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Abstract
Liquid digestate can be used to provide nutrients for microalgae cultivation but the medium needs to be clear and color-
less. The aim of this work was to use liquid digestate from coffee waste biomass to produce a light-permeable medium for 
microalgae cultivation. A boron-doped diamond anode was applied for electrochemical decolorization of the digestate. The 
electrochemical oxidation process reduced the platinum-cobalt color value by up to 97% and the chemical oxygen demand 
by 84.1%. After electrochemical oxidation, 87.4% of the ammonium nitrogen  (NH4-N) was retained. Decolorization of the 
spent coffee grounds liquid digestate was compared with that of dairy cow manure liquid digestate. It took 90 min longer 
to fully decolorize the spent coffee grounds liquid digestate compared with the dairy cow manure liquid digestate. The 
boron-doped diamond anode performed better in the decolorization than Ti/IrO2 and Ti/Pt anodes. The effects of the initial 
 Fe2+ concentration and current on the electrochemical oxidation process were also evaluated. Increasing the initial  Fe2+ 
concentration enhanced the Fenton reaction and chemical oxygen demand removal. A higher current enhanced the elec-
trochemical decolorization process and side reactions. Electrochemical oxidation using a boron-doped diamond anode is a 
promising method for producing an appropriate medium for microalgae cultivation because it promotes decolorization of 
liquid digestate and retains most of the  NH4-N.
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Introduction

Growth and production of commodities and food in mod-
ern society involve large-scale industrial and agricultural 
activities. In addition to the desired products, these activities 
also produce large quantities of waste that can cause serious 
environmental problems if it is not properly managed. Coffee 
is a popular product that is processed on a large scale. The 
annual consumption of coffee worldwide reached 10.1 mil-
lion metric tons in 2022 (USDA 2023), and approximately 
90% of this ended up as coffee biomass waste.

Anaerobic digestion is one of the most cost-effective pro-
cesses to treat animal manure and food waste. Previous stud-
ies have shown that food waste shows potential as a substrate 

for anaerobic digestion because of its high contents of bio-
mass and nutrients (Lane 1983; Luz et al. 2017). However, 
anaerobic digestion also produces an effluent called anaero-
bic digestate. This digestate is generally rich in nutrients 
(Mucha et al. 2019), such as nitrogen, phosphorous, and 
organic matter. The simplest method for treatment of diges-
tate is direct discharge onto local agricultural lands (Möller 
and Müller 2012; Walsh et al. 2012), but this method has a 
limited processing capacity and potential ecological risks.

In recent years, the production of microalgal biomass 
using digestate has attracted attention as a potential strategy 
for resource recycling of digestate. Anaerobic digestates, 
such as thin stillage digestate, have been used to provide 
nutrients in microalgae cultivation (Sayedin et al. 2020). 
Liquid digestates, such as poultry liquid digestate (Rajagopal 
et al. 2021) and maize silage liquid digestate (Kisielewska 
et al. 2022), have been applied for production of microalgae 
and biomass. Although these methods show potential for 
economical wastewater treatment and high-value microalgal 
biomass production, other issues restrict the application of 
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this method. The high turbidity of the digestate is particu-
larly problematic.

High turbidity in digestate hinders the permeation of light 
into the medium and is a major issue for the use of diges-
tate in microalgae cultivation (Monlau et al. 2015). The tur-
bidity in digestate is caused by insoluble suspended solids 
(SS) and soluble, colored organic compounds (Wang et al. 
2010), such as microbial byproducts, and humic acid-like 
and fulvic acid-like substances. Membrane filtration (Bchir 
et al. 2011), centrifugation (Franchino et al. 2013), and pre-
cipitation (Chen et al. 2012) have been applied to remove 
turbidity, mainly in the form of insoluble SS, from digestate. 
Liquid digestate without SS has higher light permeation. 
However, the liquid digestate remains dark because of the 
soluble, colored organic compounds.

