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Abstract 8 

One of the most interesting methods to treat landfill leachate (LL) is the photo-Fenton 9 
process; however, a disadvantage is that it is necessary that this is carried out with 10 
a solution close to 2.9, being necessary to adjust the pH of the LL, increasing the 11 
operational costs of the process. In this research, the use of different concentrations 12 
of vinasse (VS) coming from pisco and caffeic acid (Caa) from solid coffee waste as 13 
chelating agents of this process, carried out at the natural pH of the landfill leachate 14 
(8.9) was studied. As control, photo-Fenton runs at pH 3, 6 and 8.9 were carried out, 15 
without the adding of the studied chelate.  16 

Without the chelating agent, there was a removal of humic acid and COD of 54.2% 17 
and 54.7%, respectively, when the photo-Fenton reaction was carried out at pH 3, 18 
at pH 6 the removal was 13.1% and 39.2% of humic acid and COD, respectively, 19 
and at pH 8.9, the elimination was 10.8% and 16.1% of humic acid and COD, 20 
respectively. When caffeic acid (Caa) was used in the LL in the photocatalytic 21 
processes carried out at pH 8.9, a removal of 24.1%, 43.0% and 47.4% of humic 22 
acid was obtained using 5 mg/L, 50 mg/L and 100 mg/L of Caa. 23 

Photo-Fenton process at pH 8.9 using VS, was higher than the obtained at this pH 24 
without using VS but a bit lower than the obtained using Caa. The removal of humic 25 
acid was 27.3%, 30.7% and 36.3% using 5 mg/L, 50 mg/L and 100 mg/L of VS 26 
respectively, and the removal of COD was 32.2%, 35.4% and 39.2% using 5 mg/L, 27 
50 mg/L and 100 mg/L of VS, respectively. 28 

Without the chelating agent, the concentration of total Fe in photo-Fenton process 29 
was higher than when it was carried out at pH 3, going from 55.2 mg/L to 49.8 mg/L 30 
after 60 minutes of treatment. In the case of the reaction realized at pH 6 and 8.9, it 31 
changed from 30.4 mg/L to 30.1 mg/L and from 33.8 mg/L to 31.0 mg/L, respectively, 32 
being lower than the get at pH 3, due at the low solubility of Fe at higher pH. When 33 
Caa was used in the LL at pH 8.9 the concentration of total Fe went from 37.5 to 34 
33.2, from 40.2 to 36.8 and from 45.2 to 42.1, using 5 mg/L, 50 mg/L and 100 mg/L 35 
of caffeic acid, respectively. Using VS in the LL at pH 8.9 the concentration of total 36 
Fe along the run went from 35.1 to 32.2, from 39.4 to 34.8 and from 42.1 to 40.2, 37 



using 5 mg/L, 50 mg/L and 100 mg/L of VS. Therefore the use of Caa and VS 38 
increase the solubility of Fe at higher pH. 39 

The specific energy consumption (SEC) of the photocatalytic processes, considering 40 
the removal of COD, carried out at pH 3 was lower (0.0052 Wh/mg), being higher at 41 
the process carried out at pH 8.9 that used VS in a concentration of 50 mg/L (0.0061 42 
Wh/mg) and being highest at the process carried out at pH 8.9 when Caa was used 43 
at 5 mg/L (0.0064 Wh/mg).  44 

 45 
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Highlights 50 

-Vinasse and solid coffee waste have shown high capacity to be used as chelating 51 
agents in photo-Fenton process. 52 

-Chelating agents reduce the operational cost of the treatment of the landfill 53 
leachate with photo-Fenton. 54 

-There was a relation between the concentration of iron and the removal of organic 55 
matter.  56 

 57 

1. Introduction 58 
Landfill is the most common method to dispose municipal solid waste, and allows 59 
waste to decompose and degrade until transformation into stabilized material (Gupta 60 
et al. 2014). The percolation of water through the landfill layers and waste 61 
decomposition produces landfill leachate (Puig et al. 2011). The oldest landfill 62 
leachate (LL) effluents were characterized by high toxicity, low biodegradability and 63 
elevated concentrations of organic matter, such as humic and fulvic acids (Silva et 64 
al. 2016). Under this condition of complexity, the biological treatment is not 65 
completely efficient applied in LL (Havukainen et al. 2017), requiring a process that 66 
allows the oxidation of this kind of wastewater. 67 

The advanced oxidation processes (AOPs) are considered a promising treatment to 68 
apply to LL because they were capable to transform recalcitrant and complex 69 
compounds present in the wastewater into more biodegradable substance (Jung et 70 
al. 2017). Photo-Fenton process is an AOP and also one of the most interesting 71 
alternative process for the treatment of complex wastewater, due to its feasible and 72 
simple application (Arzate et al. 2017; Giannakis et al. 2016). 73 



The classical reaction is very effective in degrading complex organic pollutants into 74 
harmless compounds, low molecular weight organic acids and even CO2 and water, 75 
reducing the effluent toxicity of the wastewater (ElShafei et al. 2010). 76 

This photocatalytic process based on the photo activity of the ferric species that 77 
enhanced the Fenton reaction, lead to the formation of hydroxyl radicals when iron 78 
ions react with H2O2 (Eqs. 1 and 2). 79 

Fe2+ + H2O2 → Fe3+ + OH− + •HO  (1)  80 

Fe3+ + H2O2 → Fe2+ + •HO + H+  (2)  81 

However, one of the disadvantages of this process is the low solubility of the ferric 82 
species at neutral or high pH, requiring the adjustment of the pH of the solution to 83 
near 3, and subsequently, the neutralization after treatment, increasing the 84 
operational cost (Pignatello et al. 2006), salinity of the solution, and sludge 85 
generation (Lipczynska-Kochany and Kochany 2008), limiting the full scale 86 
application in industrial wastewater process (Giannakis et al. 2016). Additionally, the 87 
acidification process might produce the emissions of some gases into the 88 
atmosphere containing cyanides or sulphides (Lipczynska-Kochany and Kochany 89 
2008). 90 

