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Abstract: This work is devoted to the investigation of the discoloration of the synthetic and industrial
effluent, using a quarry residue (MbP), which is a material naturally composed of mixed oxides,
compared to zinc oxide (ZnO), acting as photocatalysts and adsorbents. The optimization of the pH
and catalyst concentration parameters was carried out, and the industrial effluent was then treated by
photocatalytic reactions, adsorption, and photolysis. Industrial effluent was supplied by a packaging
company and was collected for a period of seven consecutive days, showing the oscillation of the
parameters in the process. The material characterizations were obtained by scanning electron microscopy
(SEM-EDS), X-Ray diffraction (XRD), and photoacoustic spectroscopy (PAS). The results indicated that
the composition of the quarry waste is mainly silica and has Egap 2.16 eV. The quarry residue as
photocatalyst was active for the artificial effluent (synthetic dye solution), with a maximum of 98%
discoloration, and as an adsorbent for industrial effluent, with a maximum of 57% of discoloration.
Although the quarry residue has shown results lower than ZnO, it is considered a promising material in
adsorption processes and photocatalytic reactions for discoloration of aqueous solutions.

Keywords: adsorption; photolysis; photocatalysis; quarry residue; discoloration; packaging industry

1. Introduction

Dyes are chemical compounds that have the ability to color the surface of materials
such as fabric fibers, packaging, and food. Industrial processes that use water and dyes
in the production stages probably will present dye residual concentrations in effluent.
Effluents, before being released into the environment or even reused, will need to undergo
treatments to remove, among other compounds, their coloring.

Different techniques are performed to promote discoloration, including ultrafiltration,
coagulation, flocculation, sonochemical decomposition, adsorption, biological treatments,
heterogeneous photocatalysis, Fenton and photo-Fenton processes, advanced oxidation
electrochemical processes, etc. [1–4].

Heterogeneous photocatalysis is classified as an advanced oxidative process [5]
and has been widely studied due to its diversified application, such as the reduction
of chromium VI to chromium III [6], mercury reduction [7], degradation of emerging
pollutants such as caffeine [8], drugs [9,10], dyes [11], and reduction of bromate in water
intended for human consumption [12].
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In photocatalytic reactions, there are many variables that must be considered in order,
such as the radiation source, pH of the reaction medium, temperature, and material used as
a semiconductor material. The main materials used in the photoreactions are TiO2 and ZnO
as they are nontoxic and have good photochemical properties [13–16]; however, researchers
commonly describe improvements in the catalysts’ properties through new syntheses [17],
the addition of metals [18,19], mixed oxides, etc.

In this direction, the search for new catalytic materials is also a very interesting and
encouraging subject, particularly if this new material is a by-product in large quantities or
a waste product without the exact destination of any industrial process.

The rice husk can be mentioned as an example; as agro-industrial residue, it has al-
ready been used as a source of silica for the synthesis of catalysts applied in the degradation
of terephthalate acid [20] and discoloration of methyl violet dye [21].

Some quarries generate, in excess volumes, a by-product called stone powder or
rock powder. This material has characteristics and chemical composition that varies and
depends on the type of rock to be explored. In intrusive igneous rocks, silicon dioxide
(SiO2) is one of the most significant components and the classification of the rock occurs
according to the SiO2 present amount: above 63% are acid igneous rocks, 52–63% are
intermediate or neutral igneous rocks, 45–52% are mafic or basic igneous rocks, and <45%
are ultramafic or ultrabasic igneous rocks [22]. Using this type of in-water treatment waste
is a recent and promising proposal.

In this context, the present work contributes with a new material catalytic/adsorbent
material, giving value a residue, as an alternative to traditional catalysts/adsorbent (mineral
by-product). In addition, tests with industrial effluent, from the packaging industry, samples
were collected for a period of seven consecutive days, considering the industrial process
dynamics. The photocatalytic and adsorptive capacity of the stone powder was evaluated in
the discoloration, applied both to the synthetic effluent and to the industrial effluent.