Electrochemical oxidation (EO) has been widely applied 
for the decolorization of wastewater containing methyl 
orange (Wang et al. 2020) and malachite green (El-Ghen-
ymy et al. 2015). The EO process can decompose complex 
refractory contaminations into small biodegradable mole-
cules and greatly improve the biodegradability of wastewater 
(Krzemińska et al. 2015). In decolorization by EO, elec-
trochemically generated hypochlorite has been used from 
chloride ions in solution (Martínez-Huitle et al. 2015). This 
production of hypochlorite by the electrochemical reaction 
reduces the concentration of ammonium nitrogen  (NH4-N), 
which is a nutrient source for algae. For example, when liq-
uid digestate from the anaerobic digestion of dairy manure 
was treated by EO with a dimensionally stable anode (DSA) 
based on mixed oxides of  RuO2 +  IrO2, the  NH4-N concen-
tration decreased because of electro-generated hypochlorite 
(Ihara et al. 2006).

The selection of an appropriate anode material is impor-
tant for the EO process. As an electrode, boron-doped 
diamond (BDD) provides a high overpotential for oxygen 
production and a wide potential window. Because of these 
properties, rather than generating and using hypochlorite, 
BDD anodes generate ·OH and use it to oxidize organic 
compounds (Panizza and Cerisola 2005). The EO process 
using a BDD anode (EO-BDD) has been applied to decolori-
zation of dark solutions, such as those colored with melanoi-
dins (Liakos et al. 2017) and the synthetic azo dye Ponceau 
4R (Thiam et al. 2016). In these applications, ·OH is likely 
the primary active species instead of hypochlorite.

The objective of this study was to evaluate the decoloriza-
tion of anaerobic digestate from spent coffee grounds (SCG) 
using a BDD anode for EO. The decolorization performance 
and  NH4-N concentration in the anaerobic digestate were 
investigated. This study compared the SCG digestate with 
cow manure (CM) digestate to evaluate the effect of the 
substrate on anaerobic digestion. The effects of the anodic 
material, initial  Fe2+ concentration, and current on the EO 
process were also investigated. To evaluate the performance, 

the color removal rate, absorbance decay, chemical oxygen 
demand (COD) removal, and changes in the  NH4-N concen-
tration were analyzed.

Materials and methods

Chemicals

The catalyst  (FeSO4·7H2O, guaranteed grade reagent) was 
purchased from FUJIFILM Wako Pure Chemical Corpora-
tion (Osaka, Japan) and used in the experiments at 0.1, 0.2, 
0.4, 0.8 mM. Solutions were prepared with deionized water, 
which was produced by a Direct-Q 3UV system.

Digestate

Two types of digestates were used in this study. The CM 
digestate was obtained from a small-scale anaerobic digester 
fed with dairy CM at a dairy farm in Kansai, Japan. The 
SCG digestate was collected from a laboratory-scale anaero-
bic reactor fed with simulated coffee waste. The simulated 
coffee waste was prepared from coffee powder (Golden 
Special Coffee, UCC, Japan). First, the coffee powder was 
fully dissolved in 100 mL of distilled water at 70 °C to pre-
pare a coffee solution. Then, the coffee solution was filtered 
through coffee filter paper (20 μm) to obtain filtered coffee 
waste as a substrate. The inoculum for anaerobic digestion of 
the simulated coffee waste was obtained from a biogas plant 
at a food processing facility in Kansai, Japan. The character-
istics of the SCG digestate are shown in Table 1.

Apparatus and experimental procedures

Each digestion reactor had a working volume of 700 mL and a 
total volume of 1000 mL. After the inoculum was added to the 

Table 1  Characteristics of the SCG digestate

Parameters Concentrations 
and values

COD (mg/L) 7600 ± 640
NH4-N (mg/L) 1520 ± 240
NO2-N (mg/L) 39 ± 11
TN (mg/L) 1762 ± 76
TOC (mg/L) 1142 ± 285
TSS (mg/L) 340 ± 80
Color (Pt–Co value) 11000 ± 850
PO4-P (mg/L) 212 ± 48
Cl− (mg/L) 792 ± 40
Na+ (mg/L) 252 ± 60
K+ (mg/L) 524 ± 37
pH 6.1 ± 0.5
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reactor, the reactor was placed in an incubator at 37 °C for 72 h 
before addition of the substrate. The inoculum and substrate 
were mixed in the reactor by manual shaking. Anaerobic diges-
tion was performed with 30% headspace under a  N2 atmos-
phere, and the vials were sealed with a butyl cap and plastic 
thread. The biogas is collected in a composite aluminum bag 
throughout the anaerobic digestion process.