At high pH, Fe(III) would precipitate into the reactor and exist as insoluble 91 
complexes, hydrous oxyhydroxides (Fe2O3·nH2O), which cannot be reduced to 92 
dissolved Fe(II), ceasing the Fenton reactions (Zhang and Zhou 2019). This 93 
behaviour strongly reduces the efficiency of photo-Fenton at neutral or high pH 94 
(Nahim-Granados et al. 2019). 95 
 96 
Chelating agents are substances with numerous coordinating sites that have the 97 
capacity to form bonds with metal ions, being possible to be used at high pH to form 98 
soluble complexes with Fe(II)/Fe(III), allowing the production of oxidative species by 99 
the reaction of Fe(II)/Fe(III) and H2O2 (Lipczynska-Kochany and Kochany 2008). 100 
This behaviour also may promote steric effect on iron, enhancing the efficiency of 101 
binding to target molecules and hydroperoxide (Chevion 1988). 102 

Chelating agents, even when commonly used, must have suitable functional groups, 103 
from which atoms can donate a pair of electrons to a metal atom to produce the 104 
formation of a ring with the metal atom and the functional groups (Ruíz-Delgado et 105 
al. 2019).  106 

The stability of a complex, that depends on the equilibrium for its formation in the 107 
solution, is related with the strength of the interaction between chelating agents and 108 
metal ions along the reaction time. The stability of the complex depends on the acid 109 
ionization constant (pKa) of the ligand, the substituents, the characteristics of the 110 
donor atoms, the central metal atom, and the number and ring size of the complex 111 
(Somasundaran and Nagaraj 1984). Based on previous reports, the pH dependence 112 



can be minimized by the formation of ferric organocomplexes (Miralles-Cuevas et al. 113 
2014). 114 
 115 
Several organic compounds have been tested as ligands for ferric complexes, to be 116 
used in the photo-Fenton process. For instance, ions of Fe3+ form stable complexes 117 
with ligands such as carboxylic acids and amino-polycarboxylic acids, in a wide 118 
range of pH (Zhang and Zhou 2019). Depending on the ligand, the complex has 119 
different light absorption properties, for instance carboxylic acids and iron complexed 120 
present high quantum yield (Miralles-Cuevas et al. 2014). 121 

Also, the use of photo-Fenton applied in the treatment of wastewater was enhanced 122 
by the addition of organic acids such as tartaric, ascorbic, citric and caffeic acid 123 
(Villegas-Guzman et al. 2017). The increase of iron in solution in the presence of 124 
organic acids can be due to factors such as the chemical and structural properties 125 
of acids. Caffeic acid is a carboxylic acid usually found in coffee beans (Scholz et al. 126 
2016) that can be used as additive in photo-Fenton application and has chelating 127 
activity leading to photo-active complexes (Villegas-Guzman et al. 2017) and 128 
enhancing the production of •HO (Iwahashi et al. 1990; Iwahashi et al. 1989). 129 

Also, phenols have shown a notable chelating activity to transition metallic ions 130 
leading to photo-active complexes and the production of hydroxyl radicals (Villegas-131 
Guzman et al. 2017). Phenolic and polyphenolic compounds have the capacity to 132 
form very stable complexes with iron at a wide pH range (Masoud et al. 2014), 133 
allowing its availability for photo-Fenton processes. Gallic acid, as polyphenol, is 134 
capable to form complexes with Fe3+ that are capable of participating in its reduction 135 
(Hynes and Coinceanainn 2001).  136 

Polyphenolic compounds are present in industrial wastewaters produced from the 137 
processing of natural products, such as olive mills, distillery and wineries among 138 
others (Papoutsakis et al. 2016; Lucas et al. 2009). Polyphenols are also present in 139 
the distillation of pisco, an emblematic alcohol beverage produced in Chile and Perú 140 
(Vázquez-Rowe et al. 2017). In this process, the wastewater generated is called 141 
vinasse and represents the 70% of the distillate liquid (Poblete et al. 2020). Authors 142 
considered that vinasse are toxic and which may affect to sensitive organisms such 143 
as plants, bacteria and animals (Sousa et al. 2019), delaying germination or 144 
inhibiting the vegetative growth of studied plants due the presence of polyphenols 145 
(Mosse et al. 2010) and considered as phytotoxic and antimicrobial (Moran-Salazar 146 
et al. 2016). However also has been used as fertilizer due it is rich in potassium, 147 
carbon and nitrogen (Fuess et al. 2017) can be used in yeast production (Arslanoğlu 148 
and Tümen 2021) and its use stimulates the increase in P of higher soil lability 149 
(Oliveira Filho et al. 2021). 150 

The use of polyphenols coming from vinasse of pisco or caffeic acid obtained from 151 
solid waste of coffee, in an adequate concentration, could be useful as an additive 152 
in photo-Fenton process in the treatment of LL, allowing to keep iron in solution at 153 



the natural or higher pH of this wastewater, avoiding its acidification. If this 154 
hypothesis works, it would be an interesting alternative to the use of expensive 155 
commercial chelating agents, such as oxalic acid, ethylenediaminetetraacetic acid 156 
and ethylenediamine-N,N'-disuccinic acid, being able to save this cost and promote 157 
circular economy. 158 

At our best knownledge, an evaluation of the capacity of caffeic acid and 159 
polyphenols, coming from industrial waste, as chelating agent in the photo-Fenton 160 
processes in order to reduce the toxicity of landfill leachate has not been carried out, 161 
therefore the main goal of this investigation is the evaluation of caffeic acid (Caa) 162 
coming from solid waste of coffee and also polyphenols coming from vinasse (VS) 163 
obtained from the production of Chilean pisco, used as chelating agent in photo-164 
Fenton process in the treatment of landfill leachate at this natural pH. 165 

2. Materials and methods 166 

Runs of photo-Fenton process were carried out using Caa or VS to evaluate these 167 
substances as chelating agents in the treatment of an old and toxic LL, at pH 6 and 168 
the natural pH of the LL (8.9). Considering that a high load of chelate should be 169 
avoided since the organic content of the solution would dramatically increase, it is 170 
important to restrict the addition of the chelating agent in an adequate concentration 171 
(Ruíz-Delgado et al. 2019), so different concentrations of Caa and VS as a chelating 172 
were tested to determine the adequate amount of that. 173 

2.1. Experimental design 174 

The LL was obtained from 3 different places of a landfill (16.7 ha total area) located 175 
in Coquimbo, Chile, that manages domestic waste. The main characteristics of the 176 
raw LL samples are shown in Table 1. After collection, LL samples were submitted 177 
to a coagulation/flocculation process, stirring for 2 h at 150 rpm, in order to reduce 178 
total solids in the water, through the addition of 1 g/L FeCl3 (Merck), after which the 179 
supernatant of the coagulated/flocculated was taken. This reagent concentration 180 
was chosen considering prior results from our investigation (Poblete and Painemal 181 
2018). After that, LL samples were filtered using a 5 µm filter and stored in the dark, 182 
at 4 °C to maintain inherent characteristics. 183 

