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Treatment of tequila vinasse and elimination of phenol by coagulation-

flocculation process coupled with heterogeneous photocatalysis using 

titanium dioxide nanoparticles. 

In this research we are reporting the treatment of tequila vinasse by a 

coagulation-flocculation process coupled with heterogeneous photocatalysis 

using two types of titanium dioxide nanoparticles, i.e., 1) commercial 

nanoparticles, and 2) nanoparticles synthesized by sol-gel. The efficiency in the 

elimination of phenol, which is one of the most harmful contaminants in tequila 

vinasse, was also included in the evaluation of the treatment process. The 

synthesized titanium dioxide nanoparticles were annealed in air at 400°C for 1 h 

and were characterized by X-ray diffraction, transmission electron microscopy, 

ultraviolet-visible and Raman spectroscopy. Anatase phase was observed in both 

samples, with a crystallite size of 22.5 and 9.8 nm for commercial and 

synthesized nanoparticles respectively. Tequila vinasse was characterized before 

and after the treatments by measuring physicochemical parameters such as pH, 

chemical oxygen demand (COD), color, total suspended solids (TSS), as well as 

using ultraviolet-visible spectroscopy and Raman spectroscopy to identify the 

presence of organic compounds, and gas chromatography for phenol 

quantification. Raw vinasse was treated initially by coagulation-flocculation 

producing clarified vinasse, which in turn was treated by photocatalysis for 3 h 

using hydrogen peroxide as oxidizing agent. The use of synthesized titanium 

dioxide nanoparticles allowed the highest efficiencies, reaching reductions of 

99.4 %, 86.0 % and 70.0 % for TSS, color, and COD respectively. Gas 

chromatography results showed the reduction of phenol concentrations in 89.7 % 

with our synthesized nanoparticles in contrast to 82.7 % reduction, with 

commercial titanium dioxide nanoparticles. 

Keywords: Heterogeneous photocatalysis, Phenol, Titania nanoparticles, Tequila 

vinasse, Sol-gel 

1. Introduction 

Tequila vinasse is a harmful residual waste of tequila industries [1] as 9-14 liters of 
vinasse are generated per one tequila liter [2]. In 2014 1,763 millions of liters of vinasse 
were produced in the State of Jalisco, México, representing 88,145.50 tons of organic 
matter, which is equivalent to the annual contamination produced by 4’829,880 
residents [3]; the production of tequila vinasse is one hundred times more harmful than 



domestic residues [4]. Physicochemical parameters of this type of vinasse are 50000-
150000 mg.L-1 of COD, 30-70 % of biological oxygen demand (BOD), temperatures of 
80-90°C, pH of 3-5 and settleable solids concentrations of ~39910 mg.L-1. Tequila 
vinasse also contains poorly biodegradable or toxic organic compounds such as 
phenolic compounds, brown polymers (melanoidin), as well as high concentrations of 
potassium, and a variety of heavy metals [2]. Tequila vinasse is usually discharged into 
rivers and soils, producing serious pollution problems such as soil salinization and 
impermeabilization [3,5,6]. 

Some vinasses similar to tequila vinasse have been treated using 
physicochemical treatments, such as coagulation-flocculation [3], biopolymers [7], 
aerobic and anaerobic treatments [8,9], etc. However the best results have been 
observed using combined treatments, e.g., electrochemical treatments [10] with 
advanced oxidation processes (AOPs) such as ultraviolet visible (UV) radiation, adding 
hydrogen peroxide (H2O2) or ozone, photocatalysis (using TiO2 or other metal oxides), 
Fenton reactions and photo-Fenton [11,12]. 

On the other hand, in AOPs, hydroxyl free radicals with strong oxidative 
potential are produced by irradiation of some semiconductors such as titanium dioxide 
(TiO2). TiO2 catalyst is one of the most studied materials in photocatalysis due to its 
characteristics such as high photocatalytic activity, low cost, low toxicity, high stability 
[13], ability to degrade several organic pollutants [14], e.g., aromatic compounds [15]. 
TiO2 presents three allotropic crystalline phases: brookite (orthorhombic), anatase 
(tetragonal) and rutile (tetragonal), among them all, anatase has shown the highest 
catalytic activity. It has been found that the photocatalytic activity of a material depends 
on the structural and surface properties of the catalyst such as the band gap, particle 
size, crystalline phase, morphology, etc. [4]. 