After anaerobic digestion, the digestate was obtained by fil-
tering the reaction mixture through a mesh filter and remaining 
the filtrate. The digestate then was centrifuged twice (4347 × g, 
15 min) to separate the SS and solution. Liquid digestate was 
obtained by membrane filtration (0.2 μm, MICRODYN, Ger-
many) of the solution.

For EO, the liquid digestate was diluted two-fold. The 
anode for the EO was BDD (Sumitomo Electric Industries), 
platinum-doped titanium mesh sheet (Ti/Pt, Tanaka Kikin-
zoku Kogyo Co., Ltd), or  IrO2 doped titanium mesh (Ti/IrO2, 
Tanaka Kikinzoku Kogyo Co., Ltd), and the cathode was 
BDD (Sumitomo Electric Industries). The EO experiments 
were carried out in a 500 mL flask reactor with 400 mL of 
solution. A water bath was used to maintain the temperature 
of the solutions at 35 °C. The reaction mixtures were stirred 
with a magnetic stirrer at 800 rpm and under constant current 
conditions at 0.6, 0.9, 1.2, 1.5, or 2.0 A (KX-100L DC power 
supply, Takasago Electric). The inter-electrode gap was 0.5 cm 
and the immersed area of each electrode was 35  cm2. The flow 
diagram of the experimental procedure is shown in Fig. 1.

Analytical methods

The absorbance values of the solutions were measured by 
ultraviolet–visible spectrophotometry (U-5100, HITACHI, 
Japan). A calibration curve for the platinum-cobalt (Pt–Co) 
color scale against the absorbance was constructed using color 
standard solutions with Pt–Co values of 100 and 1000 (Car-
doso et al. 2016; Sathishkumar et al. 2017). The color removal 
was calculated from the absorbance measured at 475 nm and 
the calibrated Pt–Co value as follows:

where C0 and C denoted the Pt–Co value and that at time t 
during the EO, respectively.

(1)%Color removal =

C0 − C

C0

∗ 100

All parameters were analyzed according to the Standard 
Method for Examination of Water and Wastewater (APHA 
2017). The COD and the concentration of  PO4

3− were 
measured using a spectrometer (DR3900, HACH, USA). 
To determine the contents of  NH4

+,  Na+,  K+,  Cl−,  NO2
−, 

and  PO4
3−, the raw SCG digestate was analyzed by ion chro-

matography (IC-8100, TOSOH, Japan). The total nitrogen 
(TN) and total organic carbon (TOC) were measured by a 
TN and TOC analyzer (TNM-L, TOC-L, Shimadzu, Japan). 
The color density was analyzed according to the American 
Dye Manufactures Institute method (APHA Method 2120 F 
2017). A target was established as the absorbance at 475 nm 
of a clear and colorless solution with a Pt–Co value of 200.

Results and discussion

Electrochemical oxidation of CM digestate and SCG 
digestate

The CM and SCG digestates were treated by EO using a Ti/
Pt anode and BDD cathode with a current of 1.5 A. Both 
digestates had a similar initial absorbance at 475 nm. Fig-
ure 2 shows the change in the absorbance and color removal 
for the different digestates. The dashed line shows the target 
value for the absorbance at 475 nm of a clear and transpar-
ent solution with a Pt–Co value of 200. The color of the 
CM digestate changed rapidly and the solution became 
colorless and nearly clear after 720 min with an absorbance 
value close to the target (Fig. 2a). The color removal rate 
was 97.6% (Fig. 2b). For the SCG digestate, the absorbance 
at 475 nm decreased to reach the target value at 810 min 
(Fig. 2a), and the color removal rate was 97.8% (Fig. 2b). 
The higher color removal rate of the CM digestate com-
pared with that of the SCG digestate could be attributed 
to the following. First, a high concentration of chlorine in 
the CM digestate might enhance the EO process via indi-
rect oxidation. Second, the substrate for SCG digestion was 
roasted coffee beans, which meant that the SCG digestate 
contained caramel and melanoidin in addition to humus-like 
and fulvic acid-like colored matter (Monlau et al. 2015). 
Caramel is a complex mixture that contains high and low 
molecular weight compounds (Tomasik 2003), and is rich in 
auxochromes and chromophores that contain carbon–carbon 

Fig. 1  Flow diagram of the 
experimental procedure
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covalent bonds, amino groups, and ketone groups. Mela-
noidins are high molecular weight compounds with a dark 
brown color (Moreira et al. 2012). The contents of cara-
mel and melanoidin in the SCG digestate would increase its 
decolorization time compared with the CM digestate.