2. Results and Discussion
2.1. Catalysts Characterizations

Figure 1 shows the results for SEM-EDS, PAS, and XRD for ZnO and the mineral
by-product (MbP).
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Figure 1. Characterizations of ZnO and mineral by-product (MbP): (a1,b1,c1) and (d1) correspond to SEM, EDS, PAS and 
XRD to ZnO, respectively. And (a2,b2,c2) and (d2) correspond to SEM, EDS, PAS and XRD to MbP, respectively. 
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Figure 1. Characterizations of ZnO and mineral by-product (MbP): (a1,b1,c1) and (d1) correspond to SEM, EDS, PAS and
XRD to ZnO, respectively. And (a2,b2,c2) and (d2) correspond to SEM, EDS, PAS and XRD to MbP, respectively.

The ZnO composition is defined by approximately 80% zinc and 20% oxygen (Figure 1),
the material bandgap energy is 3.16 eV, and a crystalline definition in hexagonal wurtzite,
which is the most common for this material. Such characteristics are similar to those already
described in the literature [23–25].

For the MbP, there is a large number of elements in its structure; however, the elements
O, Si, and Al correspond to approximately 90% of the material. In this way, is possible to
compare the quarry residue used with quartz sand, which is also naturally composed of
silica and other impurities such as Fe2O3, Al2O3, TiO2, CaO, MgO, and K2O [24]. Materials
containing silica (SiO2) and alumina (Al2O3) can be found in the literature as supporting
materials for catalysts [26,27]. Regarding the MbP crystallinity, the peaks identified in 2θ
between 20 and 30◦ is characteristic of the hexagonal mesoporous silicate [28]; in addition,
the MbP Egap value was close to 2.16 eV, being very close to Egap of Si nanoparticles from
quartz sand, defined at 2.22 eV [29].
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2.2. Experimental Tests
PH and Catalyst Concentration

The experimental tests first carried out were aimed at identifying the optimal parame-
ters, pH, and catalyst/adsorbent concentration for both industrial and synthetic effluents.
Figures 2 and 3 indicate the results obtained for synthetic and industrial effluent and
material used. All graphs referring to the experimental tests are presented as C/Co versus
time (min), where C (mg L−1) is the concentration at any time t (min), and Co is the initial
concentration (t = 0).
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Figure 2. Catalyst concentration (a,b) and pH (c,d) tests for ZnO with synthetic and industrial effluent.

Figures 2 and 3 have some aspects in common that can be highlighted; for example, when
the industrial effluent was treated, there was a greater and faster solution discoloration. This
fact is related to the effluent composition, that is, while the synthetic effluent contained only
dye and distilled water, the industrial effluent had a large organic load. Figure 7 indicated that
the presence of organic compounds can impair photocatalytic reactions since such compounds
will compete for surface adsorption with the material’s active sites.

Another aspect that can be highlighted is that the catalyst concentration has also been
changed independently of the used material. When the photocatalytic process was applied
in the synthetic effluent, 1.0 g L−1 was the solution was satisfactorily discolored; on the
other hand, for the industrial effluent, 6.0 g L−1 was needed so that greater percentages of
discoloration were achieved.

Although with MbP in the 9.0 g L−1 concentration, at the beginning of the reaction, it
had a quick discoloration, the difference for when 6.0 g L−1 was used was small; thus, this
would not justify an increase of 50% in catalyst concentration for the reaction.
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The reaction speed is related to the photocatalyst concentration. As the concentration of
catalysts increases, reaction speed is increased, as more active sites will be available. However,
when this concentration reaches an optimum point, if more photocatalyst is added, the
reaction may be impaired, and therefore, radiation penetration tends to decrease with the light
screening effect, a factor often observed by different authors with different pollutants [30–32].

Regarding the pH of the reaction medium, for both cases, it appears that the pH
without adjustment, that is, the unadjusted pH proper to the effluent (synthetic ~4.2 or
industrial ~6.2) were identified as ideal for photoreaction.

The working advantage with the solution itself, that is, without adjustments, is the
time that is saved in the adjustment steps before and after reactions. Figure 4 shows the
results obtained for photolysis and adsorption tests (synthetic solution).