The VS was used as source of polyphenols and was obtained from a wastewater 184 
generated in Pisco Capel Company, Coquimbo, Chile. This company produces pisco 185 
through distillation process. The main characteristics of the VS samples are shown 186 
in Table 1. 187 

The coffee waste, as source of caffeic acid, was collected from coffee machine 188 
shops in Coquimbo, Chile, which is an abundant and free by-product of food industry 189 
still rich in molecules that could be exploited (Kang et al. 2002)(Kang et al. 190 
2002)(Kang et al. 2002)(Kang et al. 2002)(Kang et al. 2002)(Kang et al. 2002)(Kang 191 
et al. 2002; Jeszka-Skowron et al. 2016). 192 



An ultrasonic method was used to extract the caffeic acid present in solid coffee 193 
waste (Oniszczuk et al. 2014) using an ultrasound Elmasonic E60 H equipment 194 
(Germany, 500 W, 37 kHz frequency). 500 g of dried coffee waste and 1 L of distilled 195 
water were placed into the ultrasound reactor that worked during 1 h. After that, the 196 
supernatant was taken and filtered, using a 5 µm filter and stored in the dark, at 4 197 
°C. The main characteristics of the Caa samples are shown in Table 1. 198 

Table 1. Landfill leachate, caffeic acid and vinasse characteristics 199 

  LL Caa VS 
Parameter   Value  
COD mg/L 5,120-5,300 2,800 5,100 
pH  8-85-8.96 4.7 3.6 
Total solid mg/L 21,800-22,300 380 940 
Conductivity mS/cm 40.3-42.8 12.5 14.7 
Polyphenols mg/L - - 270 
Humic acid  (ABS254)  13.8-15.8 - - 

 200 

The alkaline pH of the LL is related with the presence of inorganic pollutant fractions 201 
such as iron and also with presence of solids that attenuate the light transfer 202 
capacity, producing a high turbidity of the solution (Seibert et al. 2017). 203 

The LL was placed in a 5 L useful capacity tank, pumped into the UVc photoreactor 204 
using a centrifugal submerged pump (30 W of power) and then returned to the tank 205 
(Fig. 1), producing a recirculation flow rate of approximately 10 L/min. The UV lamp 206 
(Atman unit) has a power of 36 W with 254 nm wavelength. 207 

The initial concentration of Fe2+ and H2O2 used in the reaction was of 56 ppm and 208 
1000 ppm, respectively (Poblete et al. 2012), according to the results of our 209 
investigation group. 210 

 211 
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Fig. 1. Schematic diagram of the photocatalytic recirculation system. 212 

In order to determine an adequate concentration of the proposed chelating agent, 213 
three different molar ratios were tested for total iron: caffeic acid (1:0.01; 1:0.05; 214 
1:0.1), representing 5 mg/L, 50 mg/L and 100 mg/L of caffeic acid, respectively. Also, 215 
three different molar ratios were tested for total iron: polyphenol (1:2.8*10-5; 1: 216 
2.8*10-4; 1:5.6*10-4), representing 5 mg/L, 50 mg/L and 100 mg/L of polyphenols, 217 
respectively. Higher and lower molar mass ratios were selected as an approach to 218 
find the adequate ratio to form the necessary chelate bond with iron and keeping it 219 
in solution at high pH to avoid adding an excess of organic matter. 220 

Also, as a control, runs at pH 3, 6 and the pH of the LL without adjustment (8.9), 221 
without the adding of Caa or VS were carried out, to determine the removal of organic 222 
matter under these conditions. 223 

With and without chelating agent, the photocatalytic treatment time lasted 1 h, 224 
samples were taken at the beginning and every 10 minutes and COD, humic acid 225 
and the pH were measured. Also, in order to determine the stability of the metal in 226 
solution at these pHs it was measured the concentration of Total Fe during the 227 
experiment. After, the samples were collected and decanted to allow precipitation of 228 
undissolved metal. 229 

2.2. Analytical determination 230 

Caffeic acid concentrations, obtained from the coffee waste, were determined by a 231 
calibration curve using an Optizen Pop spectrophotometer at 280 nm wavelength 232 
(Chuysinuan et al. 2020), and caffeic acid (≥98.0% of purity) from Merck as reference 233 
standard. The polyphenol content present in VS was determined according to the 234 
Folin-Ciocalteau method, using gallic acid from Merck (97.5% of purity) as a 235 
reference standard (Singleton and Rossi 1965). The concentration of humic acid in 236 
LL (Kang et al. 2002) was measured using a spectrophotometer at 254 nm 237 
(Mecasys, Optizen Pop Series UV/VIS, Korea) because high humic acid 238 
concentrations are an indicator of old LL (Kang et al., 2002). COD concentration in 239 
LL was measured according to the colorimetric method (EPA 410.4 protocol) with a 240 
spectrophotometer Hanna HI83099. To evaluate the effect of the used chelating 241 
agents, the concentration of total dissolved iron during the processes was measured, 242 
filtering 50 mL of solution every 10 minutes, using millipore 0.2 μm membrane filters 243 
(Ruíz-Delgado et al. 2019). Iron was measured according to the EPA phenantroline 244 
method 315B. 245 

2.3. Energy and economic assessment  246 

Considering that an important issue in the AOP are the operation costs of the 247 
process, it is important to determine this parameter. Therefore, the specific energy 248 
consumption (SEC) of the photocatalytic treatment carried out was determined using 249 
Eq. 3: 250 



𝑆𝐸𝐶 =
∑௉∗௧

൫஼బି஼೑൯∗௏
  (3) 251 

Where P is the electrical power input consumed by the equipment used in the 252 
photocatalytic process (W), t is the treatment time (h), V is the volume of wastewater 253 
treated (L) and, C0 and Cf are the initial and final concentrations of COD present in 254 
the LL (mg/L), respectively (Krýsa et al. 2018). 255 

A preliminary economic assessment of the evaluated photocatalytic processes was 256 
realized by determining and comparing the operational costs of the evaluated 257 
processes, considering energy consumption and reagent costs. 258 