Effect of the anode material on decolorization 
of the SCG digestate

The anode properties are important for efficient EO. The 
anode affects the rate of an electrochemical reaction, includ-
ing the generation of oxidants, and consequently affects the 
oxidation of colorants (Martínez-Huitle et al. 2015).

Figure 3 shows the effect of the anode material on the 
absorbance of the SCG digestate. The dashed line shows 
the target value for the absorbance at 475 nm of a clear and 
transparent solution with a Pt–Co value of 200. The decol-
orization with the BDD anode was much more rapid than 
with the Ti/Pt or Ti/IrO2 anode. With the BDD anode, the 
target color (Pt–Co value of 200) and 98.7% color removal 
were reached at 270 min. By contrast, with the Ti/Pt anode, 
it took 720 min for the decolorization to reach the target and 
the color removal was only 97.5%. With the Ti/IrO2 anode, 
the decolorization took even longer (1020 min) and the color 
removal rate was lower (97.1%). These results were attrib-
uted to the nature of the inactive BDD anode, which has a 
wide electrochemical window and produces large quanti-
ties of ·OH radicals and other active species on its surface. 
According to previous research (Fernandes et al. 2015), the 
generated·OH is weakly physisorbed on the BDD anode and 
facilitates the oxidation of organic compounds. By contrast, 
·OH is strongly chemisorbed on the active anodes of Ti/
IrO2 and Ti/Pt, and the oxidation of organic compounds 
with these anodes is inferior to that of BDD (Mandal et al. 
2017). Furthermore, the concentration of chlorine in the 
SCG digestate was low, which resulted in weak indirect 
oxidation by the Ti/Pt and Ti/IrO2 anodes. The comparison 
of the three anodes showed that the anode material greatly 
affected color removal in EO and that the BDD anode was 
best for decolorization.

Effect of the ferrous ion concentration 
on degradation of the SCG digestate

Fenton’s reagent, which contains  Fe2+ and  H2O2, can gen-
erate hydroxyl radicals by Fenton’s reaction. Therefore, the 
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Fig. 2  a Absorbance values and b color removal rates over time for 
the electrochemical decolorization of SCG and CM digestates with a 
Ti/Pt anode
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 Fe2+ concentration in EO is important for the generation of 
hydroxyl radicals. In this study, the effect of  Fe2+ concen-
tration (0–0.8 mM) was investigated using SCG digestate 
solutions with the same initial absorbance at 475 nm and 
EO at 1.5 A.

Figure 4 shows the change in absorbance for the SCG 
digestate. The dashed line shows the target value for the 
absorbance at 475 nm of a clear and transparent solution 
with a Pt–Co value of 200. Up to 100 min, the decoloriza-
tion increased with increases in the  Fe2+ concentration. Up 
to 270 min, the change in color removal was not greatly 
associated with an increase in initial  Fe2+ concentration 
(Fig. 4 and Table 2). The effect on the absorbance could 
be attributed to the fact that Fenton’s reaction produced a 
larger amount of ·OH as the  Fe2+ concentration increased. 
However, an excess of  Fe2+ might have adverse effects on 
oxidation because some·OH would be consumed as shown 
in reaction (2) (Sirés et al. 2014).

Colored complexes of  Fe3+ and  Fe2+ (Thiam et al. 2015) 
might be produced as by-products of the EO, and these com-
plexes will affect the absorbance at 475 nm and the Pt–Co 
value.

Changes in the concentration of  Fe2+ also affected the 
COD removal. Up to 270 min, the COD removal increased 
with increases in the  Fe2+ concentration (Table 2). COD 
removal rates of 84.2, 85.5, 87.1, and 89.2% were obtained 
with 0.1, 0.2, 0.4, and 0.8  mM  Fe2+, respectively. The 
improvement in COD removal up to 270 min with increases 
in the initial  Fe2+ concentration contrasted with the results 
for color removal, where improvements were only observed 
up to 100 min (Fig. 4 and Table 2). This difference in the 
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Fig. 4  Effect of the  Fe2+ concentration on the absorbance for the SCG 
digestate treated with a BDD anode and BDD cathode

Table 2  Effects of added  Fe2+ on the color removal rate and chemi-
cal oxygen demand (COD) removal for SCG digestate treated with a 
BDD anode (270 min)

Initial additional  Fe2+ concentra-
tion (mM)

Color removal (%) COD 
removal 
(%)

0 98.7 84.1
0.1 97.0 84.2
0.2 96.7 85.5
0.4 95.9 87.1
0.8 95.2 89.2
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Fig. 5  Effect of the current on a the absorbance and b the relative 
absorbance for decolorization of the SCG digestate
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results is consistent with the effect of  Fe2+ on the formation 
of colored complexes (Ertugay and Acar 2017).

