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Abstract

This work aimed to develop and optimize a simple and rapid method to fabricate a commercially viable catalyst for treating
colored, organics-pregnant wastewater effluents for small and medium units requiring simplified fixed installations and
medium-skilled labor. This work concentrated on the direct immobilization of CuO onto quartz sand. The crystallography
features confirmed complete crystallization in the Tenorite phase. Tenorite grain size showed propagation with annealing
temperatures (AT) and slower cooling rates (CR). The SEM confirmed their uniform spherical particles in the submicron
range (400-600 nm). A thorough statistical analysis was conducted to infer the optimum synthesis conditions: AT ~ 400 °C
and CR: SC. The fabricated material has demonstrated promising and superior catalytic activity performance for removing
organic pollutants. The dynamic optimization plot helped infer the optimum conditions yielding the highest % decolorizing, >
95%, as 0.5 g of 5400Aq catalyst, &~ 2.0 mL of 3% H>05, and pH: 2. The dye decays exponentially according to pseudo-first-
order kinetics with a half-life time of 3.7 min in case of 5400Aq. The results suggest that the fabricated CuO-coated sand is an
effective and commercially viable catalyst, simple, cost-effective, reliable, readily applicable and separable, efficient, enhanced
process kinetic, and needs no irradiation.
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1 Introduction

Pollution of water bodies can be defined as the reach of
contaminants without adequate treatment into them, caus-
ing environmental harm and affecting the entire biosphere.
Adequate treatments mean eliminating the potentially toxic
compounds (PTCs) or transforming the malignant forms into
benign ones. United Nations (UN) stated in UN Decade for
Water 2005-2015 focus area entitled water and sustainable
development: “Water is at the core of sustainable develop-
ment and is critical for socio-economic development, healthy
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worldwide issued quality standards for wastewater efflu-
ents and industrial discharges to control and prevent water
resources pollution and protect the aquatic environment,
habitats, and biodiversity. The world health organization
(WHO) guidelines for drinking water quality provide the
framework for public health protection and risk manage-
ment recommendations. Under the Safe Drinking Water Act
(SDWA) of 1996, the U.S. EPA enforces the national primary
drinking water regulations for 91 contaminants, includ-
ing microorganisms, disinfectants, disinfection byproducts,
radionuclides, and other inorganic and organic compounds.
The 1996 SDWA Amendments set the process for fur-
ther contaminant regulations and standard-setting through
Contaminant Candidate Lists (CCLs) and subsequent Regu-
latory Determinations (RDs). Over 100 organic and inorganic
compounds are currently listed on the latest CCL (CCL4)
to be considered for regulation upon RDs [2, 4]. These
water regulations will continue driving the implementation
of wastewater treatment processes.

Synthetic organic dyes are utilized in wide-spectrum
industries such as paper, textile dyeing, cosmetic ingredients,
pharmaceuticals, and many other sectors [5]. The uncon-
trolled release of untreated textile and dye-house effluents
may cause serious consequences such as abnormal coloration
of the water bodies, eutrophication, and poor water quality,
directly affecting the aquatic fauna and flora and threaten-
ing environmental safety [6, 7]. Ten thousand types of textile
dyes were reported to be regularly used in different indus-
trial sectors in amounts of about 280,000 tons per year, of
which 15-50% are discharged as industrial effluents world-
wide every year. 70% of the total textile dyestuffs are azo
dyes [8, 9], which involves cleavage of the azo bond during
their photocatalytic degradation generating mutagenic and
carcinogenic aromatic amines [10, 11] necessitating efficient
treatment methods with no problematic secondary products.
Researchers have reported and continue to develop various
treatment methods such as ozonation [12], adsorption [13,
14], ion exchange and membrane processes [15], biological
methods [8, 11, 16], and oxidative methods [17-22]. Dyes
in wastewater severely affect the nature and quality of water
by inhibiting sunlight penetration into the stream, thereby
reducing the photosynthesis reaction [23].

Numerous studies demonstrated and continued to climb
the elimination of organic pollutants by oxidative methods
due to the ability to completely decompose the pollutant into
CO; and H>O end products [2, 3]. These processes are collec-
tively termed advanced oxidation processes (AOPs), deserve
the researchers’ interest, and utilize heterogeneous cataly-
sis to generate in situ reactive oxidative species (ROSs) to
attack pollutants cleaving their linkage bonds. The AOPs
were defined by Glaze et al. [24] as: “near ambient temper-
ature and pressure water treatment processes which involve
the generation of hydroxyl radicals in sufficient quantity to

Springer

effect water purification”. Afterward, the international union
of pure and applied chemistry (IUPAC) stated that “advanced
oxidation technologies (AOTs), which involve the in situ
generations of highly potent chemical oxidants, such as the
hydroxyl radical (-OH), have emerged as an important class
of technologies for accelerating the oxidation (and hence
removal) of a wide range of organic contaminants in polluted
water and air.” [25]. AOTs involve various activation and
oxidants generation methods and may utilize several mecha-
nisms for organic contaminant removal, sharing the common
denominator of hydroxyl radical chemistry [25]. The central
requirement of efficient AOPs is the fast generation of ROSs
in adequate amounts, a function of the employed catalyst,
among other experimental conditions. The catalyst is usu-
ally a semiconductor powder (mostly metal oxides) that is, if
photo-induced requires UV—Vis irradiation to produce ROSs
such as hydroxyl (-OH) or superoxide radicals (-O> ™), able
to completely degrade various organic compounds without
forming secondary hazardous byproducts [5, 15, 26-33].

Heterogeneous catalysts gained significant attractiveness
affording high reactivity for ROSs generation in addition to
their thermal stability, separability, and reusability [34, 35].
Titanium dioxide (TiO,) is the most common efficient cat-
alyst for the oxidation of various compounds, provided that
it is activated by UV irradiation [21, 36-38]. Due to the
practical complications and higher energy consumption of
UV irradiation-based systems and higher cost of TiO;, other
semiconductors metal oxides have been tested, such as zinc
oxide (ZnO) [39, 40], nickel oxide (NiO) [41-43], ferrite
(Fe>03) [39, 44], and cadmium sulfide (CdS) [45, 46]. Due to
its inherent features, such as high activity, excellent electrical,
physical, and magnetic properties [47], affording a narrow
band gap of 1.2-1.5 eV [48], and low cost, copper oxide
has attracted considerable interest and widely researched in
the last 30 years. The use of CuO in free form with hydro-
gen peroxide and persulfate as oxidants showed promising
performance features, demonstrating that the reaction is not
Fenton-like [5, 49-52].