In Fig. 2 are depicted a resume of the methodology carried out in this work research. 259 

 260 

 261 

Fig. 2. Resume of the methodology carried out. 262 

3. Results and discussion 263 

3.1. Removal of pollutants and iron concentration 264 

In Figure 3, the change in the absorbance of humic acid and in the concentration of 265 
COD during the pre-treatment and the photocatalytic treatment time, at different pH 266 
without using chelating agent are depicted. As can be seen, there was a high 267 
removal of organic matter when the reaction was carried out at pH 3, obtaining a 268 
removal of humic acid and COD of 54.2% and 54.7%, respectively. When the 269 
reaction was carried out at pH 6, the removal was 13.1% and 39.2% of humic acid 270 

Landfill Leachate: samples taken in three places 

Coagulation/floculation process with 1 g FeCl3/L (2 hours at 150 rpm)

Filtration (5 μm)

Photo-Fenton process: Fe2+ (56 ppm) and H2O2 (100 ppm)

Experimental controls:
Photo-Fenton at pH: 3; pH: 6; pH: 8,9 

Treatments: Photo-Fenton (pH: 8,9) 

CAA
5 mg/L   50 mg/L 100 mg/L

VS
5 mg/L   50 mg/L 100 mg/L

During experiments: Sampling every 10 minutes during 1 hour. Determination of COD, 
humic acids, pH and total iron.

Energy and economic assessment



and COD, respectively. In the case of the reaction at pH 8.9, the elimination was 271 
10.8% and 16.1% of humic acid and COD, respectively.  272 

Considering the global process that consisted in coagulation/flocculation filtration 273 
and photo-Fenton process at pH 3, the removal of humic acid and COD was 66.6% 274 
and 55.5%, respectively. 275 

 276 

Fig 3. Humic acid absorbance and COD concentration at different pH evaluated in 277 
photo-Fenton treatment. Error bars represent the standard deviation of the results 278 

(n=3) 279 

The low elimination of humic acid and COD in LL obtained in the photocatalytic 280 
process at pH higher than 3 could be due to the fact that under this condition there 281 
is a reduced amount of iron to react with  H2O2, producing less amount of ·OH in the 282 
system (Li et al. 2016) as can be seen in Figure 3. 283 

The concentration of total Fe in photo-Fenton process was high when carried out at 284 
pH 3, going from 55.2 mg/L to 49.8 mg/L after 60 minutes of treatment. In the case 285 
of the reaction obtained at pH 6 and 8.9, it changed from 30.4 mg/L to 30.1 mg/L 286 
and from 33.8 mg/L to 31.0 mg/L, respectively (see Fig. 4). 287 

As can be seen in Figure 4, the iron concentration, although reduced, is still present 288 
in solution at pH of 6 and 8.9, possibly due the complex matrix of the LL. For 289 
instance, the presence of carboxyl acids that are typically constituent of this kind of 290 
water (Solo-Gabriele et al. 2020; Yu et al. 2020; Hamid et al. 2018) and form ligands 291 
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with iron (Seibert et al. 2017) could justify the elimination of organic matter at these 292 
pHs. 293 

 294 

Fig 4. Total Fe concentration at different pH evaluated. Error bars represent the 295 
standard deviation of the results (n=3). 296 

Figure 5 shows the evolution of organic matter in the processes carried out at pH 297 
8.9 (the natural pH of the LL) using different concentrations of Caa. As can be seen, 298 
after the addition of Caa there was an increase of the humic acid and COD and the 299 
photocatalytic process had the aim of reduce it. Under these conditions, a removal 300 
of 24.1%, 43.0% and 47.4% of humic acid using 5 mg/L, 50 mg/L and 100 mg/L of 301 
Caa was obtained. As can be seen, the run carried out with a higher concentration 302 
of Caa ended its experiments with a high amount of organic matter, even at a higher 303 
removal of the solution which was due to the higher concentration at the beginning 304 
of the photocatalytic process. 305 

These interesting results that show the positive effect of Caa in the removal of 306 
organic matter are due to the fact that this compound is a phenolic structure that can 307 
chelate Fe+3 reducing it to Fe+2 and stimulating the Fenton reaction (Márquez et al. 308 
2019a). 309 

Although it is known that phenolic compounds have antioxidant properties (Tomac 310 
et al. 2020), some of these compounds, such as caffeic acid, have proven pro-311 
oxidant effects and the concentration of this compound was proportionally related to 312 
the production of hydroxyl radicals, enhancing the efficiency of the photocatalytic 313 
reaction (Márquez et al. 2019b) which justifies the a higher removal of humic acid 314 
and COD obtained when using a higher concentration of caffeic acid. 315 

 316 
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 317 

Fig 5. Humic acid absorbance and COD concentration at pH 8.9 evaluated in 318 
photo-Fenton treatment. Error bars represent the standard deviation of the results 319 

(n=3) 320 

A high generation of •HO in the presence of humic substance and caffeic acid was 321 
reported, concluding that the addition of caffeic acid increased the oxidation 322 
efficiency of Fenton-like processes (Lin et al. 2017). It has been observed that caffeic 323 
acid has a reductive power, allowing the reduction of ferric ion to ferrous ion 324 
(Chvátalová et al. 2008) in order to enhance the solar photo-Fenton process 325 
(Iwahashi et al. 1990; Villegas-Guzman et al. 2017). 326 

 327 



 328 

Fig 6. Total Fe concentration in photo-Fenton treatment using caffeic acid as 329 
chelating agent at different concentrations at pH 8.9. Error bars represent the 330 

standard deviation of the results (n=3) 331 

As can be seen in Figure 6, there was an enhancement in the concentration of total 332 
Fe at pH 8.9, when caffeic acid in solution was used and that the higher the 333 
concentration of caffeic acid, the higher the concentration of Fe was, going from 37.5 334 
to 33.2, from 40.2 to 36.8 and from 45.2 to 42.1, using 5 mg/L, 50 mg/L and 100 335 
mg/L of caffeic acid, respectively. These results are better than the obtained at pH 336 
8.9 without chelating agents, with a, average of 33.8 mg/L (see Fig. 4). 337 

This behaviour could be due to the effect of caffeic acid and Fe, where the chelating 338 
process occurs due the reaction presented in Eq.(4) and (5) (Holtomo et al. 2015): 339 