Effect of the current on decolorization of the SCG 
digestate

The current is a key parameter that affects generation of 
hydrogen peroxide via cathodic oxygen reduction and gen-
eration of physisorbed·OH on the BDD anode surface (Ou 
et al. 2020). The effect of the current (0.6–2.0 A) on the 
decolorization of SCG digestate by the EO process was 
investigated.

The relationship between the absorbance decay and elec-
tric charge for the EO process is shown in Fig. 5. With a 
current of 1.5 A, the absorbance decreased faster than with a 
current of 0.6, 0.9, 1.2, or 2.0 A (Fig. 5a). The above results 
were validated by a pseudo-first-order kinetic analysis of the 
SCG digestate decolorization (Fig. 5b). The pseudo-first-
order reaction was applied to model the electrochemical 
decolorization process (Eq. 3) (Garcia-Segura et al. 2011; 
Thiam et al. 2015) as follows:

where A0 and A are the absorbance at 475 nm with the initial 
electric charge and a given electric charge C, respectively. 
The k was determined as the slope of the linear regression 

(3)A = A0 ∙ e
−kC

line between the absorbance and electric charge. The kinet-
ics analysis is shown in Fig. 5b. A positive relationship was 
established between the current (0.6–1.5 A) and absorbance 
decay. With a current of 2.0 A, the absorbance decay was the 
slowest. The results in Fig. 5a and b could be explained by 
an increase in competitive electrode reactions, including side 
reactions and parasitic reactions. Moreover, a higher current 
would enhance oxygen evolution at the anode and hydrogen 
evolution at the cathode (Nidheesh and Gandhimathi 2012).

Changes in the nutrients in the SCG digestate 
during the EO process

Ammonium and phosphate in digestate can be used in 
microalgae cultivation (Sayedin et al. 2020; Pulgarin et al. 
2021). In the present study, changes in the  NH4-N, COD, 
and color during membrane filtration pre-treatment and EO 
were investigated.

Membrane filtration reduced the  NH4-N by 27.4%, the 
COD by 42.1%, and the Pt–Co value by 32% (Fig.  6). 
The reduction in  NH4-N was attributed to the pore size of 
membrane used for filtration. The high COD removal by 
the membrane indicated that some organic compounds 
in the digestate were in the form of suspended particles 
(> 1.2 μm) (Akhiar et al. 2017) and other macromolecular 
substances that were larger than the pore size of the mem-
brane (0.2 μm). These organic particles would be retained on 

Fig. 6  Changes in the color (Pt–
Co value),  NH4-N concentration 
and chemical oxygen demand 
(COD) in three digestates
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the membrane, and this would also trap any ammonium ions 
that were absorbed on the particles. Most of the reduction 
in the Pt–Co color value was attributed to SS, which were 
removed by the membrane.

Figure 7 shows the changes in  NH4-N and COD removal 
during EO with BDD and Ti/Pt anodes. In each case, the 
absorbance of the treated solution at 475 nm reached the 
target (Pt–Co value of 200). The  NH4-N concentration 
decreased by 12.6% with the BDD anode and 22.7% with 
the Ti/Pt anode (Fig. 7a). For the COD, the BDD and Ti/Pt 
anodes showed large differences (Fig. 7b). With the Ti/Pt 
anode, the COD concentration was reduced by 49.6% from 
2200 to 1110 mg/L. The decrease obtained with the BDD 
anode was 84.1%, and the COD concentration at the end of 
the decolorization process was only 350 mg/L. The higher 

removal of COD by the BDD anode could be explained by 
the fact that the BDD anode is inactive, whereas the Ti/
Pt anode is not classed as inactive. The BDD anode has 
a much higher potential for oxygen evolution (2.2–2.6 V) 
than the Ti/Pt anode (1.7–1.9 V). Consequently, it shows 
higher chemical reactivity for COD oxidation (Moradi 
et al. 2020).