However, few AOPs are implemented worldwide due
to some practical challenges and aspects which should be
studied, addressed, and resolved to increase the benefits
and reduce the shortcomings’ cost. High-cost, electrical
energy consumption, efficient catalysts fabrication, effective
catalyst separation and reuse methods restricted operating
conditions, catalyst debris and leachate separation, need for
effluents chemistry re-modification before discharging to
the sewer system or environment, and equipment require-
ments are among such challenges. Efficient catalyst materials
fabrication has great room for enhancing the whole pro-
cess performance, especially separability, and reducing the
agglomeration tendency from the practical point of view.
Hence, it is urgent to look for solutions and procedures
to overcome and/or minimize such challenges and improve
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performance and the economy. Immobilizing catalysts on a
suitable support or carrier may provide a practical solution
for agglomeration and separability problems.

Immobilization of catalysts in a way to maintain their cat-
alytic properties is a must for large-scale use to enhance the
reaction further and pick up heterogeneous catalysis merits.
Various applications could benefit from such enhancements
and immobilizations, such as effluents’ contaminant degrada-
tion, alternative energy, and chemical processes [53]. Many
supporters have been tested, including alumina [54], silica
[55, 56], polymers [35], zeolites [57], and sand [53, 58]. The
catalytic features of immobilized or anchored catalysts to dif-
ferent types of supporters were studied extensively [59-63].
CuO immobilization was also investigated [3, 41, 53, 55, 58].
Various kinds of supporters have been proposed and inves-
tigated, such as alumina [41, 54], zeolite [64, 65], activated
carbon [61, 66, 67], clay and montmorillonite [3, 58], and
sand [53, 55, 58, 68]. Also, different immobilization or incor-
poration methods have been devised, proving success and
usefulness with different degrees from the catalytic perfor-
mance point of view, such as wet impregnation-calcination,
sonication, deposition, chemical, and physical vapor deposi-
tion [53, 55, 60, 69-72].

The ideal support is the one that enhances the catalytic
performance of the catalyst, provides a ground for uniform
and homogenous distribution of the catalyst, is available in
large amounts with low prices, is inert to the reaction mix-
ture, or is taking part in the reaction in the right way as that of
the catalyst, mechanically fit, easily separable with contami-
nating the reaction mixture, and eco-friendly. Moreover, the
immobilization method should be easy, fast, require no fixed
or complicated installations or preparation steps, low-priced,
requires reasonable time scales for completion, and suitable
for massive production, and easily scalable to the industrial
level.

Complete degradation of a contaminant’s simulant within
short periods (enhanced process kinetic), low peroxide con-
centration, lower temperature, without UV light, moderate
pHranges, and enhanced catalyst durability are the main opti-
mization parameters to achieve the projected goal. Hence, it
is urgent to look for solutions and procedures to overcome
and/or minimize such challenges and improve performance
and the economy.

So, the current work attempted to develop and optimize
a simple, cost-effective, reliable, readily applicable, separa-
ble, and efficient immobilization of CuO on the sand to yield
a catalyst with excellent performance for treating organic
pollutants in pregnant waters to meet technology-based treat-
ment standards. The catalytic activity of the developed
supported and unsupported catalysts is investigated with
complete decolorization and/or degradation of the simulant
contaminant (MO dye) within short periods (enhanced pro-
cess kinetic), utilizing low hydrogen peroxide amounts, at

ambient temperature, without UV irradiation, and enhanced
catalyst durability are the main optimization parameters to
achieve. Direct immobilization of the CuAc,.H,O thermal
decomposition products on the sand as support is the subject
of this work. The effects of loading conditions, including
decomposition temperature, cooling rate, quenching media,
and CuAc,.H>O to sand ratio, previous activation of sand,
will be studied systematically. PXRD and its Rietveld refine-
ment, SEM-extracted data, and statistical analysis of the
obtained information are utilized to extract useful informa-
tion to conclude the most prominent synthesis conditions.
Evaluating and optimizing the catalytic activity for the degra-
dation of organics-pregnant wastewater effluents, especially
from dyes and textiles industries, are investigated, and the
parameters’ effects have been explored to optimize the reac-
tion conditions. This work aimed to develop and adapt a
simple, rapid, easy-to-implement, low-cost, efficient, suit-
able for massive production and application, and readily
applicable method for treating colored, organics-pregnant
wastewater effluents, especially from dyes and textiles indus-
tries.

2 Experimental Procedures
2.1 Materials and Reagents

Copper acetate monohydrate (Cu(Ac);). H>O, manufacturer,
and grade) is used as the active ingredient precursor. Methyl
Orange (MO, manufacturer, and grade) is used as a recalci-
trant azo dye simulant. 3% Hydrogen peroxide H,O; oxidant
stimulation. HCI, A.R., 37%, Fluka, and NaOH pellets, ACS
reagent, Sigma-Aldrich were used for pH adjustments. All
reagents were used as received without further purification.

3 Preparation, Synthesis, and Coating
Conditions

Sand, normally used for construction purposes in
AdDawadimi city, Kingdom of Saudi Arabia (KSA), is
used as support. Sand particles were sieved, and the portion
of the particle size range 250-500 wm was separated and
used for the subsequent processing steps. The sand was
washed and cleaned as follows:

a. Repeat wash and rinse with tap water three to four times.

b. Soak in acetone for 20-30 min and then decant the super-
natant.

c. Wash with distilled Water.

d. Soak 20-30 min in diluted hydrochloric acid (HCI) and
decant the supernatant.

e. Rinse with distilled water two times.
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f. Dry sand at ambient temperature.