R-CM + Fe2+ → Fe(R-CM)2+  (4) 340 

R-CM + Fe62+→ Fe(R-CM)X42+ + 4X  (5) 341 

Where R-CM represents a phenolic acid, R is the sidechain and X are the ligands. 342 
Besides, chelation mechanism is spontaneous when the phenolic acids present in 343 
the site of chelation are in the presence of metallic ion (Fifen et al. 2009). 344 

The removal of organic matter in the photo-Fenton process at pH 8.9, using 345 
polyphenols coming from VS was higher (see Fig.7) than the obtained at that same 346 
pH without using vinasse (see Fig. 3) but a bit lower than the obtained using Caa 347 
(see. Fig. 5). It is possible to observe that the addition of VS get an high increase of 348 
the humic acid and COD and the photocatalytic process partially reduce it.  When 349 
VS was used, the removal of humic acid was 27.3%, 30.7% and 36.3% using 5 mg/L, 350 
50 mg/L and 100 mg/L of VS respectively, and 32.2%, 35.4% and 39.2% using 5 351 
mg/L, 50 mg/L and 100 mg/L of VS, respectively. 352 

Ouyang et al. (2019) obtained a high elimination of lincomycin, observing that the 353 
addition of polyphenols as chelating agent significantly promotes the generation of 354 
hydroxyl radical and this generation was enhanced when the concentration of 355 
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polyphenols was increased, results aligned with the ones obtained from this 356 
investigation. 357 

 358 

Fig 7. Humic acid absorbance and COD concentration in photo-Fenton treatment 359 
using vinasse as chelating agent at different concentrations, at pH 8.9. Error bars 360 

represent the standard deviation of the results (n=3) 361 

As can be seen, a higher concentration of Caa and VS produces an enhancement 362 
in the concentration of organic matter in the LL, promoting the competition of the 363 
contaminants for the oxidant radicals (Ruíz-Delgado et al. 2019) and also a screen 364 
effect of UV photons, that is higher at a raised concentration of chelate, therefore a 365 
large amount of chelate needs to be avoided. 366 
 367 
As can be seen, although at pH 8.9 the concentration of total iron was lower than at 368 
pH 3 without use of chelate, it was higher when vinasse was used than when it was 369 
not used, see Figure 3 and 7. It went from 35.1 to 32.2, from 39.4 to 34.8 and from 370 
42.1 to 40.2, using 5 mg/L, 50 mg/L and 100 mg/L of VS. The reason could be due 371 
to the fact that the chelating agents (polyphenols of VS) form bonds with iron and 372 
allow Fe3+ to keep soluble at a high pH, due to the formation of complexes (Ruíz-373 
Delgado et al. 2019). 374 

 375 
 376 



 377 

Fig. 8. Total Fe concentration in photo-Fenton treatment using vinasse as chelating 378 
agent at different concentrations, at pH 8.9. Error bars represent the standard 379 

deviation of the results (n=3) 380 

3.2. Specific energy consumption and economic assessment 381 

SEC of the photo-Fenton processes carried out are depicted in Figure 9. As can be 382 
seen, the processes that use the energy more efficiently, in terms of the energy 383 
consumed per mass of COD removed, were photo-Fenton process at pH 3 (0.0052 384 
Wh/mg), followed by the process that used VS as chelating agent in a concentration 385 
of 50 mg/L (0.0061 Wh/mg) and finally when Caa at 5 mg/L (0.0064 Wh/mg) was 386 
used. These results showed lower SEC than the obtained in a previous work of our 387 
investigation group, where the lowest SEC observed was 0.09 Wh/mg of COD 388 
removed of a LL using activated carbon, ultrasound, ozone and H2O2 (Poblete et al. 389 
2017). 390 

 391 

Fig. 9. SEC of the photocatalyst process carried out using or without use of 392 
chelating agent 393 

When Caa was used at a higher concentration get a SEC of 0.046 Wh/mg, being the 394 
processes that consume more energy in relation with the pollutants removed. 395 
Although under this condition, a high removal of organic pollutants it was obtained. 396 
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The use of Caa required the utilization of an extra equipment to produce them, the 397 
ultrasound, that consumes 500 W, which required to take in consideration the energy 398 
used in this process. 399 

Related to the operational costs involved in the photocatalytic processes, where the 400 
cost of the reagent used and the electric energy consumed in the processes (see 401 
Table 2) were considered, it was lower for photo-Fenton process carried out at the 402 
natural pH of LL (8.9) followed by the carried out using vinasse, and higher for the 403 
treatment carried out using caffeic acid and in the classical photo-Fenton process at 404 
pH 3. The reason of the higher operational costs is due to the fact that, in this case, 405 
the use of more electrical energy to extract the caffeic acid from the solid waste (runs 406 
caffeic acid) and the use a high amount of sulfuric acid to adjust the pH from 8.9 to 407 
3 (run a pH 3) were required. In the case of the runs using VS were not necessary 408 
however, with a lower removal of COD, that was higher for classical photo-Fenton 409 
process and the runs that used caffeic acid.  410 

Table 2. Operational costs and organic pollutants removed due the photo-Fenton 411 
processes carried out 412 

 413 

 

 

 
Operational 

 costs 

Pollutants 
elimination  

(%) 

 
 

  (US$/m3) 
Humic 
acid 

COD 

Without chelatings 
 and different pH 
 

pH 3 167.9    52     55 
pH 6 167.9    13     39 

pH 8.9 127.1    11     16 

With 
chelatings 
and pH 8.9 
 
 
  

Caffeic acid 

Caa 5 mg/L 138.9 24 46 
Caa 50 mg/L 153.0 43 48 

Caa 100 
mg/L 168.8 47 51 

Vinasse 
VS 5 mg/L 137.3 27 32 

VS 50 mg/L 137.3 31 35 
VS 100 mg/L 137.3 36 39 

 414 

These operational costs are higher than the obtained by Durán et al. (2012) that 415 
report 65 US$/m3 in the photo-Fenton treatment of the effluent of integrated 416 
gasification combined cycle power station, possibly due to the fact that this 417 
wastewater is less contaminated, requiring less reagent to obtain the necessary 418 
treatment. The operational costs observed in this research work can be reduced 419 
dramatically if solar energy is used as source of UV radiation instead to used UV 420 
lamp (Costa et al. 2018; Gil-Pavas et al. 2018). 421 
 422 