The results showed that the EO with the BDD anode did 
not degrade  NH4-N (Fig. 7a). It could be inferred that the 
minimal degradation of  NH4-N was mainly because of the 
low concentration of hypochlorite with this anode (Chiang 
et al. 1995; Bagastyo et al. 2021). Ammonium is mainly 
degraded by oxidation with electrochemically generated 
hypochlorite according to reactions 4–10 (Chiang et al. 
1995; Clifford White 1999).

(4)AnodicreactionCl
−
→ Cl2 + 2e

−

(5)BulkreactionsCl2 + H2O → HOCl + H
+
+ Cl

−

(6)NH
+

4
+ HOCl → NH2Cl + H2O + H

+

(7)NH2Cl + HOCl → NHCl2 + H2O

(8)NHCl2 + H2O → NOH + 2H
+
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Fig. 7  a  NH4-N concentration and b COD removal during electro-
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digestate

Fig. 8  Electrochemically oxidized liquid digestate with a Pt–Co value 
of 200
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Both the concentration of chlorine ions in the diges-
tate and the properties of the anode affect the genera-
tion of hypochlorite in an electrochemical process. In 
this study, the concentration of  Cl− in SCG raw diges-
tate was 792.5 ± 40.3 mg/L (Table 1). This decreased to 
631.3 ± 19.6 mg/L in the liquid digestate, and then to 311. 
5 ± 14.2 mg/L in the diluted digestate used for EO (two-
fold dilution). Because of this low  Cl− concentration in the 
digestate and the fact that the BDD anode does not generate 
hypochlorite, degradation of ammonium ions was minimal 
during the EO. With the Ti/Pt anode, ammonium degrada-
tion was slightly higher than with the BDD anode because 
the Ti/Pt anode generated hypochlorite.

In summary, treatment of the SCG digestate by mem-
brane filtration and EO gave a light-permeable medium with 
a Pt–Co value of less than 200. The resulting liquid was 
almost colorless and transparent (Fig. 8). The concentrations 
of  NH4-N and  PO4-P after the EO process were 520 ± 60 
and 62 ± 14 mg/L, respectively. These concentrations are 
sufficient for microalgae cultivation (Morales-Amaral et al. 
2015; Lu et al. 2022).

Conclusion

The EO process using a BDD anode promoted decoloriza-
tion of liquid digestate from SCG and retained nutrients, 
especially  NH4-N. The electrochemically oxidized liquid 
digestate had a Pt-Co value of less than 200 and adequate 
 NH4-N and  PO4-P concentrations for use as a medium 
for cultivation of algae. The anode material affected the 
electrochemical decolorization of liquid digestate and 
the decolorization performance was in the order of Ti/
IrO2 < Ti/Pt < BDD. Increasing the initial  Fe2+ concentra-
tion enhanced the Fenton reaction and COD removal. A 
higher current enhanced the electrochemical decoloriza-
tion process and side reactions. The EO process removed 
84.1% of the COD and retained most of the  NH4-N.

Acknowledgements The authors would like to thank Sumitomo 
Electric Industries, Ltd., for providing BDD electrode to perform the 
research work. We thank Gabrielle David, PhD, from Edanz (https:// 
jp. edanz. com/ ac) for editing a draft of this manuscript.

Author contributions Conceptualization: HC, II; Methodology: HC; 
Data curation:GY, FJA; Formal analysis and investigation: HC; Visuali-
zation: HC; Writing—original draft preparation: HC; Writing—review 
and editing: HC, FJA, II; Project administration: GY, II; Supervision: 

(9)NH2Cl + NOH → N2 + HOCl + H
+
+ Cl

−

(10)2NH
+

4
+ 3HOCl → N2 + 3H2O + 5H

+
+ 3Cl

−

II. All authors commented on previous versions of the manuscript. All 
authors read and approved the final manuscript.

Funding Open Access funding provided by Kobe University. This 
work was partially supported by JSPS KAKENHI Grant Number 
JP20K06321.

Declarations 

Conflict of interest The authors declared that they have no conflict of 
interest.

Ethical approval This article does not contain any studies with human 
participants or animals performed by any of the authors.

Consent to participate All the authors are informed and agree to this 
study.