A predetermined amount of previously washed and
cleaned sand, 20 g, was mixed well with 5 g CuAc;.H>O in
a dry clean porcelain pot, the ratio termed 5:20. The porce-
lain pot was then put into the furnace heated with 10 °C/min.
up to the anticipated coating temperature, hold it there for
one hour. Then, the furnace was turned off, and the coat-
ing mix was cooled according to an adopted cooling rate.
The two adopted cooling schemes were slow cooling (SC)
and air quench (Aq). The slow cooling was achieved by
letting the sample cool inside the furnace after turning it
off, following the cooling rate (= 2 °C/min., or more pre-
cisely, according to the equation: cooling time (minute) =
— 0.8224T(°C) + 367.93, RZ = 0.9247). The fast cooling
scheme, Aq, was achieved by quenching the sample into the
air, which cooled rapidly with an approximate cooling rate
of > 45 °C/minute (exact cooling rate follows the equation:
Cooling time (minute) = — 0.02587(°C) + 12.363, R> =
0.9722), reaching the ambient temperature within approxi-
mately 10—-12 min. According to these anticipations, many
samples were synthesized as detailed with their correspond-
ing preparation conditions in Table 1.

4 Follow-Up Methods

Discoloration extent was followed-up spectrophotometri-
cally using a UV-Vis spectrophotometer (JENWAY 6850
UV/Vis. Spectrophotometer). In addition, changes in the
parent molecule concentrations and the appearance of degra-
dation products could be identified using the scan function
from 190 to 600 nm. The hydrogen ion concentration (pH)
changes were measured using a pH sensing electrode (Pasco-
Scientific pH electrode) connected to a data logger (Explorer
GLX, Pasco) via PASPort CHEMISTRY Sensor, Pasco-
Scientific. The pH meter was operationally checked and
calibrated whenever needed, following the manufacturer’s
guidelines. The temperature (7, °C) was measured using an
independent electrode connected to the data logger via the
Passport CHEMISTRY Sensor.

5 Characterization Techniques

The surface morphology of the prepared materials was
probed using a scanning electron microscope (SEM) working
at5kV (SEM, JOEL LA model). In addition, crystallographic
characteristics and identification of the decomposition prod-
ucts were carried out using the powder X-ray diffraction
(PXRD) technique on a D8 advanced Bruker XRD diffrac-
tometer operating with CuKa source of A = 1.54056 A at
40 kV and 100 mA in 26 range 5°-80° with a step of 0.02°.
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The structural properties were explored, including samples’
phase identification, crystallite size, hkl, matching phases
quantification, and lattice parameters were assessed using
Rietveld refinement with Profex 5.1.0 software. Surface
porosity was estimated by surface area analyzer (Gemini VII
2390 Surface Area Analyzer—Micromeritics). The adsorp-
tive gas was Np, with an equilibration time of 10 s.

6 Results and Discussion

This work aimed to develop and optimize a simple, rapid,
easy-to-implement, low-cost, efficient, suitable for massive
production and application, and readily applicable method
for treating colored, organics-pregnant wastewater effluents,
especially from dyes and textiles industries. Each cascade
step has its influencing factors, the associated response vari-
ables, and controlled optimization parameters (controlled
variables). The relationship between them was studied sys-
tematically and thoroughly according to each experiment’s
specific anticipated output to include as many variables as
possible. The parameters (controlled variables) affecting syn-
thesis, loading, and subsequent simulant dye degradation
reaction were investigated. Those controlled and the accom-
panying uncontrolled variables are depicted in Scheme 1.
As seen in Scheme 1, the total number of variables is so
great, which impairs the full factorial study of their effects.
Hence, whenever deemed beneficial, statistical optimization
techniques were implemented. A detailed description of each
experimental set and the obtained results, comments, and dis-
cussions, are presented in their respective sections.

7 Structure, Composition,
and Morphological Characteristics

7.1 Crystallography of the Catalyst-Coating

The powder x-ray diffraction (PXRD) spectra of the cata-
lyst layer that was produced by direct staining quartz sand
by the thermal decomposition products of CuAc;.H,O are
presented in Fig. 1. In addition, the PXRD spectra of pure
decomposition products and quartz sand annealed at different
temperatures are also included for comparing the differences
in Fig. 1.

The PXRD spectra of quartz sand showed no disappear-
ance or appearance of peaks among quartz sand dried at
room temperature (RTS) or that annealed at 600 °C cooled
rapidly (S600Aq) or slowly (S600SC). This indicated an
unremarkable change in the chemical composition of quartz
sand with annealing temperature. No characteristic peaks of
CuAc;,.H>O or CuAc; appear, indicating complete acetate
decomposition at all tested decomposition temperatures.
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Table 1 Summary of the prepared samples and their synthesis conditions

No Code Activation Temp. (°C) cooling rate CuAcy.H;0: sand ratio Remarks
CN600SC 600 Slow cooling Pure CuAc, . H,O Heated up to loading temp
2 CN500SC 500 Slow cooling Pure CuAc;,.H,0 Heated up to loading temp. and
then air quenched
S600Aq 600 Air quench Bare sand Heated up to loading temp
S600SC 600 Slow cooling Bare sand Heated up to loading temp. and
then air quenched
5 RTS Room temperature Bare sand Only washed and dried at room
temperature without heating
1 5400AQ 400 Air quench 5:20 Heated up to loading temp
2 5500AQ 500 Air quench 5:20 Heated up to loading temp. and
then air quenched
5500SC 500 Slow cooling 5:20 Heated up to loading temp
5600SC 600 Slow cooling 5:20 Heated up to loading temp. and

then air quenched

Scheme 1 Schematic diagram

depicting the process’ black-box
AOPS DISCOLORATION OF ORGANIC DYES USING ONE-
STEP SYNTHESIZED CUO
CONTROLLED VARIABLES UNCONTROLLED VARIABLES

Synthesi's con.1ditions Wet chemistry conditions 1. Homogenization 7. pH fluctuations.
1. Calcination Temp. 1. Absence or presence 2. Particle size distribution of

i . ¥ 8. Small temp. changes.
2. Heating rate of oxidant (H,0,) support and catalytic coat ;

2% . 3 9. Filter paper blank.
3. Holding time 2. Amount of oxidant. 3. Precursor purity. 70, Shirei
4. Cooling rate 3. Method of oxidant 4. Lab. Atmosphere and ; f]u,:::agtions
5. Catalyst to support addition lighting intensity 4, “Tufbidiny effees

ration pH.
Activation temp. of

support

o

4

5. Time. 6
6. Type of Irradiation

7. Stirring Vs. shaking
8

9

1

5. Different support batches.
Reagents blank and purity

Aeration
. Temp.
0. Amount of Cat.