Padilla de Souza et. al. (2013) investigated the treatment of sugar cane vinasse 
by a coagulation-flocculation process coupled with heterogeneous photocatalysis using 
TiO2-P25, finding that the COD was reduced up to 80 % [16]. In another report, the 
same authors investigated the treatment of sugar cane vinasse by the same methods but 
comparing the effectiveness of TiO2-P25 with that of TiO2-Kronos and concluded that 
both catalysts reduced the COD [15]. In another similar study, Vieneetha et al (2013) 
investigated the treatment of alcohol vinasse by heterogeneous photocatalysis using 
Aeroxide-P25 TiO2 nanoparticles in combination with H2O2, obtaining reductions of 60 
and 75 % for COD and color, respectively [17]. 

As it has been shown above, the reports presented so far, were carried out for 
effluents similar to tequila vinasse, therefore this is the first work that reports the use of 
photocatalysis for the treatment of tequila vinasse. The first objective of this research 
was to evaluate the tequila vinasse treatment by a process of coagulation-flocculation 
coupled with heterogeneous photocatalysis using titanium dioxide nanoparticles 
synthesized by sol-gel; while the second objective was to compare the performance of 
commercial TiO2, versus TiO2 synthesized by Sol-Gel process in the photocatalysis 
process. For the coagulation-flocculation process, organic (chitosan) and inorganic 
(aluminum sulfate) coagulants were used. As phenol is one of the harmful contaminants 
in vinasse, we also have focused on the degradation of this compound.  Finally, in order 
to determinate if the pollutants were significantly reduced after the treatments, an 
analysis of variance (ANOVA) was carried out. 

2. Material and methods 

2.1. Synthesis of TiO2 nanoparticles. 



The synthesis of TiO2 nanoparticles was done mixing 4 mL of hydrochloric acid (HCl 
37 %, Merck) with 78 mL of 2-propanol (C3H8O, ACS reagent ≥99.5 %, Sigma-
Aldrich), the mix was stirred for some minutes and 8 mL of titanium tetraisopropoxide 
(Ti(C3H6OH)4, 97 %, Sigma-Aldrich) was added drop-wise; then, 3 mL of ammonium 
hydroxide (NH4OH, 28-30 %, Sigma-Aldrich) was added. After that, the mix was 
stirred for 24 h at 25°C, after which a white powder settled down in the beaker, from 
which, the solvent was evaporated at 80°C, finally the powder was collected and 
annealed in air at 400°C for 3 h [18,19]. The annealed powder was grounded in a mortar 
and was labeled as S7. This sample was characterized by X-ray diffraction (XRD) in a 
PANalytical Empyrean diffractometer unit, using CuKα radiation, (λ=1.546 Å). The 
crystallite size was calculated from XRD using the Scherrer equation. Ultraviolet-
visible spectroscopy (UV-vis) was carried out in a 3600 Shimadzu spectrophotometer. 
The study of the morphology was done by transmission electron microscopy (TEM) in a 
Philips TECNAI-F30 HRTEM 300 kV unit using the mode of high angle annular dark-
field. Particle diameters were measured with Gwyddion software (Department of 
Nanometrology, Czech Metrology Institute). Raman spectroscopy was done in a 
Thermo Scientific DXR unit using a laser of 633 nm.  

2.2. Tequila vinasse characterization. 

Tequila vinasse was supplied by the Tequila Regulatory Council (CRT, Zapopan, 
Jalisco, México) [20], and was stored in a closed container at 279 K. The 
physicochemical characterizations of raw and treated vinasse were done by measuring 
pH, conductivity, TSS (mg.L-1), color (Pt-Co) and COD (mg.L-1) in a colorimeter Hach 
DR 900.  