Consent for publication All the authors agree to publication in this 
journal.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Akhiar A, Battimelli A, Torrijos M, Carrere H (2017) Comprehensive 
characterization of the liquid fraction of digestates from full-scale 
anaerobic co-digestion. Waste Manag 59:118–128. https:// doi. org/ 
10. 1016/j. wasman. 2016. 11. 005

APHA Method 2120 F (2017) ADMI Weighted-Ordinate Spectropho-
tometric Method. In: Standard methods for the examination of 
water and wastewater, 21th edn. APHA, Washington DC, pp 234

APHA (2017) Standard methods for the examination of water and 
wastewater, 23rd edn. Washington DC

Bagastyo AY, Hidayati AS, Herumurti W, Nurhayati E (2021) Appli-
cation of boron-doped diamond, Ti/IrO2, and Ti/Pt anodes for 
the electrochemical oxidation of landfill leachate biologically 
pretreated by moving bed biofilm reactor. Water Sci Technol 
83:1357–1368. https:// doi. org/ 10. 2166/ wst. 2021. 060

Bchir FS, Gannoun H, El HS, Hamdi M (2011) Optimization of Spon-
giochloris sp. biomass production in the abattoir digestate. Biore-
sour Technol 102:3869–3876. https:// doi. org/ 10. 1016/j. biort ech. 
2010. 11. 036

Cardoso JC, Bessegato GG, Boldrin Zanoni MV (2016) Efficiency 
comparison of ozonation, photolysis, photocatalysis and pho-
toelectrocatalysis methods in real textile wastewater decolori-
zation. Water Res 98:39–46. https:// doi. org/ 10. 1016/j. watres. 
2016. 04. 004

https://jp.edanz.com/ac
https://jp.edanz.com/ac
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.wasman.2016.11.005
https://doi.org/10.1016/j.wasman.2016.11.005
https://doi.org/10.2166/wst.2021.060
https://doi.org/10.1016/j.biortech.2010.11.036
https://doi.org/10.1016/j.biortech.2010.11.036
https://doi.org/10.1016/j.watres.2016.04.004
https://doi.org/10.1016/j.watres.2016.04.004


International Journal of Environmental Science and Technology 

Chen R, Li R, Deitz L et al (2012) Freshwater algal cultivation with 
animal waste for nutrient removal and biomass production. Bio-
mass Bioenergy 39:128–138. https:// doi. org/ 10. 1016/j. biomb 
ioe. 2011. 12. 045

Chiang LC, Chang JE, Wen TC (1995) Indirect oxidation effect 
in electrochemical oxidation treatment of landfill leachate. 
Water Res 29:671–678. https:// doi. org/ 10. 1016/ 0043- 1354(94) 
00146-X

Clifford White G (1999) Chemistry of chlorination. In: Clifford White 
G (ed) Handbook of chlorination and alternative disinfectants, 4th 
edn. Wiley, New York, pp 231–247

del Morales-Amaral MM, Gómez-Serrano C, Acién FG et al (2015) 
Production of microalgae using centrate from anaerobic digestion 
as the nutrient source. Algal Res 9:297–305. https:// doi. org/ 10. 
1016/j. algal. 2015. 03. 018

El-Ghenymy A, Centellas F, Rodríguez RM et al (2015) Comparative 
use of anodic oxidation, electro-Fenton and photoelectro-Fenton 
with Pt or boron-doped diamond anode to decolorize and mineral-
ize Malachite Green oxalate dye. Electrochim Acta 182:247–256. 
https:// doi. org/ 10. 1016/j. elect acta. 2015. 09. 078

Ertugay N, Acar FN (2017) Removal of COD and color from direct 
blue 71 azo dye wastewater by Fenton’s oxidation: kinetic study. 
Arab J Chem 10:S1158–S1163. https:// doi. org/ 10. 1016/j. arabjc. 
2013. 02. 009

Fernandes A, Pacheco MJ, Ciríaco L, Lopes A (2015) Review on the 
electrochemical processes for the treatment of sanitary landfill 
leachates: present and future. Appl Catal B Environ 176–177:183–
200. https:// doi. org/ 10. 1016/j. apcatb. 2015. 03. 052

Franchino M, Comino E, Bona F, Riggio VA (2013) Growth of three 
microalgae strains and nutrient removal from an agro-zootechnical 
digestate. Chemosphere 92:738–744. https:// doi. org/ 10. 1016/j. 
chemo sphere. 2013. 04. 023