INTERMEDIATE OPTIMIZATION PARAMETER, A/A, (DISCOLORATION %) ‘

MINERALIZATION EXTENT ‘

Based on a high-temperature XRD study, Bellini et al. [73]
reported that CuAc, H,O lost hydration water at a lower tem-
perature. Decomposition started at 200 °C and continued
to 400 °C, leading probably to the co-formation of Cu,O,
and CuO amorphous phases, which crystallize to CuO in
an oxidation process, agreeing with that reported by Lin
et al. [74] of complete CuAc; decomposition at 310 °C [73,
74]. Distinct peaks with appreciable intensities are identi-
fied for cuprite (Cu,O) with £kl indices 110c, — 200c, 200c,
and 220c, Tenorite (CuO) with Akl indices 110t, 002t, 111t,

11-2t, 20-2t, 020t, 202t, 11-3t, and zerovalent metallic cop-
per (Cu®) with hkl indices 111Cu, and 200Cu. Formation of
the lower oxidation states products, CupO and Cu®, may be
reasoned to the imposition of in situ reducing environment as
the acetate anion breaks down upon heating to produce CO
and H» reducing gases [75, 76]. Lin et al., 2012; Naktiyok
and Ozer, 2019 studies show that employing TG/DTG and
DTA, CuAc; finishes decomposition at about 310 °C with
the formation of Cu®, Cu,0, and CuO. They reported that the
contents of Cu® and Cu, O decrease gradually with increasing
CuO from 310 to 510 °C [74, 77]. So, 400 °C was selected

@ Springer
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as the lowest coating temperature employed in this study
to ensure complete decomposition and formation of crys-
tal phases. However, the spectra for samples decomposed at
500 °C (CN500SC) still show the three phases with remark-
able intensities, while that at 600 °C (CN600SC) involved no
characteristic peaks for Cu® with very weak ones for Cu,0O,
confirming the preferable formation of CuO at higher tem-
peratures.

Interestingly, no characteristic peaks of Cu® or CuyO
are seen in the catalyst-coating spectra, 5400Aq, 5500SC,
5600Aq, and 5600SC, at all temperatures and cooling rates
experimented. This behavior may be explained as, when
decomposing pure CuAcy.H;O, a sticky layer may be formed
from the fine decomposition products as the produced gases
have no sufficient pressure to effect the complete layer rup-
ture, allowing the formation of in situ reducing pockets that
lead finally to the formation of lower oxidation state products.
But, in the presence of coarse quartz sand, the formation of
such sticky crust at the top of the coating mixture could not
be attained, allowing ease out-diffusion of reducing gases,
CO and Hj, and the in-diffusion of air. In such a way, the
establishment of in situ reducing pockets may be diminished,
leading to complete oxidation to the highest oxidation state,
CuO, as portrayed in Scheme 2. The presence and absence
of this sticky crust were assured visually.

S @ Springer

7.2 Rietveld Refinement of the Fabricated
Catalyst-Coating

Visual inspection of the data set revealed that the spectra
consist of sharp, well-separated peaks without too much
overlap with a good signal-to-noise ratio validating the data
set usability. The Rietveld refinement, developed more than
50 years ago, is an elegant method to resolve the prob-
lem of peak overlap. It is based on modeling a calculated
powder diffraction pattern described by a set of parameters
[78], enabling quantifying the phases’ composition with the
relevant structural parameters. In such a way, the variation
of the lattice parameters, crystallite size, and unit cell vol-
ume with the experimental conditions can be probed and
traced. In this study, Profex 5.1.0 software was utilized to
accomplish the Rietveld refinement task by deconvoluting
the overlapped peaks and quantifying the phases’ relative
proportions at different conditions. The prerequisite of any
Rietveld refinement is identifying and matching the present
phases by employing the search-match tool in Profex 5.1.0
and the help of QualX version 2.24. The monoclinic tenorite
phase (CusO4) with a space group No. #15 and Herman-
nMauguin = C2/c is the mainly identified catalyst-coating
phase. The sand substrate was identified with the greatest
peaks’ intensity as quartz with spacegroupNo#152 and Her-
mannMauguin = P3_121. No sample showed to contain
cubic cuprite (CusO3) or cubic copper (Cu®), as seen in the
case of thermal decomposition of CuAc,.H,O in the absence
of sand support, as mentioned above.
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Fig.2 Deconvoluted Powder X-ray diffraction patterns of the catalyst-coating onto quartz sand. “Conditions: test temperature: variable, hold time:
1 h, heating rate: 10 °C/min., cooling rate: variable
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Fig. 3 Graphical summary of Rietveld refinement extracted crystallog-
raphy

The deconvoluted Powder X-ray diffraction patterns of the
catalyst-coating onto quartz sand are shown in Fig. 2. The
spectra have no characteristic peak of CuAc,.H,O, assur-
ing the complete decomposition of CuAc,. The influence
of the cooling rate and the decomposition temperature on
the crystallinity of the catalyst-coating was studied. Thermal
decomposition temperatures examined were 400, 500, and
600 °C, with two cooling schemes of slow cooling (SC) and
air quench (Aq), and holding time at maximum temperature
was set for one hour with a heating rate at 10 °C/minute
for all experiments. Figure 2 shows the Rietveld refine-
ment’s deconvoluted spectra. The current work’s ultimate
goal is to optimize the coating conditions rather than the
complete evaluation of the crystallography of the products.
The deconvoluted peaks explore remarkable changes with
the AT increase, as no observable peaks are seen at 400 °C
and Aq, Fig. 2a, of the catalyst-coating. This theme may
be due to thinner layer formation with a lower crystalline
share supported by the amorphous phase in the SEM images.
The samples calcined at higher temperatures showed distinct
characteristic peaks of the catalyst-coating, namely Tenorite,
with no peaks for Cu® and cuprite, confirming complete
oxidation of the decomposition products to CuO at all tem-
peratures higher than 400 °C. Tenorite phase, as the active
ingredient, ramped from 0.3% at 400 °C and Aq to 13% at
500 °C and Aqg. However, at 600 °C and Aq, the Tenorite
percentage decreased to 7.5%, then ramped up to 13.1% at
600 °C and SC. Although these percentages may not reflect
the actual share of the catalyst-coating to quartz, it represents
a good ground for comparison purposes. The mixture was
initially prepared (CuAc;.H>O/sand is 5:20) to yield about
9% of CuO to quartz. A graphical summary comparing the
percentages of the Tenorite phase and grain size is given in
Fig. 3. The grain size of Tenorite showed a mild increasing
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trend with temperature and a more rigid ramping with chang-
ing cooling scheme from Aq to SC, Fig. 4. As evident from
Fig. 4, the Tenorite average grain size exhibited mild depen-
dence on calcination temperature and far exacerbation with
slow cooling for the sample calcined at 600 °C. The descrip-
tive statistics of the different crystal phase parameters are
summarized in Table 2.