4. Conclusions 423 

The use of wastes coming from pisco production (VS) and solid coffee (Caa) was 424 
evaluated in order to determine its capacity as a chelating agent in photo-Fenton 425 
process in the treatment on landfill leachate (LL). In the reaction developed without 426 
chelating agent, a higher removal of organic matter was obtained at pH 3 than pH 6 427 
and 8.9. Also, under these conditions the concentration of iron in solution showed 428 
the same trend, higher at pH 3 than in the other pHs.  429 

When Caa and VS were used in the photo-Fenton reaction at pH 8.9, a higher 430 
removal of organic matter was obtained than without using them, being better using 431 
Caa. A higher concentration of the chelating agent produced an increase in the 432 
depuration of the LL, in the case of Caa and VS, observing a relation between the 433 
concentration of iron in LL and the removal of organic matter. Although at pH 8.9 the 434 
concentration of iron in solution was lower than at pH 3 without use of chelate, it was 435 
higher when Caa and VS were used than when they were not used. 436 

The energy was used more efficiently when VS was applied at medium concentration 437 
and Caa at low concentration, being the SEC a little lower when the photocatalytic 438 
treatment was carried out at pH 3. At pH 8.9 using chelating agents, both Caa and 439 
VS, the removal of organic matter was lower and with a higher SEC that when carried 440 
out at pH 3 and without using chelating agents. The performance of the 441 
photocatalytic treatment carried out using the chelating agent was better than without 442 
using them, at pH 6 and 8.9. Also, the operational costs of the processes were lower 443 
when using a chelating agent and especially lower when VS was used. 444 

Considering the removal of organic matter, Caa were the chelating agent that 445 
produced the most interesting results, being useful to be applied in photo-Fenton 446 
process at pH 8.9, without the need to adjust the pH and giving the opportunity to 447 
benefit from a solid waste and promote circular economy. However, it is necessary 448 
to improve the performance of the operational condition to avoid the excessive 449 
discharge of organic matter and the specific energy consumption in the process. 450 

Acknowledgements 451 
 452 
The authors wish to thank to the Chilean Ministry of Education and its FONDECYT-453 
Postdoctoral project n° 3180297 for the financial support and the Central Laboratory 454 
for Marine Aquaculture of the Marine Sciences Department of the Universidad 455 
Católica del Norte for equipment support. 456 
 457 
 458 
5. References. 459 

Arslanoğlu H, Tümen F (2021) Potassium struvite (slow release fertilizer) and 460 
activated carbon production: Resource recovery from vinasse and grape marc 461 
organic waste using thermal processing. Process Saf Environ Prot 147:1077–462 



1087. https://doi.org/10.1016/j.psep.2021.01.025 463 

Arzate S, García Sánchez JL, Soriano-Molina P, et al (2017) Effect of residence 464 
time on micropollutant removal in WWTP secondary effluents by continuous 465 
solar photo-Fenton process in raceway pond reactors. Chem Eng J. 466 
https://doi.org/10.1016/j.cej.2017.01.089 467 

Chevion M (1988) A site-specific mechanism for free radical induced biological 468 
damage: The essential role of redox-active transition metals. Free Radic. Biol. 469 
Med. 470 

Chuysinuan P, Thanyacharoen T, Thongchai K, et al (2020) Preparation of 471 
chitosan/hydrolyzed collagen/hyaluronic acid based hydrogel composite with 472 
caffeic acid addition. Int J Biol Macromol. 473 
https://doi.org/10.1016/j.ijbiomac.2020.08.139 474 

Chvátalová K, Slaninová I, Březinová L, Slanina J (2008) Influence of dietary 475 
phenolic acids on redox status of iron: Ferrous iron autoxidation and ferric iron 476 
reduction. Food Chem. https://doi.org/10.1016/j.foodchem.2007.06.028 477 

Costa NM, Silva GD, Marson EO, et al (2018) Enhanced treatment of a biodiesel 478 
effluent using ferrioxalate in a photo-Fenton process based on the use of solar 479 
radiation. Fuel. https://doi.org/10.1016/j.fuel.2018.02.086 480 

Durán A, Monteagudo JM, San Martín I (2012) Photocatalytic treatment of an 481 
industrial effluent using artificial and solar UV radiation: An operational cost 482 
study on a pilot plant scale. J Environ Manage. 483 
https://doi.org/10.1016/j.jenvman.2011.12.007 484 

ElShafei GMS, Yehia FZ, Dimitry OIH, et al (2010) Degradation of nitrobenzene at 485 
near neutral pH using Fe2+-glutamate complex as a homogeneous Fenton 486 
catalyst. Appl Catal B Environ. https://doi.org/10.1016/j.apcatb.2010.06.026 487 

Fifen JJ, Nsangou M, Dhaouadi Z, et al (2009) Single or double hydrogen atom 488 
transfer in the reaction of metal - Associated phenolic acids with •OH radical: 489 
DFT study. J Mol Struct THEOCHEM. 490 
https://doi.org/10.1016/j.theochem.2008.12.046 491 

Fuess LT, Rodrigues IJ, Garcia ML (2017) Fertirrigation with sugarcane vinasse: 492 
Foreseeing potential impacts on soil and water resources through vinasse 493 
characterization. J Environ Sci Heal - Part A Toxic/Hazardous Subst Environ 494 
Eng. https://doi.org/10.1080/10934529.2017.1338892 495 

Giannakis S, López MIP, Spuhler D, et al (2016a) Solar disinfection is an 496 
augmentable, in situ-generated photo-Fenton reaction-Part 2: A review of the 497 
applications for drinking water and wastewater disinfection. Appl. Catal. B 498 
Environ. 198:431–446 499 

Giannakis S, Polo López MI, Spuhler D, et al (2016b) Solar disinfection is an 500 
augmentable, in situ-generated photo-Fenton reaction—Part 1: A review of the 501 
mechanisms and the fundamental aspects of the process. Appl. Catal. B 502 



Environ. 503 

GilPavas E, Dobrosz-Gómez I, Gómez-García MÁ (2018) Optimization of solar-504 
driven photo-electro-Fenton process for the treatment of textile industrial 505 
wastewater. J Water Process Eng. https://doi.org/10.1016/j.jwpe.2018.05.007 506 

Gupta A, Zhao R, Novak JT, Goldsmith CD (2014) Variation in organic matter 507 
characteristics of landfill leachates in different stabilisation stages. Waste 508 
Manag Res. https://doi.org/10.1177/0734242X14550739 509 