Both photolysis and adsorption results demonstrate the need for a photocatalyst-
radiation combination for greater discoloration of the synthetic solution.

After defining the pH and catalyst concentration conditions, i.e., pH without adjust-
ment (unadjusted pH) and 6.0 g L−1 of ZnO or MbP, the experimental tests were realized
for samples collected from the industrial effluent during seven consecutive days.
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2.3. Industrial Effluent

Molded pulp packaging, which is the product manufactured in the company where
the industrial effluent was collected, is basically made of paper, water, and additives, and
follows a process, as described in Figure 5.
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Figure 5. The manufacturing process of molded pulp packaging.

The first stage of the process is the formation of the pulp, which consists of water,
chemical additives, and paper of different types; then, this pulp undergoes a process in
which the gross impurities are removed. Subsequently, the mass proceeds to a storage
tank that feeds the equipment used for molding, which basically consists of pressure and
suction operations of excess water. Then, the ready packages are processed, by means of
mats, for drying which, depending on the moisture conditions of the material, are heated
from 180 to 240 ◦C for approximately 10 to 15 min and, finally, before advancing to the
printing (the step in which it adds images and writings according to what was established
by the client), the packages undergo a pressing process in which the objective is to provide
a better finish and resistance [33].
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Currently, the effluent that leaves the molding stage is reused without being subjected
to any treatment at the inputs entrance for the pulp manufacture. However, it is very
difficult to adjust the color of the next batch of packaging, since in some cases, other dyes
are also used. This situation causes dissatisfaction among customers, as there is no color
standardization. Therefore, based on the results we had in item 2.2, the effluent treatment
was realized, aiming to identify the parameter variation and how the reactions would be
conducted. Figure 6 shows the results.
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Figure 6. Tests of heterogeneous photocatalysis (a,b), adsorption (c,d), and photolysis (e) of industrial effluents.

Figure 7 shows the initial composition of each collected effluent sample and its subse-
quent composition after the reactions used. The variables total soluble solids and N (NO3);
surfactants are not quantified in the graph since they always presented the same values of
<100, <10, and <10, respectively.
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Figure 7. Organic load (a) initially and (b) after reactions with industrial effluents. The dashed lines indicate the initial
average of COD, BOD, and TOC (mg L−1) of the 7 days from the collected effluent.

There was great variation in the efficiency of the tests performed, beginning with the
photocatalytic tests that showed an average of 26% and 3% discoloration when used ZnO
and MbP, respectively, which is a significant drop when compared to the results shown
in Figures 3 and 4. Photolysis had unfavorable performance, both in the discoloration of
the dye (Figure 6e) and in the organic load reduction (Figure 7b). Regarding adsorption,
it appears that MbP was, generally, a good adsorbent of the present dye in the industrial
effluent, presenting on average 22%.

All this unstable behavior observed during the reactions is related to the variation in
the industrial effluent composition observed in Figure 7a. Changes in the reactions kinetic
behavior when using a synthetic dye solution and when using an industrial effluent have
already been observed in the literature [34] in which the authors evaluated the discoloration
of synthetic effluent containing blue dye and industrial textile effluent and verified a decrease
in the efficiency of the process when industrial textile effluent was used. In the literature [35],
they also verified superior results when they treated a synthetic effluent containing dye
rather than real industrial effluent. Both authors justified this behavior due to the effluent’s
composition, such as the presence of interfering ions and organic load.

Organic compounds, when present in the solution, can compete for the photogen-
erated hydroxyl radical and the active sites available on the catalyst surface with the
target pollutant, which, in the present research, was the dye CI basic yellow 96, which can
decrease the efficiency of photocatalysis [36].

When comparing the initial composition of this effluent with other effluents already
studied, it can be highlighted that the effluent from the molded pulp packaging industry
has a high organic load with high values of COD, BOD, and TOC when compared with
other effluents, as reported in the literature [37,38].