2.3. Treatment of tequila vinasse by coagulation-flocculation. 

The coagulation-flocculation tests were conducted in a jar test apparatus by using 200 
mg of chitosan (organic coagulant-flocculant, CFo), or 4 g of aluminum sulfate 
(Al2(SO4)3.(14-18)H2O), inorganic coagulant-flocculant, CFi) per 1000 mL of vinasse. 
In addition, in both cases, calcium hydroxide (Ca(OH)2) was used as a sedimentation 
agent in doses of 4 and 6 g per 1000 mL of vinasse. The dose of coagulant-floculant 
was selected first, based on previous studies with other effluents [21,22] and then it was 
varied until finding the optimal values for the vinasse treatment. The vinasse treated by 
coagulation-flocculation process was identified as clarified vinasse. The conditions and 
description of these processes are summarized in Table 1. Subsequently, 200 mL of 
clarified vinasse was taken, to be treated by heterogeneous photocatalysis. After 
coagulation-floculation process, aliquots of 10 mL were taken for color and TSS 
analysis; 2 mL samples also were taken for COD test. These parameters were 
determined as described in the Standard Methods for the examination of water and 
wastewater [23]. In addition, the reduction of phenol concentration was followed by gas 
chromatography (GC). 
[Table 1 near here] 

2.4. Heterogeneous photocatalysis 

A 1000 mL Pyrex beaker was used as batch photo-reactor for the study of the 



photocatalysis process. The illumination was done with a 20 W black light lamp (365 
nm wavelength), with an irradiance of 3.4 W.m-2, which was measured with a 
pyranometer LICOR PY52668. The lamp was supported at 3 cm over clarified vinasse 
with universal bracket, and the whole was wrapped with aluminum foil to prevent UV 
light losses. For each experiment, a volume of 200 mL of clarified vinasse was used and 
a different quantity of S7 TiO2 was added, i.e., 50, 100, 200, 400, and 600 mg. 
Additionally, in other experiment, 200 mg of commercial TiO2 nanoparticles (Sigma-
Aldrich, < 25 nm of particle size, 99.7 %, anatase) was also added, in order to evaluate 
its efficiency and compare it with those obtained with S7 TiO2; this sample was 
identified as CA. After the addition of TiO2, 2 mL of hydrogen peroxide (H2O2) was 
added to the reactor, and the samples were irradiated for 3 h, in order to carry out the 
photodegradation process. The time of irradiation and volume of H2O2 as well as the 
amount of nanoparticles we used to obtain the highest efficiency were found after 
varying those values reported in previous studies, [16,24].  After the determination of 
the optimal quantity of synthesized TiO2 nanoparticles and time of treatment, a test was 
performed with commercial TiO2 in the optimal conditions. The initial and final 
temperature of the reaction medium was 298 K and 302 K, respectively. The samples 
inside the reactor were stirred magnetically throughout the photocatalytic process 
(Figure 1).  When the time was completed, aliquots of 10 mL were taken for color and 
TSS analysis; and aliquots of 2 mL were also taken for COD tests. These parameters 
were determined as described in 2.3. Furthermore, the treated vinasse was analyzed by 
UV-vis and Raman spectroscopy, as well as by GC in order to determine the 
concentration of harmful compounds such as phenol. 
[Figure 1 near here] 

The influence of several factors such as the effect of photolysis, volume of 
H2O2, the mass of nanoparticles, time of treatment, etc. were evaluated; all the 
information with regard to these factors is summarized in Table 2. 
[Table 2 near here] 

2.5. Analysis of phenol by gas chromatography coupled with mass spectrometry  

The GC measurements were conducted to determine phenol in tequila vinasse without 
treatment (Test 1) and after treatments 13 and 15 (see Table 2). Organic compounds 
were determined by GC coupled with mass spectrometry following methods used for 
alcoholic beverages. The identification of the principal compounds was done, 
comparing the peaks of chromatographic mass spectra with the total ion 
chromatograms. Were used standards in the quantification of compounds, samples and 
standards were analyzed according to the methodology of Mancilla-Margali and López 
(2002) [25] and every sample was analyzed by duplicate. 

2.6. Analysis of variance. 

In order to determine if there were significant differences (p≤0.05) between the results 
of tequila vinasse treatments, one-way analysis of variance (ANOVA) was performed in 
all the tests, taking COD, color, and SST as dependent variables. The analysis was 
performed using Statgraphics Centurion XVI software. 



3. Results and discussion 

3.1. Characterization of TiO2 nanoparticles. 

Figure 2 shows XRD of S7 (with and without treatment) and CA samples. In the S7 

sample without treatment, the presence of NH4Cl was found, which is synthesized 

according to the reaction 1 and decomposes at 340°C into a mixture of two colorless 

gases, ammonia and hydrogen chloride [18].  