8 Statistical Analysis of the Data Obtained
from Rietveld Refinement

Descriptive statistics of the phases percentages and the grain
sizes are summarized in Table 2 and Fig. 5. Tenorite’s aver-
age grain size did not follow the normal distribution (p-value
< 0.05 according to the Anderson—Darling test) with positive
Skewness as it tends toward the heavier tail (i.e., larger grain
sizes). Moreover, the positive Kurtosis values demarcate that
the distribution has a sharper peak than the normal distribu-
tion, possibly due to the low number of samples represented
statistically. However, the sharp growth of the Tenorite grain
size at the boundary conditions tested, i.e., 600 °C. Such a
theme may point out that there is a systematic growth of the
grain sizes with the calcination temperature rising, leading to
that deviation from the normal distribution pattern. This may
infer the dependence of tenorite grain sizes on AT in direct
proportion and CR since it grows rapidly with the cooling
rate slowing. The median is far lower than the Q3-values
and the maximum value, indicating an extreme value in the
heavier fringe (i.e., 239 nm at 600 °C and SC). This may lead
to concluding the preference for fast cooling and the lowest
calcination temperatures for yielding smaller Tenorite grain
sizes.

On the contrary, quartz grain size followed the normal dis-
tribution with Skewness values approaching that of typical
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Table 2 Descriptive statistics of the samples’ characteristics extracted from Rietveld refinement

Variable Mean SE SD Min Ql Median Q3 Max Range  Skewness Kurtosis And. Darl®
Mean P-value
Av. Tenorite 89.20 50.00 100.1 31.8 33.60 43.00 191.00 239.00 207.20 1.98 3.92 0.71
grain size, 0.017
nm
%TENORITE 8.47 3.02 6.05 0.3 2.10 10.25 13.07 13.10 12.80 —1.07 —0.16 0.36
0.242
Av. Quartz 11550 19.90 39.7 80 81.80 108.50 156.30 165.00 85.00 0.60 —2.39 0.28
grain size, 0.42
nm
Yoquartz 91.53 3.02 6.05 869 86.93 89.75 97.90  99.70 12.80 1.07 —0.16 0.36
0.242

4 Anderson-Darling A-squared value

normal distribution. The mean and median values are com-
parable for % quartz and average quartz grain size, indicating
that the data set is extremes-free. However, the Q3 and the
maximum values are comparable, demarcating the data set
shift to the heavy right tail. Mild standard deviation values,
~ 40 nm, compared to 100 nm for Tenorite grain size, refer
again to an extremes-free data set for quartz. The negative
Kurtosis value for quartz grain size demonstrates flattening
than the normal distribution due to the occurrence of the max-
ima at the data set middle, not at the boundary line as in the
case of Tenorite grain size. However, the trend of grain size
growth with slow cooling is obvious.

The matrix plot, Fig. 6, demonstrates the interactions
among the experimental variables with the average Tenorite
grain size as the response parameter. Figure 6a shows the
interaction matrix plot among the dependent variables to
demonstrate the pattern of their interdependency. As shown,
the average Tenorite grain size is directly proportionate to
% Tenorite with a sudden steep propagation at the sam-
ple 5600 SC, resulting in the largest % Tenorite, 13.1%.

However, sample 5500SC has approximately the same%
Tenorite, 13%, giving an average Tenorite size much smaller,
47 nm, compared to 239 nm for 5600 °C, indicating that
the Tenorite percentage may not be responsible and another
factor is the significant influence, probably the calcination
temperature. The other dependent factors show no specific
relationship except that there is generally a clear trend of
growing grain sizes, Tenorite, and quartz, slowing the cool-
ing process as the grains have a larger time to grow than in the
air-quenching cooling scheme. Figure 6b explores the inter-
action plot with the response parameter, average Tenorite
grain size, with the smaller being the best. Calcination tem-
perature and cooling rate significantly influence the response
parameter, but unfortunately, contradictory trends in terms of
average tenorite grain size and % Tenorite. The Aq cooling
path yields Tenorite with smaller grain size, while SC gives
rise to larger sizes, especially when the AT exceeds 500 °C,
i.e., 600 °C. AT Average Tenorite grain size proportionate
directly to % Tenorite, with the CR showing an excursion
from Aq to SC at 600 °C. As the highest Tenorite percentage
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Fig. 6 Interactions plots. a Interaction matrix plots of the dependent
variables; b Interaction plot for average Tenorite grain size, nm, as the
response

and smaller grain sizes are preferred, the interaction matrix
suggests that the samples have to be processed at lower tem-
peratures than 600 °C and the SC cooling scheme. A more
tuned positioning of the optimum conditions is presented
hereinafter. The plots are informative, leading to deduce that
the system is sensitive and prone to the experimental vari-
ables within the tested ranges. The effects of the variables
are not unidirectional, necessitating some trade-offs to probe
the optimum conditions, with the AT and CR being the only
controllable variables while others are interdependent.

The main effects plots for the average Tenorite grain size
and % Tenorite are presented in Fig. 7. The plots emphasize
the abovementioned findings as Tenorite grain size prp[gated
exceptionally at 600 °C with a great reduction in % Tenorite
at Aq cooling, recommending employing lower calcination
temperature and an intermediate cooling scheme in between
Aq and SC. Although Aq gave rise to smaller Tenorite grain
sizes at all CTs, the coating layer is expected to be stressed as
insufficient time is available for tempering, which may affect
the layer leachability and hence, the catalyst recyclability. So,
a trading-off is required again.

