elemental analysis, it was carried
out on the surface of the sample in three different
zones, the average was taken, to obtain the Ca/P
ratio.

2.3.2 FTIR spectroscopy

To know the functional groups in HAp, a Perkin-
Elmer FT model 2000 spectrophotometer was
used in ATR mode, with an acquisition interval
of 4000 to 500 cm?, the analysis was performed
directly on the sample.

2.3.3 p-Raman spectroscopy

To determine the crystalline phases of the
samples, a pRaman equipment model
XploraPlus Jobin Yvon Horiba was used, a solid
state laser (A=532 nm) was used, the maximum
power is 25 mW, a 50 X lens was used to focus
and collect scattered light. The power on the
surface of the sample is 10% of the nominal
power, diffraction grating of 1200 lines per
millimeter was employed, 100 acquisitions of 1
s each were averaged.
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3. Results and discusion
To study the effect of the H3PO4 concentration
on Ca/P ratio, all samples were heat treated at
800°C for 2 hours.
3.1 Scanning Electron Microscopy
Figure 2 shows the micrographs of the HAp, it is

observed that all the samples present particles
with an irregular shape and size.

Figure 2 HAp micrographs
Source: Own Elaboration

At a molar concentration of 0.5,
agglomerates are  observed that are
heterogeneously distributed on the surface of the
material, with a porous morphology. Likewise,
by increasing the concentration of phosphoric
acid, the agglomerates and the presence of
irregular pores are preserved.

The presence of empty spaces is since
there is not a homogeneous distribution of the
material. In addition, the presence of pores will
facilitate contact with any liquid substance,
promoting a greater exchange of ions (Fragoso
A., y otros, 2018); therefore, the material has a
potential use as a photocatalyst for the
degradation of pollutants.

3.1.1 Elemental analysis

Table 2 shows the averages obtained from the
atomic ratio, including the Ca/P ratio of the
sample.
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M C O Mg Ca P | CaP When the material is impregnated with

05| 146| 49.7| 055| 406| 21| 1933

1| 642 57| 041| 315| 24| 13.30
15| 636 59.5| 039 29.1| 43 6.90
20| 135 57| 0.00f 244| 51 4.75
25| 555| 619| 0.26] 253| 6.6 3.84

Table 2. Atomic ratio vs concentration of H3POj.
Source: Own elaboration

The influence of the concentration on the
atomic relation Ca/P, is shown in Figure 3, as the
concentration increases, the relation decreases; it
indicates, at a concentration of 0.5 M there are
approximately 19 calcium atoms for a
phosphorus, while at 2.5 M it is reduced to 4
calcium atoms for a phosphorus.

The values obtained indicate the presence
of a carbonated HAp, as reported in the literature
(Rivera J.A, Fetter G., Bosch P., 2011).

20

18

16 4

14

124

10

Atomic Radio Ca/P

Concentration (M)

Figure 3 Ca/P atomic ratio vs HsPO4 concentration
Source: Own Elaboration

3.2 FTIR spectroscopy

Figure 4 presents the infrared spectra of the HAp
samples as a function of the H3POs
concentration (0.5 M, 1M, 1.5 M, 2.0M and
2.5M). The spectra show the characteristic bands
of phosphate at 1026 cm™ (1082 cm™) and
hydrated phosphate at 2909 cm™ (2900 cm™)
(Diaz, 1974), of carbonate at 1453, 14010, 980 y
872 cm?! (Pleshko N., Boskey A. and
Mendelsohn R., 1991), cyclic carbonate a 2988
cm (2990 cm™Y) (Velazquez Lopez E., Gutiérrez
Arzaluz M., Aguilar Pliego J., Mugica Alvarez
V., Torres Rodriguez M., 2015), the OH group
is observed at 3638 cm™ (Rivera J.A, Fetter G.,
Bosch P., 2011).
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different concentrations of HsPOg, it is observed
that the 1026 cm™ band grows as the acid
concentration increases, this confirms that
changing the concentration of phosphoric acid
increases the presence of phosphates in the
material.
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Figure 4 HAp espectra, with 0.5 M, 1M, 1.5 M, 2.0M and
2.5M
Source: Own Elaboration

3.3 MicroRaman spectroscopy

In Figure 5, it is possible to observe the
normalized Raman spectra of all synthesized
samples corresponding to the different
concentrations of H3POas. Signs were found in
150, 277, 707 y 1083 cm™,

The indicated signals all correspond to
calcium carbonate and come from vibrations of
the CO5~ group of vibrational modes of the
lattice (Harris, Mey, Hajir, Mondeshkic, &
Wolf, 2015), (Bai, Guo, Li, & Huang, 2017), (de
Paula, Huila, Araki, & Toma, 2010).

In the Raman spectra, no signals
corresponding to the PO;~ group corresponding
to the HAp were found. In a previous report
(Contreras C., Garcia G., Enriquez P., &
Castrejon S., 2022) it was possible to appreciate
that there were very weak signals for the internal
vibrations corresponding to phosphate groups.
The intention was to monitor if the signals
associated with groups PO;~ suffered an
affectation in their intensity as a result of the
treatment with HsPO4. We believe that the laser
used does not allow efficient Raman scattering,
therefore very little signal is generated, but these
groups are present in the FTIR spectra and in the
EDX analysis.
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Figure 5. Normalized Raman spectra of HAp
Source: Own Elaboration

On the other hand, it was observed that the
intensities of the signals located at 150 and 277
cm? in the Raman spectra are sensitive to the
molar concentration of the H,PO, solutions. It
was noted that the intensity of these signals
decreased as the concentration of H,PO,
increased. The following relationships were
calculated:

Iy =22 @)
1080

I, =22 )

r2 I1080

Where I, is the ratio of intensities
between the peak located at 150 cm™ (I;5,) and
the one located at 1080 cm™ (I,4g); in the case
of I, it is the ratio of intensities
1, corresponding to the signal located at 277
cm? and 1,59, Which is the same as in the
previous case.

Subsequently, I, and I,., were plotted as a
function of the molar concentration of H;PO, as
shown in Figure 6. The tendency of the relative
intensities I, and I, to decrease as the molar
concentration of H;PO, increases can be clearly
seen. This coincides with the tendency of the
Ca/P ratio to decrease as a function of increasing
H,PO, concentration.
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Conclusions

In the results obtained from the characterization
techniques, the characteristic groups of the HAp
were found; therefore, it is possible to synthesize
the material using the eggshell as a precursor.
With this technique it is possible to reduce the
amount of waste, with water being the only by-
product, which favors the environment.

A Ca/P ratio greater than 1.67 was
obtained, resulting in a B type carbonated HAp.
By increasing the HsPOs concentration, the
atomic content of phosphorus increase and
carbonates decrease, as could be verified both in
EDS, FTIR and micro-Raman. Additionally,
photocatalytic test of all prepares HAp, Will be
carried out in order stablish a relation ship
between Ca/P ratio and photocatalytic
performance.
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