HCl + NH4OH → NH4Cl + H2O      (1) 

For the CA sample, anatase phase diffractions at 25.4°, 37.9°, 48.1°, 53.9°, 
55.0°, 62.2° and 68.9° were found, which are related to the planes (101), (004), (200), 
(105), (211), (213), and (116), respectively. The same diffractions were observed for the 
annealed S7 sample and also, a small contribution of the rutile phase at 27.4° (plane 
110) was observed [26,27,25,29]. Scherrer equation (Equation 2) [26] was used to 
calculate the crystallite size, resulting in values of 18 and 9.8 nm for CA and S7, 
respectively. 

d=(Kλ)/(βcosθ) (2) 

d is the crystallite diameter, K is a dimensionless shape factor, with a 

value close to unity. The shape factor has a typical value of about 0.9, 

but varies with the actual shape of the crystallite, λ is the wavelength of 

Cu K-alpha, (0.15418 nm), β is the full width at half maximum of the 

highest diffraction in radians (plane 101), and θ is the Bragg angle in 

degrees. By using the Equation 3 [4] it was possible to calculate the 

composition of the anatase-rutile mix of the annealed S7 sample, which 

were 94.4 and 5.6 %, respectively; while CA sample showed a 

composition of 100 % anatase. In Equation 3, IR and IA are the 

diffraction peak intensities of the anatase and rutile phases, and 

K=0.79 [4]. From previous reports it is known that the anatase phase 

shows high photocatalytic activity [30], but when a mix of anatase-

rutile with a higher concentration of anatase is used, the photocatalysis 

efficiency is increased [31,32,33].  

XR=[K (IR/IA)]/[K (IR/IA)+1]   (3) 

[Figure 2 near here] 



Figure 3 shows a TEM image of the S7 and CA sample, the nanoparticles showed a 
spherical shape and were agglomerated and a representative size of ~9.7 nm and 22.5 
nm, respectively was found. For the case of S7 these results showed that the grain size 
and crystallite size were similar. Nanoparticles of samples S7 and CA showed 
polycrystalline structures, showing higher proportion of the anatase phase. 
[Figure 3 near here] 

Figure 4 shows Raman spectroscopy of TiO2 without thermal treatment (a), 
annealed S7 (b) and CA (c). S7 and CA samples showed bands characteristic of anatase 
phase at 144 cm-1(Eog), 400 cm-1(B1g), 505 cm-1(A1g) and 640 cm-1(Eog) [34]. There was 
also congruency in the results of TiO2 without annealing, as Raman spectroscopy 
showed the spectrum characteristic of NH4Cl compound [35]. 
[Figure 4 near here] 

 
Figure 5 shows UV-vis spectra of S7 and CA samples. For S7, and CA, the light 

absorption was in the UV-vis region, (<500 nm); in this way the materials are 
stimulated with photons with enough energy to produce electron-hole pairs and electron 
transitions from the valence band to the conduction band [36,37]. The band gap was 
calculated by extrapolation of the linear part of the graph of (αhν)2 versus energy, 
resulting in 3.03 and 3.13 eV for S7, and CA respectively, in line with previous reports 
[27].  
[Figure 5 near here] 

3.2.  Characterization of raw vinasse  

Table 3 shows the physicochemical characteristics of raw tequila vinasse. The high 
concentrations of COD, TSS, and color, are due to the presence of organic and 
inorganic materials, as well as phenolic compounds, which come from the Agave 

tequilana. Phenolic compounds is a group of micronutrients also called secondary 
metabolites and includes polyphenols, tannins, flavonoids, and lignins [38,39]. The 
reaction of the phenolic compounds with sugar and aminoacids (also present in tequila 
vinasse) at alkaline pH and high temperature is known as the Maillard reaction, such 
reaction, generates melanoidin, which is responsible for the characteristic dark brown 
color of the vinasse [4,40-42].  
[Table 3 near here] 

3.3. Treatment of tequila vinasse by coagulation-flocculation and heterogeneous 

photocatalysis 

The general process of photocatalysis is described in the reactions 4-8. Photons with 
enough energy hit the TiO2 and produce electron-hole pairs, (holes in valence bands and 
electrons in conduction bands), holes produce .•OH radicals with high oxidative 
potential, which in turn oxidize and degrade organic substances. 
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Figure 6 shows the results in the reduction of TSS, color, and COD, due to the 
different treatments (see Table 2). From the ANOVA it was determined that the 
differences amongst all the treatments were statistically significant (p-value  0.05).  