Figure 8 portrays 3D surface plots of the controlled vari-
ables” effects on the average Tenorite grain size, Fig. 8a, b,
and the %Tenorite (Fig. 8c). As evident, AT and CR affect
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the Tenorite grain size with a sudden and sharp increase at
600 °C and SC. Unfortunately, % Tenorite showed a reverse
trend with a larger share in the case of SC, whatever the
AT was. To explore the existence of reasonable trade-offs,
the dynamic response optimizer tool is recruited. Figure 9
shows the conditions directing the responses out of the non-
desirability range, yielding reasonable compromise among
the interplaying factors. The optimum immobilization con-
ditions may be AT: & 485 °C; CR: SC. It is worth noting
that the ultimate optimum operating conditions are a func-
tion of many variables, which have to be updated accordingly
with moving on to evaluating the properties of the fabri-
cated material. After this, the morphological properties of
the immobilized catalyst are investigated.

9 Morphological Features

The morphological characteristics of the immobilized cat-
alyst onto sand were investigated employing the SEM
technique. Figures 10, 11, 12 present the SEM micrographs,
the 3D visualized view produced employing the Gwyddion
2.62, the ImageJ 1.53t software interpolated surface plot,
and the graphical summary of the descriptive statistics con-
cerning particle size distribution extracted from the SEM
micrographs using ImageJ 1.53t software. The surface plot
was generated employing the Image] v1.53t utilizing the
interactive 3D surface plot V3.0.1 plugin, which interprets
the luminance of each pixel in the image as a height for
the plot [79]. This way, different views can be obtained
with different magnifications, providing a reasonably read-
able visual inspection of the sample’s surface irregularities.
As confirmed by PXRD spectra, the sample calcined at
400 °C was not included as it contained minor amounts
of crystalline Tenorite. All samples exposed well-dispersed,
spheroid-like shapes of crystalline particles and a multilayer
of tight catalyst-coating covering the whole surface of the
underlying sand support. Sample 5600SC showed an intense
agglomeration tendency, with minor amounts appearing rod-
like.

Figure 10b presents the 3D view created, which helps mark
the particles’ surface roughness, distribution, and compact-
ness. Mean roughness (S,) was calculated as the differences
between the sum of absolute data values from the mean height
irregularities. The sample 5500SC surface roughness was
estimated as 0.0726 with a Skewness of 0.112 and — 0.398
excess Kurtosis. The Skewness and excess Kurtosis values
denote that roughness is normally distributed; hence, the
particle’s surface morphology is evenly distributed. More-
over, this roughness value is comparable to that of the bare
decomposition products of CuAc,.H;O, evaluated as 0.0613.
Overall, those findings confirm the complete surface cover-
age of the sand substrate with no remarkable holes or caves in
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the coating. The surface plot, Fig. 10c, generated by the 3D
surface plot V3.0.1 plugin of the ImageJ v1.53t. The plugin
interprets each pixel’s luminance as a height in the image and
generates the interactive plot [79]. Hence, different views can
be reasonably obtained at different magnifications, allowing
readily interpretable sample surface irregularities from direct
visual inspection. Figure 10c demonstrates that bare areas
of the support are limited, red-colored regions. Most of the
surface is green-colored, marking densely coated, i.e., multi-
layered, regions. The yellow-colored portions denote the thin
coating, while the blue-colored ones are limited but evenly
covering the whole shoot of X30,000, indicating the parti-
cles’ edges intersection, i.e., agglomerated clusters. Limited
far-distanced red-colored spots evidence compactness and
surface coverage. The higher resolution shoot, with 30 K
magnification, clarified in more detail the pixels’ distribu-
tion pattern, the clustering tendency, and associated surface
roughness. The catalytic surface coating exposed very lim-
ited porosity.

A graphical summary of the particle size distribution
statistics, Fig. 10d, shows that the mean particle size is 528 &
248 nm. The normality distribution test, Anderson—Darling,
has a p-value < 0.005 for a 95% confidence level test indicat-
ing the rejection of the null hypothesis concerning the normal
distribution of the data histogram of particle size distribu-
tion exhibits a remarkable difference between the median
(643.85 nm) and mean (565.23 nm), indicating a drift toward
the larger particle sizes emphasized with a high standard devi-
ation (SD) values of £ 248 nm. The range value, 803.41 nm,
indicated a widening distribution with the median and the 3rd
quartile closer to the maximum, confirming the enlargement
tendency of the grain with slow cooling. The less number
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of smaller size particles may be attributed to arise from the
grains that are caged at the intersections or in a cluster hinder-
ing the grain growth. Although the data are non-symmetrical,
the Skewness statistic is low (— 0.48) as the data approach
mirrors each other at the two fringes. Such a trend may be
explained as the particle size was not determined by the cool-
ing rate alone, and the final growth depends on the initial size
and the temperature gradient, clustering, and the space avail-
able for grain to grow. Moreover, it seems the support has
arole in such distribution as at the same conditions without
sand support, the particle size distribution did not show the
mirrored shape and skewed toward the higher fringe with a
much larger particle size (data not shown). The distribution
has lighter tails than the normal distribution as it showed a
negative Kurtosis value (— 1.32) which may be viewed as
the temperature goes down below a certain limit, the particle
growth is slowed or even diminishing since if it continues,
there might be a wider size distribution (lower Kurtosis) than
that observed.