Hamid H, Li LY, Grace JR (2018) Review of the fate and transformation of per- and 510 
polyfluoroalkyl substances (PFASs) in landfills. Environ. Pollut. 511 

Havukainen J, Zhan M, Dong J, et al (2017) Environmental impact assessment of 512 
municipal solid waste management incorporating mechanical treatment of 513 
waste and incineration in Hangzhou, China. J Clean Prod. 514 
https://doi.org/10.1016/j.jclepro.2016.09.146 515 

Holtomo O, Nsangou M, Fifen JJ, Motapon O (2015) Antioxidative Potency and 516 
UV-Vis spectra features of the compounds resulting from the chelation of Fe2+ 517 
by Caffeic Acid Phenethyl Ester and two of its derivatives. Comput Theor 518 
Chem. https://doi.org/10.1016/j.comptc.2015.06.006 519 

Hynes MJ, Ó Coinceanainn M (2001) The kinetics and mechanisms of the reaction 520 
of iron(III) with gallic acid, gallic acid methyl ester and catechin. J Inorg 521 
Biochem. https://doi.org/10.1016/S0162-0134(01)00205-7 522 

Iwahashi H, Ishii T, Sugata R, Kido R (1990) The effects of caffeic acid and its 523 
related catechols on hydroxyl radical formation by 3-hydroxyanthranilic acid, 524 
ferric chloride, and hydrogen peroxide. Arch Biochem Biophys. 525 
https://doi.org/10.1016/0003-9861(90)90033-U 526 

Iwahashi H, Morishita H, Ishii T, et al (1989) Enhancement by catechols of 527 
hydroxyl-radical formation in the presence of ferric ions and hydrogen 528 
peroxide. J Biochem. https://doi.org/10.1093/oxfordjournals.jbchem.a122681 529 

Jeszka-Skowron M, Stanisz E, De Peña MP (2016) Relationship between 530 
antioxidant capacity, chlorogenic acids and elemental composition of green 531 
coffee. LWT - Food Sci Technol. https://doi.org/10.1016/j.lwt.2016.06.018 532 

Jung C, Deng Y, Zhao R, Torrens K (2017) Chemical oxidation for mitigation of 533 
UV-quenching substances (UVQS) from municipal landfill leachate: Fenton 534 
process versus ozonation. Water Res 108:260–270. 535 
https://doi.org/10.1016/j.watres.2016.11.005 536 

Kang KH, Shin HS, Park H (2002) Characterization of humic substances present in 537 
landfill leachates with different landfill ages and its implications. Water Res 538 
36:4023–4032. https://doi.org/10.1016/S0043-1354(02)00114-8 539 

Krýsa J, Mantzavinos D, Pichat P, Poulios I (2018) Advanced oxidation processes 540 
for water/wastewater treatment. Environ Sci Pollut Res 25:34799–34800. 541 
https://doi.org/10.1007/s11356-018-3411-2 542 



Li T, Zhao Z, Wang Q, et al (2016) Strongly enhanced Fenton degradation of 543 
organic pollutants by cysteine: An aliphatic amino acid accelerator outweighs 544 
hydroquinone analogues. Water Res 105:479–486. 545 
https://doi.org/10.1016/j.watres.2016.09.019 546 

Lin ZR, Zhao L, Dong YH (2017) Effects of low molecular weight organic acids and 547 
fulvic acid on 2,4,4″-trichlorobiphenyl degradation and hydroxyl radical 548 
formation in a goethite-catalyzed Fenton-like reaction. Chem Eng J. 549 
https://doi.org/10.1016/j.cej.2017.05.112 550 

Lipczynska-Kochany E, Kochany J (2008) Effect of humic substances on the 551 
Fenton treatment of wastewater at acidic and neutral pH. Chemosphere. 552 
https://doi.org/10.1016/j.chemosphere.2008.06.028 553 

Lucas MS, Mosteo R, Maldonado MI, et al (2009) Solar photochemical treatment of 554 
winery wastewater in a CPC reactor. J Agric Food Chem 57:11242–11248. 555 
https://doi.org/10.1021/jf902581b 556 

Márquez K, Contreras D, Salgado P, Mardones C (2019a) Production of hydroxyl 557 
radicals and their relationship with phenolic compounds in white wines. Food 558 
Chem. https://doi.org/10.1016/j.foodchem.2018.07.165 559 

Márquez K, Pérez-Navarro J, Hermosín-Gutiérrez I, et al (2019b) Systematic study 560 
of hydroxyl radical production in white wines as a function of chemical 561 
composition. Food Chem. https://doi.org/10.1016/j.foodchem.2019.03.005 562 

Masoud MS, Ali AE, Haggag SS, Nasr NM (2014) Spectroscopic studies on gallic 563 
acid and its azo derivatives and their iron(III) complexes. Spectrochim Acta - 564 
Part A Mol Biomol Spectrosc. https://doi.org/10.1016/j.saa.2013.10.054 565 

Miralles-Cuevas S, Oller I, Pérez JAS, Malato S (2014) Removal of 566 
pharmaceuticals from MWTP effluent by nanofiltration and solar photo-Fenton 567 
using two different iron complexes at neutral pH. Water Res. 568 
https://doi.org/10.1016/j.watres.2014.06.032 569 

Moran-Salazar RG, Sanchez-Lizarraga AL, Rodriguez-Campos J, et al (2016) 570 
Utilization of vinasses as soil amendment: consequences and perspectives. 571 
Springerplus 572 

Mosse KPM, Patti AF, Christen EW, Cavagnaro TR (2010) Winery wastewater 573 
inhibits seed germination and vegetative growth of common crop species. J 574 
Hazard Mater 180:63–70. https://doi.org/10.1016/j.jhazmat.2010.02.069 575 

Nahim-Granados S, Oller I, Malato S, et al (2019) Commercial fertilizer as effective 576 
iron chelate (Fe3+-EDDHA) for wastewater disinfection under natural sunlight 577 
for reusing in irrigation. Appl Catal B Environ. 578 
https://doi.org/10.1016/j.apcatb.2019.04.041 579 

Oliveira Filho J de S, Santos OAQ dos, Rossi CQ, et al (2021) Assessing the 580 
effects of harvesting with and without burning and vinasse application in 581 
sugarcane crops: Evaluation of soil fertility and phosphorus pools in different 582 



ethanol production systems. Agric Ecosyst Environ 307:. 583 
https://doi.org/10.1016/j.agee.2020.107233 584 