The efficiency of photolysis in the reduction of TSS, color, and COD (Test 2) 
was very low; therefore photolysis could be discarded as an important step in the 
treatment. With respect to the coagulation-flocculation processes, the inorganic 
coagulant was more effective (Test 7) in comparison to the organic coagulant (Test 6). 
The results of Test 7 were similar to those in previous reports obtained for sugarcane 
vinasse [16]. Regarding the mass of TiO2 nanoparticles, several amounts in the range 
from 50 to 600 mg were tested, being 200 mg the most effective. Apparently, higher 
amounts produced shielding effects to the light [43,44], while lower concentrations 
were not enough to produce the desirable effects. With regard to photocatalysis, two 
assays were done with 3 h (Test 13), and 24 h (Test 14). From these assays, 
photocatalysis with 3 h was selected because there was not a significant difference in 
comparison to the assay with 24 h.  With 3 h, the decrease in TSS, color and COD were 
99.4 %, 86.0 % and 70.0%, respectively. Previous investigations reported reductions of 
color, and COD of 87 and 80% respectively with times of 40 and 48 h [4]. Regarding 
the efficiency of the process as a function of the type of nanoparticles, it was found that 
the nanoparticles synthesized in our laboratory (S7) showed the highest efficiency, 
especially for the reduction of color, and COD. Some reasons for the superior 
performance of S7 could have been the higher surface area as a result of the smaller 
grain size, the mix anatase-rutile [4], and/or the fact that most of S7 and CA 
nanoparticles were polycrystalline as was observed in XRD and TEM. The last reason 
could be more important, because in this sample, in addition to the higher surface area 
we had the maximum surface area available per gram, assuming that the grain size is the 
same than crystal size. 
[Figure 6 near here] 

3.4. UV-vis, Raman spectroscopy and gas chromatography analysis of the  treated 

vinasse 

Figure 7 shows the absorbance after some treatments; the absorption band was located 
in the range from 200 to 600 nm, with the maximum at 280 nm. The peak of maximum 
absorbance has been related to the presence of organic compounds such as furfural, 5-
methyl furfural and 2-acetyl furan [45]. These compounds almost disappeared as the 
samples underwent heterogeneous photocatalysis; the reduction was strongest for 
samples treated with S7 nanoparticles, in line with the previous characterization. 
[Figure 7 near here] 

Figure 8 shows Raman spectroscopy of raw vinasse before and after treatments. 
It was a little difficult to identify all the vibrational modes given the high quantity of 
components in tequila vinasse; however, most of the Raman signals could be attributed 
to ethanol, acetic acid, and glycerol. The following analysis is from lower to higher 
wave numbers. In the frequency range of 700-1500 cm-1, the broad and intense signal 
could be attributed to ethanol functional groups containing the bonds -C-C, C-O, -CH2 
and –CH3, specifically, the stretching vibration of -C-C (883 cm-1), the stretching 



vibration of -C-O group (1054 cm-1), and the rocking vibration of the CH3 group (1096 
cm-1) [46], at 1454 cm-1 we could have the bands corresponding to the groups –CH2 and 
–CH3, as well as the asymmetrical stretching of acetate salt COO-(1550-1610 cm-1) 
[47]. In the range from 1300 to 2300 cm-1 there is another group of signals that could be 
related to acetic acid, which, is in high concentration in tequila vinasse; signals in the 
range from 1780 to 1805 cm-1 could be related to the stretching vibration of C=O bond, 
as well as to other functional groups related to CH3COOX (X≠carbon atom) (1710 to 
1810 cm-1) [47]. In the range 2550-2580 cm-1, there was an intense peak related to the 
stretching of sulfhydryl group S-H; this group is present in thiols of some aminoacids. 
The stretching of C-H bond was found in the range 2850-2885 [48,49]. We also 
observed vibrations and stretching of •OH groups bonded to hydrogen at frequencies of 
3420 and 3250 cm-1 [50,51]. It was remarkable that all the bands decreased as the 
treatments were applied. When coagulation-flocculation process was applied, all the 
bands decreased, however when photocatalysis was applied, especially with S7 sample 
(Test 13), some bands (500-1000 cm-1) disappeared completely, therefore, according to 
this result, photocatalysis process using TiO2 nanoparticles synthesized in our 
laboratory is an efficient process for the treatment of tequila vinasse [37,52,53]. 
[Figure 8 near here] 