In addition to the concentration reduction of dye present in the effluent, it is necessary to
evaluate the organic load decrease. It is noted that for all reactions, except for the photolysis
reactions, a decrease in the organic load occurs, mainly in terms of TOC. This parameter (TOC)
is related to the pollutant mineralization; in the present study, it is possible to notice that the
dye degradation and the mineralization of the same occurred simultaneously [39,40]. It is
important to note that adsorption has also been shown to be effective in reducing organic
matter. The decrease in organic load in the industrial effluent brings benefits to the water
quality since the organic load has less capacity to pollute the effluent.

In the present work, it is possible to affirm that MbP has catalytic properties; however,
it also presented an adsorbent behavior in some experimental tests. MbP is a low-cost
material available in large quantities, which can bring financial benefits to the companies
involved. Quartz sand, which is a material very similar to the by-product studied in the
present work, has also been applied as an adsorbent and has shown promising results such
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as the methylene blue dye adsorption [41], together with graphene in the adsorption of
Hg2+ e Pb2+ [42] and the adsorption of Ciprofloxacin [43].

Using waste or by-products as catalysts is a recent proposal and involves numerous
challenges. Some authors have already described the performance of residues as catalysts
and adsorbents in the most diverse degradations and adsorption, such as, for example,
the study [44], in which they studied the use of depleted acacia bark (agro-industrial
waste) as support for photocatalysts used in the degradation of organic phenolic pollutants,
and the study [45], in which they used bauxite residue from the aluminum industry as
a new photocatalyst for hydrogen generation. However, in most research studies, the
photocatalytic reactions use the residues only as a support for catalysts such as TiO2 or else
as a source of some metal to be impregnated in the semiconductor. Studies are carried out
with pollutants present in synthetic solutions, which facilitate the reproducibility of the
results and applicability favor the new catalyst.

3. Materials and Methods
3.1. Chemicals

The used dye in the synthetic solution reactions was supplied by the same company
that supplied the real effluent; this dye is known as CI Basic Yellow 96 (BASF–Solenis), is
used to dye the molded pulp packaging in industrial processes, has a yellow color, and
liquid form.

The materials used as catalysts and adsorbents were (i) zinc oxide (ZnO) as a reference
material, supplied by Dinâmica Química Ltd.a (Sao Paulo, Brazil) and (ii) quarry residue,
in this work defined as a mineral by-product (MbP).

The MbP was supplied by a company located in the region of Campos Gerais in the
state of Paraná—Brazil. This company operates in the sale of stones and gravel, asphalt,
providing services in the area of earthworks and paving. The rock explored is classified
as intrusive igneous granite. Both ZnO and MbP were used without previous treatment;
however, their grain size was standardized. Both were sieved in order to obtain particles
smaller than 0.3 mm. This characteristic is observed in the ZnO (used as a reference).

3.2. Catalysts Characterizations
3.2.1. Scanning Electron Microscopy (SEM) Associated with Dispersive Energy
Spectroscopy (EDS)

Samples were metalized with gold using IC-50 ION COATER (Shimadzu) for 10 min. The
topographic surface images were obtained using a scanning electron microscope model VEGA
3 LMU brand TESCAN, complete with, 30 kV W filament, 3.0 nm resolution, retractable SE
and BSE detectors, low-vacuum mode (500 Pa) chamber with an internal diameter of 230 mm,
and a CCD camera for viewing the sample chamber. The microscope is also equipped with
EDS Detector, model AZTec Energy X-Act, resolution 130 eV, brand Oxford.

3.2.2. X-ray Diffraction (XRD)

A Bruker D8 Advance X-ray diffractometer, 2Өfrom 5 to 80◦, with 2◦/min in the
scan, 40 kV and 35 mA was used. The result obtained was then analyzed using standards
published by the International Center for Diffraction Data (ICDD).