Oniszczuk A, Podgórski R, Oniszczuk T, et al (2014) Extraction methods for the 585 
determination of phenolic compounds from Equisetum arvense L. herb. Ind 586 
Crops Prod. https://doi.org/10.1016/j.indcrop.2014.07.036 587 

Ouyang Q, Kou F, Zhang N, et al (2019) Tea polyphenols promote Fenton-like 588 
reaction: pH self-driving chelation and reduction mechanism. Chem Eng J. 589 
https://doi.org/10.1016/j.cej.2019.02.078 590 

Papoutsakis S, Pulgarin C, Oller I, et al (2016) Enhancement of the Fenton and 591 
photo-Fenton processes by components found in wastewater from the 592 
industrial processing of natural products: The possibilities of cork boiling 593 
wastewater reuse. Chem Eng J. https://doi.org/10.1016/j.cej.2016.07.021 594 

Pignatello JJ, Oliveros E, MacKay A (2006) Advanced oxidation processes for 595 
organic contaminant destruction based on the fenton reaction and related 596 
chemistry. Crit. Rev. Environ. Sci. Technol. 36:1–84 597 

Poblete R, Cortes E, Salihoglu G, Salihoglu NK (2020) Ultrasound and 598 
heterogeneous photocatalysis for the treatment of vinasse from pisco 599 
production. Ultrason Sonochem 61:104825. 600 
https://doi.org/10.1016/j.ultsonch.2019.104825 601 

Poblete R, Oller I, Maldonado MI, et al (2017) Cost estimation of COD and color 602 
removal from landfill leachate using combined coffee-waste based activated 603 
carbon with advanced oxidation processes. J Environ Chem Eng 5:114–121. 604 
https://doi.org/10.1016/j.jece.2016.11.023 605 

Poblete R, Painemal O (2018) Solar Drying of Landfill-Leachate Sludge: 606 
Differential Results Through the Use of Peripheral Technologies. Environ. 607 
Prog. Sustain. Energy 608 

Poblete R, Prieto-Rodríguez L, Oller I, et al (2012) Solar photocatalytic treatment of 609 
landfill leachate using a solid mineral by-product as a catalyst. Chemosphere 610 
88:1090–1096. https://doi.org/10.1016/j.chemosphere.2012.04.044 611 

Puig S, Serra M, Coma M, et al (2011) Microbial fuel cell application in landfill 612 
leachate treatment. J Hazard Mater 185:763–767. 613 
https://doi.org/10.1016/j.jhazmat.2010.09.086 614 

Ruíz-Delgado A, Roccamante MA, Oller I, et al (2019) Natural chelating agents 615 
from olive mill wastewater to enable photo-Fenton-like reactions at natural pH. 616 
Catal Today. https://doi.org/10.1016/j.cattod.2018.10.051 617 

Scholz MB dos S, Kitzberger CSG, Pagiatto NF, et al (2016) Chemical composition 618 
in wild ethiopian Arabica coffee accessions. Euphytica. 619 
https://doi.org/10.1007/s10681-016-1653-y 620 

Seibert D, Diel T, Welter JB, et al (2017) Performance of photo-Fenton process 621 
mediated by Fe (III)-carboxylate complexes applied to degradation of landfill 622 



leachate. J Environ Chem Eng 5:4462–4470. 623 
https://doi.org/10.1016/j.jece.2017.08.043 624 

Silva TFCV, Fonseca A, Saraiva I, et al (2016) Scale-up and cost analysis of a 625 
photo-Fenton system for sanitary landfill leachate treatment. Chem Eng J 626 
283:76–88. https://doi.org/10.1016/j.cej.2015.07.063 627 

Singleton VL, Rossi J (1965) Colorimetry of total phenolics with phosphomolybdic. 628 
Am J Enol Vitic 629 

Solo-Gabriele HM, Jones AS, Lindstrom AB, Lang JR (2020) Waste type, 630 
incineration, and aeration are associated with per- and polyfluoroalkyl levels in 631 
landfill leachates. Waste Manag. 632 
https://doi.org/10.1016/j.wasman.2020.03.034 633 

Somasundaran P, Nagaraj DR (1984) Chemistry and applications of chelating 634 
agents in flotation and flocculation. Reagents Miner Ind 635 

Sousa RMOF, Amaral C, Fernandes JMC, et al (2019) Hazardous impact of 636 
vinasse from distilled winemaking by-products in terrestrial plants and aquatic 637 
organisms. Ecotoxicol Environ Saf 183:109493. 638 
https://doi.org/10.1016/j.ecoenv.2019.109493 639 

Tomac I, Šeruga M, Labuda J (2020) Evaluation of antioxidant activity of 640 
chlorogenic acids and coffee extracts by an electrochemical DNA-based 641 
biosensor. Food Chem. https://doi.org/10.1016/j.foodchem.2020.126787 642 

Vázquez-Rowe I, Cáceres AL, Torres-García JR, et al (2017) Life Cycle 643 
Assessment of the production of pisco in Peru. J Clean Prod 142:4369–4383. 644 
https://doi.org/10.1016/j.jclepro.2016.11.136 645 

Villegas- Guzman P, Giannakis S, Rtimi S, et al (2017) A green solar photo-Fenton 646 
process for the elimination of bacteria and micropollutants in municipal 647 
wastewater treatment using mineral iron and natural organic acids. Appl Catal 648 
B Environ. https://doi.org/10.1016/j.apcatb.2017.07.066 649 

Villegas-Guzman P, Giannakis S, Torres-Palma RA, Pulgarin C (2017) 650 
Remarkable enhancement of bacterial inactivation in wastewater through 651 
promotion of solar photo-Fenton at near-neutral pH by natural organic acids. 652 
Appl Catal B Environ. https://doi.org/10.1016/j.apcatb.2016.12.021 653 

Yu M Da, Xi BD, Zhu ZQ, et al (2020) Fate and removal of aromatic organic matter 654 
upon a combined leachate treatment process. Chem Eng J. 655 
https://doi.org/10.1016/j.cej.2020.126157 656 

Zhang Y, Zhou M (2019) A critical review of the application of chelating agents to 657 
enable Fenton and Fenton-like reactions at high pH values. J Hazard Mater. 658 
https://doi.org/10.1016/j.jhazmat.2018.09.035 659 

 660 