Gas chromatography was used to determine phenol concentration in vinasse 
without treatment (1) and vinasse treated with photocatalysis using S7 (Test 13) and CA 
(Test 15). Phenol concentration in vinasse without treatment was 2.72 mg.L-1; after the 
treatment, the concentration of (7), (13) and (15) samples was reduced to 1.46 mg.L-1, 
0.28 and 0.47 mg.L-1 respectively, (see Figure 9), i.e., a reduction of 46.3 %, 89.7 % and 
82.7 %. The chromatograms of these analyses are shown in Figure 10. It was clear the 
difference between treatments (13) and (15), which demonstrates the effectiveness of 
using S7 TiO2 nanoparticles. The reduction of phenol was due to the photocatalytic 
oxidation by means of an electrophilic attack by hydroxyl radicals, producing the 
hydroxylation of the benzene ring; during this process, intermediate products such as 
hydroquinone, catechol, and benzoquinone are generated, as well as products like 
carboxylic acids, malonic acid, organics acids of short-chain like maleic acid, oxalic 
acid, acetic acid and formic acid along with carbon dioxide and water [37,52,53]. 
According to GC results the compounds that were generated during the treatment of 
tequila vinasse by heterogeneous photocatalysis were ethylene glycol and acetaldehyde. 
Although glycerol, acetic acid, formic acid and butanoic acid were present in raw 
tequila vinasse and in the treated tequila vinasse, we do not know if there was an 
increase by heterogeneous photocatalysis. So that, it was not possible to confirm if their 
presence in the treated tequila vinasse was due to their initial presence in the raw 
vinasse or was due to their formation during the treatment. The majority of these 
compounds are shown in figure 10 and in the table 4, with their respective 
concentrations and abundance time. 
 [Figure 9 and 10 near here] 
[Table 4 near here] 
 

4. Conclusions 

It was possible to treat raw tequila vinasse by coagulation-flocculation coupled with 
heterogeneous photocatalysis. We also have synthesized and characterized reactive 
titanium dioxide nanoparticles which were able to decompose chemical pollutants 
present in tequila vinasse by photocatalysis, with higher efficiency than the commercial 



ones. There was a considerable reduction in the pollutant concentrations after the 
coagulation-flocculation process, up to over half of the initial concentrations; however 
with this process, there were no evidence of chemical degradation of the pollutants. For 
that purpose, titanium dioxide nanoparticles performed well, specifically nanoparticles 
synthesized in our laboratory. It was remarkable that nanoparticles were able of 
degrading almost completely, harmful pollutants such as phenol. Using several 
analytical techniques it was possible to quantify the decontamination level, so that we 
concluded that coagulation-flocculation process coupled with heterogeneous 
photocatalysis could be used as an alternative to solve the serious environmental issue 
of tequila vinasse. 
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Table 1. 
  

Coagulant CFi 
 

 
Coagulant CFo 

 
 

Tequila vinasse 
 (mL) 

 
1000 

 
1000 

Al2(SO4)3. (14-18)H2O  
(mg) 

4000  

Chitosan  
(mg) 

 200 

Initial stirring speed  
(rpm) 

225 225 

Initial stirring time  
(min) 

5 5 

Final stirring speed  
(rpm) 

60 60 

Stirring time  
(min) 

60 60 

Ca(OH)2  
(mg) 

6000 4000 

Initial stirring speed  
(rpm) 

125 125 

Stirring time  
(min) 

5 5 

Final stirring speed  
(rpm) 

60 60 

Stirring time  
(min) 

30 30 

Sedimentation time  60 60 



(min) 
 
Table 2.  

Test 

 
UV light 
exposure 

time 
(h) 

 

H2O2 
(mL) 

S7 
(mg) 

CA 
(mg) Coagulation-flocculation 

1      
2 3     
3  2    
4 3 2    
5 3  200   

6     Organic (CFo): 
200 mg chitosan + 4g Ca(OH)2 

7     Inorganic (CFi): 
4g Al2(SO4)3.(14-18)H2O + 6g Ca(OH)2 

8 3  200  CFi 
9 3 2  50  CFi 

10 3 2 400  CFi 
11 3 2 600  CFi 
12 3 2 100  CFi 
13 3 2 200  CFi 
14 24 2 200  CFi 
15 3 2  200 CFi 

 

Table 3. 