Figures 11a and 12a exhibit almost the same trend and dis-
tribution as the previous sample. All the 5600Aq sample SEM
showed the highest surface coverage to the sand support with
apparent lower agglomeration tendency with well-dispersed
spheres, while 5600SC exhibited mild agglomeration ten-
dency with rod-like minors and bare spots of the sand support.
The 3D visualized views in Figs. 11b and 12b show that the
sample 5600SC exhibits higher surface roughness (0.1259)
compared to (0.062) for the sample 5600Aq. This difference
in Sa may be due to the bare spots in the case of 5600SC,
as those bare spots give a higher difference for the pixels.
The surface plots in Figs. 11c and 12c confirm the observa-
tions of complete surface coverage but hint at longer hairs
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Fig. 10 SEM micrograph, 3D visualized view, surface plot, and the descriptive statistics graphical summary of the sample combusted at 5500SC.
SEM micrographs of the samples calcined at 600 °C, (5600Aq and 5600SC) are shown in

for the particles (i.e., higher roughness) for 5600Aq than
5600SC corroborating the postulation that higher Sa com-
puted may be in error due to the bare spots in case of 5600SC
sample. Graphical summaries and the descriptive statistics
of the distribution shown in Figs. 11d and 12d are simi-
lar to those of sample 5500SC, Fig. 10d. Particle sizes in
all samples are non-normally distributed, non-symmetrical
with mirroring at both sides and hence, their Skewnesses
and Kurtosises values are comparable with tails shorter
than expected for normal distribution. However, the mean,
median, range, and quartile statistics follow an ascending
order with increasing AT and decreasing CR. The means

and SDs are 435 nm £ 232 nm and 631 nm + 225 nm
for 5600Aq, and 5600SC, respectively, and the medians are
589 nm and 750 nm, respectively. The Anderson—Darling
A-square statistic and Kurtosis are inversely changing with
the calcination temperature, indicating approaching normal
distribution with increasing temperature, i.e., the crystal sys-
tem approach maturity. Such particle size trends and values
are comparable to Pookmanee’s et al. 2019 findings calcined
the precursor by microwave at 600-800 Watt for 6 min [80]
and Dorner et al. [50] treated with ammonium carbonate and
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Fig. 11 SEM micrograph, 3D visualized view, surface plot, and the descriptive statistics graphical summary of the sample combusted at 5600Aq

calcined at lower temperatures (400 °C). Figure 13 summa-
rizes graphically the statistics of the data extracted from SEM
micrographs processing.

10 Textural Features

SEM micrographs show that the fabricated material is very
poor in terms of porosity. This chapter presents the results of
investigating the porosity and pore structure employing N»
sorption measurements at 77 K. The isotherms that charac-
terize the physical adsorption of gases by non-porous solids
are the exhibited ones approaching the Type-II Adsorption
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with very limited quantities of the adsorbed ga. The samples’
adsorption profiles demonstrate no hysteresis loops that may
conclude that they are non-porous. Moreover, the amounts
of adsorbed gases are very limited, marking weak physi-
cal attraction forces to the adsorbed gas and limited surface
area. The BET surface area (SpgT), Langmuir surface area
(SLang), adsorption average pore width, #-Plot micropore vol-
ume, and other obtained parameters are summarized in Table
3. The largest Spang reported is that of the 5500SC sample,
and it decreased with increasing temperature and decreas-
ing the cooling rate. The fabricated catalyst yielded limited
Stang Of 2.82, 2.24, and 1.69 m?/g for 5500SC, 5600Aq, and
5600SC samples, respectively. These limited surface areas
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Fig. 12 SEM micrograph, 3D visualized view, surface plot, and the descriptive statistics graphical summary of the sample combusted at 5600SC

may be attributed to the high-sphericity of obtained coatings
(the sphere has the lowest surface area to volume ratio), for-
mation of aggregates and multilayers of the coating, larger
particle sizes, and very shallow pores or even non-porosity.
However, the sample 5500SC gave the largest Spang, while
the 5600Aq sample had the smallest particle size and lowest
agglomeration tendency. These findings suggest optimizing
the synthesis conditions to lower the particles’ agglomera-
tion and size. However, the catalytic behavior must initially
be evaluated to fabricate a fit-for-purpose material. The next
section presents the axiomatic design of the experimental
setup and the results of decolorizing the azo-dye solutions

that are simulant for organics-pregnant wastewater effluents,
especially from the dyes and textiles industries.

11 Screening and Optimizing the Control
Parameters

Herein, the preliminary results that demonstrate the promis-
ing performance of the fabricated material toward the degra-
dation of methyl orange azo-dye are presented. The detailed
wet-chemistry experiments, process kinetics, optimization,
and mechanism of action will be presented in separate work
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Fig. 13 Graphical summary
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Table 3 Summary of data extracted from Ny gas adsorption at 77 K
ID/Parameter 5500SC 5600Aq 5600SC
Single point surface area at P/Po = 0.15, m%/g 0.4833 0.6188 0.6458
BET Surface Area, m?/g 1.1334 1.1754 1.0281
Langmuir Surface Area, m?/g 2.82 22391 1.6911
Single-point adsorption total pore volume of pores less than 0.000202 0.000259 0.00027
19.876 A diameter at P/Po = 0.15, cm’/g
t-Plot micropore volume, cm?/g — 0.000198 — 0.000231 — 0.00029
Adsorption average pore width (4 V/A by BET), A 7.1361 8.8105 10.5131
Average particle size, A 52,935.95 51,044 58,359.13
BET surface area report
Qm, cm?/g at STP 0.2604 0.27 0.2362
C 4.7367 6.7188 9.635
Slope, g/cm? at STP 3.0298 3.152 3.795

to avoid lengthy. The catalytic activity of the fabricated mate-
rial (CuO-coated sand) was tested at different conditions to
decolorize methyl orange (MO) solution of 19.46 mg/LL MO
(10 mg-C/L), using hydrogen peroxide as an oxidant. The
pure CuO powder and CuO immobilized onto sand support
are compared. A multilevel factorial design of an experimen-
tal set was devised and conducted to investigate the fabricated
materials’ relative performance in removing methyl orange
(MO) azo dye. The experimental set was of mixed-level
design where the control factors have different numbers of
levels. The mixed-level factorial design has been chosen to
estimate the significance of the main and interaction effects
[81]. Another batch of experiments was carried out to inves-
tigate the kinetics of the MO removal process.