3.2.3. Photoacoustic Spectroscopy (PAS)

A source with Xenon lamp emitted a light that passed through a monochromator,
(Oriel, model 66,936 (1/4 m), with inlet and outlet slits adjusted to 3.00 mm. The frequency
of light modulation was controlled by a mechanical modulator (Stanford Research Systems,
model SR 540) which, with a photodiode, provided a reference signal for the amplifier (lock-
in). The microphone attached to the photoacoustic cell (Brüel & Kjaer, model BK 4953) was
connected to a power source and a preamplifier. The microphone signal was transferred to
a synchronized amplifier (EG & G Instruments, model 5110), and the amplifier provided
intensity, and the phase of the photoacoustic signal was transferred to a personal computer;
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the spectra (modulation frequency 23 Hz) were normalized with respect to the carbon
signal. Direct bandgap energy (Egap) was acquired from a linear fit in the graph obtained
from the square of the absorption coefficient ((Abs × (1240/λ))2) as a function of photon
energy (E) (1240/λ) [25,41].

3.3. Experimental Tests

The synthetic effluents were prepared with distilled water with a dye concentration of
10 µL L−1, and industrial effluents were supplied by the molded pulp packaging.

The experimental tests were carried out in a jacketed borosilicate reactor (cooling
water temperature 13 ◦C) to maintain the effluent temperature at approximately 25 ◦C;
the nominal volume was 600 mL, and 500 mL of effluent (artificial or industrial) was
used for the reactions. The system contained a mercury vapor lamp (250 W), coupled just
above the reactor, that was open to the environment. Magnetic stirring and air bubbling
(0.5 L min−1) into the reaction medium were used. During the reaction, samples were
collected, centrifuged, and the dye residual concentration was analyzed in a UV–Vis
spectrophotometer (Femto-800 XI) with a wavelength of 429 nm, dye characteristic.

The photolysis tests followed the same reaction system, but without the presence of
airflow and catalyst, to verify only the radiation action under the discoloration reaction.
The adsorption tests were realized without radiation and airflow to verify the adsorptive
capacity of the studied materials.

3.3.1. PH and Catalyst Concentration Influence

For the pH tests, NaOH and HCl solutions were used for the adjustments, and the
values were adjusted between 2 and 10; in addition, tests were also carried out without pH
adjustment (unadjusted pH): synthetic effluent ~4.2 and industrial effluent ~6.2. For the
catalyst concentration optimization, values between 0.5 and 9 g L−1 were evaluated. Both
tests were carried out with artificial and industrial effluent preceding the tests carried out
for one week.

3.3.2. Industrial Effluent—Treatment for One Week

After the conditions (pH and catalyst concentration) were defined, adsorption, pho-
tolysis, and photocatalytic tests were carried out for one week (seven days) to treat the
industrial effluent provided by the molded pulp packaging industry. Every day, the effluent
was collected immediately at the molded outlet and then transported to the laboratory
where the tests were carried out in parallel, following the same conditions described in
item 2.3. Industrial effluents were subjected to experimental tests as they were received,
without previous treatment.

3.4. Characterization of Industrial Effluent

The effluent was characterized quantitatively, identifying and comparing the param-
eters before and after each reaction. The analyzed parameters were biological oxygen
demand (BOD), chemical oxygen demand (COD), total organic carbon (TOC), total soluble
solids (TSS), surfactants, and nitrogen–nitrate N(NO3). The characterization was performed
on the Pastel UV–Secomam equipment, with all analyses performed in duplicates.

This equipment determines the quality of the water and effluents. The method is
based on spectral deconvolution where the ultraviolet spectrum hypothesis of effluents can
be mostly modeled by a limited number of stable spectrums called the reference spectrum.
Many studies have already used it to determine the quality of the effluents [42–45].

4. Conclusions

The use of photocatalysts resulting from industrial waste in the effluents’ treatment
is favorable. However, factors such as the composition variation of the material and the
pollutant should be considered, mainly because when it comes to industrial effluents, it
is difficult to identify a pattern. In this research, it was found that a quarry by-product
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has similar characteristics quartz sand, which is a material already used as a catalyst
support and also as an adsorbent for organic pollutants. It was noted that the material has
catalytic activity when used as a photocatalyst, showing behavior favorable for synthetic
dye solutions. However, when applied to the industrial effluent discoloration from the
packaging industry, with a high organic load, it presented better behavior, in most tests, as
an adsorbent. Although it has shown lower results than ZnO, MbP can be considered a
promising material in the treatment of aqueous solutions.
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