 
Parameter 

 
Raw tequila vinasse 

 
pH (units of pH) 

 
3.56 + 0.006 

Conductivity (μS.cm-1) 2.33 + 0.008 

TSS(mg.L-1) 17,000 + 20.000 

Color (Pt-Co) 22,200 + 12.500 

COD (mg.L-1) 35,600 + 23.100 

Phenol (mg.L-1) 2.72 + 0.000 

 
 
 
 
Table 4. 

 
Tests 

  
 (1) 

 
 (7) 

 
(13) 

 
(15) 

 
Compounds 

 
Time 

(min)      

 
ppm 

 
ppm 

 
ppm 

 
ppm 

 
 
A) Acetaldehyde 

 
 

2.20 

 
_ 

 
 

18.30 + 0.92 

 
_ 

 
_ 

 
 
B) Butanoic acid 

 
 

8.54 

 
 

4.94 + 0.25 

 
 

1.789 + 0.09 

 
_ 

 
 

1.07 + 0.05 



 
 
C) Ethylene glycol 

 
 

9.78 

 
 

16.88 + 0.84 

 
 

17.81 + 0.89 

 
 

2.19 + 0.11 

 
 

31.96 + 1.60 
 
 
D) Acetic acid 

 
 

4.122 

 
 

571.07 + 28.55 

 
 

446.69 + 22.33 

 
 

111.88 + 5.60 

 
 

202.62 + 10.13 

 
 
E) Phenol 

 
 

22.33 

 
 

2.72 + 0.14 

 
 

1.46 + 0.07 

 
 

0.28 + 0.014 

 
 

0.47 + 0.02 
 
 
F) Glycerol 

 
 
30.44  

 
 

668.33 + 33.42 

 
 

2738.86 + 136.94 

 
 

290.54 + 14.53 

 
 

1410.66 + 70.53 

  
- Where:  _ No presence. 
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Figure 5.  
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Figure 6. 
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Figure 8. 
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Figure 10  

 

 

 

 

 

Table 1. Coagulation-flocculation process of tequila vinasse. 

Figure 1. Experimental setup for heterogeneous photocatalysis: a) batch reactor with 

clarified tequila vinasse; b) reactor covered with aluminum foil. 

Table 2. Different conditions of operations used in the treatment of tequila vinasse; 

samples of 200 mL of raw vinasse were used in all the tests. 

Figure 2. XRD of a) TiO2 without annealing, b) S7, and c) CA; A stand for anatase and 

R stands for rutile. 

Figure 3. TEM image of S7 and CA TiO2 powder, a) image S7, b) grain size of S7 

distribution, c) image CA, d) grain size of CA distribution. 



Figure 4. Raman spectroscopy of TiO2 without annealing, S7, and CA powders; A: 

anatase. B: rutile. 

Figure 5. UV-vis spectra of TiO2: a) Without annealing, b) S7, and c) CA powders, the 

inset shows the calculation of band gap. 

Table 3. Physicochemical characteristics of tequila vinasse used in this study. 

Figure 6. Efficiencies of vinasse treatments in the reduction of TSS, color, and COD, 

and aspects of the solutions after the treatments. 

Figure 7. UV-vis spectra of raw and treated vinasse, raw vinasse (Test 1), coagulation-

flocculation (Test 7), heterogeneous photocatalysis using S7 (Test 13), heterogeneous 

photocatalysis using CA (Test 15), the black line corresponds to distilled water used as 

a blank. 

Figure 8. Raman spectroscopy of raw tequila vinasse before and after treatments: raw 

vinasse (Test 1); vinasse treated by coagulation-flocculation (Test 7); vinasse treated by 

heterogeneous photocatalysis using S7 (Test 13), and CA (Test 15).  

Figure 9. Phenol concentrations in tequila vinasse without treatment (Test 1), treated by 

coagulation flocculation (Test 7), heterogeneous photocatalysis using S7 (Test 13) and 

CA (Test 15). 

Figure 10. Gas chromatography analysis of raw tequila vinasse (Test 1), treated by 

coagulation-floculation (Test 7), treated by heterogeneous photocatalysis using S7 (Test 

13) and CA (Test 15). Where: A: Acetaldehyde, B: Butanoic acid, C: Ethylene glycol, 

D: Acetic acid, E: Phenol and F: Glycerol. 

 
Table 4. Parameters obtained from the GC mass spectrograms of the tequila vinasse. 