The multilevel factorial experimental set was conducted
by fixing the untested variables at preselected arbitrary levels,
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including sample volume: 50 mL; concentration: 10 mg-
C/L(~ 20 mg MO/L); No irradiation; and continuous stirring
at room temperature. The reaction time was arbitrarily fixed
at 20 min. This strategy was followed to provide prelim-
inary prove the fabricated material efficacy in degrading
the organic contaminant simulant. A separate article will be
devoted to thorough optimization, process kinetics, and reac-
tion mechanism investigations. The analysis charts of the
multilevel factorial experimental design response are given
in Fig. 14. The difference between a catalyst and another is
the annealing temperature, and the cooling rate at which the
coating process was conducted is termed the catalyst type
variable. The Pareto chart, Fig. 14a, shows that the catalyst
type variable significantly influences the process response,
with the second influencer being its interaction with pH. The
amount of catalyst and hydrogen peroxide at the tested levels
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Fig. 14 The analysis charts of the multilevel factorial experimental
design response. a Pareto plot; b main effects plot; ¢ interactions plot,
and d dynamic optimization plot. Conditions (variables fixed at pre-
selected arbitrary levels): sample volume: 50 mL; concentration: 10

showed little effect on the process response changes. How-
ever, the interaction terms explore a greater influence than
being individual, implying the amenability of the process
to the control variables that have to be studied and opti-
mized collectively without omitting the ones that may seem
insignificant erroneously. The interaction plot for % removal
(decolorizing) as the response, Fig. 14b, delineates the dom-
inance of the catalyst type control variable over the others
providing much more information concerning the way of
effective and demarcating which one performs the best and
the worst. The sample 5400Aq, calcined at 400 °C (the lowest
tested) and cooled by air quench, gave the highest % removal.
Moreover, the interactions among each pair of the control
variables explore the good performance of the lower pH and
larger catalyst amount on % MO decolorizing. The amount
of peroxide at the two levels tested showed no remarkable
difference. The main effects plot shown in Fig. 14c empha-
sizes the predominance of the catalyst type factor and the
milder influences of catalyst amount and peroxide amount.
Figure 14d explores the dynamic optimization plot showing

mg-C/L(~ 20 mg MO/L); No irradiation; reaction time: 20 min; and
continuous stirring at room temperature

the optimum levels of the controlled variables that yield the
highest % decolorizing, > 95%, in red-colored values. The
inferred optimum conditions are catalyst type: 5400Aq, cat-
alyst amount: 0.5 g, amount of peroxide, &~ 2.0 mL of 3%
H>0;, and pH: 2.

12 Preliminary Testing of Catalytic Activity
Kinetics

The catalytic activity of the fabricated catalyst was tested
axiomatically at the optimum conditions derived from the
multilevel factorial experimental set for mining the kinetics-
related information of the process. In the case of the 5400Aq
catalyst, the semi-complete discoloration was achieved
within fifteen minutes. The MO dye concentration decays
exponentially, suggesting pseudo-first-order kinetics with
respect to the MO azo dye concentration according to the
equation C = A exp(— kt), where C is the concentration of
the pollutant, k is the specific velocity in minutes ™!, ¢ is the

@ Springer
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Fig. 15 Kinetics of the

preliminary results of the ¢ : s :
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fabricated catalysts for methyl ——Linear (S400Aq) =———Linear (SS00Aq) =——Linear (S500SC) =L inear (S600SC) Linear ($600Aq)
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/L concentration. Conditions: 0.
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Fig. 16 Absorption spectra and

the photographic pictures of the
methyl orange dye degradation
for five consecutive periods of
half-live (= 3.7 min.) for
5400Aq catalyst. Conditions: 0. 5
g catalyst; sample volume: 50
mL; concentration: 10 mg-C/L;
pH: 2; 2.5mL 3% H,0;; No
irradiation; and continuous
stirring at room temperature
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time in minutes, where C is the concentration, and A is a
constant. The rate constants and the respective half-life time
of the process were driven for the materials tested and shown
as intersect in Fig. 15. The reaction rate was far higher for
5400Aq with respect to the other catalyst types. The half-
lives estimated were 3.7, 130, 9.18, 301.3, and 7.33 min for
5400Aq, 5500Aq, 5500SC, 5600Aq, and 5600SC, respec-
tively. Time series absorption spectra of the dye degradation
at five consecutive half-lives and the respective photographic
pictures are shown in Fig. 16. As shown, the principal peak

> 9 Springer

maxima gradually diminish until they disappear entirely after
five consecutive periods of half-lives. This theme corrob-
orates the suggestion of the pseudo-first-order kinetics of
the process. Some discrepancies exist, necessitating a more
controlled and well-optimized investigation. However, the
results are so promising since complete decolorizing in the
case of 5400Aq achieved in 15 min represents the shortest
period reported so far in the literature, such as 60 min [70],
5 h [49], 100 min [46], and 4 h [82].
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13 Conclusions

In this work, a simple, rapid, suitable for mass production,
low-priced, facile, and single-step method for immobiliz-
ing CuO catalyst on sand support has been developed. The
features of the immobilized catalyst-coating fabricated at
different combustion temperatures and cooling rates were
characterized using PXRD, SEM, and BET analysis. The
PXRD spectra were deconvoluted and analyzed following
the Rietveld refinement to extract the structural and crys-
tallographic features of the catalytic coatings produced,
confirming that the catalyst-coating is composed of one
phase, Tenorite (CuO). The SEM confirmed that the coat-
ing has uniform spherical particle sizes in the submicron
range (400-600 nm), which is consistently larger than the
free powder prepared at the same conditions. Statistical anal-
ysis of the Rietveld refinement-derived data was conducted
to figure out the optimum conditions, which were found to be
500 °C AT and the slow cooling rate. The optimum synthesis
conditions inferred through the statistical analysis are: AT
~ 400 °C and CR: SC. The fabricated material has demon-
strated promising and superior catalytic activity performance
for removing organic pollutants from aqueous solutions using
hydrogen peroxide as an oxidant. The dynamic optimization
plot helped infer the optimum conditions yielding the high-
est % decolorizing, > 95%, as catalyst type: 5400Aq (AT:
400 °C, CR: Aq, CuAc;.H>O/sand: 5:20), catalysts amount:
0.5 g, amount of peroxide, ~ 2.0 mL of 3% H,0;,, and pH: 2.
The MO dye concentration decays exponentially according
to pseudo-first-order kinetics with a half-life time of 3.7 min
in case of 5400Aq. The results suggest that the fabricated
CuO-coated sand is an effective and commercially viable
catalyst, demonstrating the advantages of being simple, cost-
effective, reliable, readily applicable and separable, efficient,
of enhanced process kinetic, and needs no irradiation (i.e.,
low power consumption). The fabricated material is deemed
a commercially viable catalyst for oxidizing the azo dyes in
water effluents to meet the treatment standards, especially
for small and medium units requiring simplified fixed instal-
lations and medium-skilled labor.
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