Garcia-Segura S, Centellas F, Arias C et al (2011) Comparative decol-
orization of monoazo, diazo and triazo dyes by electro-Fenton 
process. Electrochim Acta 58:303–311. https:// doi. org/ 10. 1016/j. 
elect acta. 2011. 09. 049

Ihara I, Umetsu K, Kanamura K, Watanabe T (2006) Electrochemical 
oxidation of the effluent from anaerobic digestion of dairy manure. 
Bioresour Technol 97:1360–1364. https:// doi. org/ 10. 1016/j. biort 
ech. 2005. 07. 007

Kisielewska M, Dębowski M, Zieliński M et al (2022) Effects of liq-
uid digestate treatment on sustainable microalgae biomass pro-
duction. BioEnergy Res 15:357–370. https:// doi. org/ 10. 1007/ 
s12155- 021- 10251-x

Krzemińska D, Neczaj E, Borowski G (2015) Advanced oxidation pro-
cesses for food industrial wastewater decontamination. J Ecol Eng 
16:61–71. https:// doi. org/ 10. 12911/ 22998 993/ 1858

Lane AG (1983) Anaerobic digestion of spent coffee grounds. Biomass 
3:247–268. https:// doi. org/ 10. 1016/ 0144- 4565(83) 90017-3

Liakos TI, Sotiropoulos S, Lazaridis NK (2017) Electrochemical and 
bio-electrochemical treatment of baker’s yeast effluents. J Environ 
Chem Eng 5:699–708. https:// doi. org/ 10. 1016/j. jece. 2016. 12. 048

Lu R, Yan H, Liu Y et al (2022) Enhancement of nutrients recovery 
and cell metabolism in piggery anaerobic digestate by the co-
cultivation of indigenous microalgae and bacteria. J Clean Prod 
375:134193. https:// doi. org/ 10. 1016/j. jclep ro. 2022. 134193

Luz FC, Cordiner S, Manni A et al (2017) Anaerobic digestion of liq-
uid fraction coffee grounds at laboratory scale: evaluation of the 
biogas yield. Energy Procedia 105:1096–1101. https:// doi. org/ 10. 
1016/j. egypro. 2017. 03. 470

Mandal P, Dubey BK, Gupta AK (2017) Review on landfill leachate 
treatment by electrochemical oxidation: drawbacks, challenges 

and future scope. Waste Manag 69:250–273. https:// doi. org/ 10. 
1016/j. wasman. 2017. 08. 034

Martínez-Huitle CA, Rodrigo MA, Sirés I, Scialdone O (2015) Single 
and coupled electrochemical processes and reactors for the abate-
ment of organic water pollutants: a critical review. Chem Rev 
115:13362–13407. https:// doi. org/ 10. 1021/ acs. chemr ev. 5b003 61

Möller K, Müller T (2012) Effects of anaerobic digestion on diges-
tate nutrient availability and crop growth: a review. Eng Life Sci 
12:242–257. https:// doi. org/ 10. 1002/ elsc. 20110 0085

Monlau F, Sambusiti C, Ficara E et al (2015) New opportunities for 
agricultural digestate valorization: current situation and perspec-
tives. Energy Environ Sci 8:2600–2621. https:// doi. org/ 10. 1039/ 
c5ee0 1633a

Moradi M, Vasseghian Y, Khataee A et al (2020) Service life and sta-
bility of electrodes applied in electrochemical advanced oxidation 
processes: a comprehensive review. J Ind Eng Chem 87:18–39. 
https:// doi. org/ 10. 1016/j. jiec. 2020. 03. 038

Moreira ASP, Nunes FM, Domingues MR, Coimbra MA (2012) Coffee 
melanoidins: structures, mechanisms of formation and potential 
health impacts. Food Funct 3:903–915. https:// doi. org/ 10. 1039/ 
c2fo3 0048f

Mucha AP, Dragisa S, Dror I et al (2019) Re-use of digestate and recov-
ery techniques. In: Fermoso FG (ed) Trace elements in anaerobic 
biotechnologies. IWA Publishing, London, pp 181–213

Nidheesh PV, Gandhimathi R (2012) Trends in electro-Fenton process 
for water and wastewater treatment: an overview. Desalination 
299:1–15. https:// doi. org/ 10. 1016/j. desal. 2012. 05. 011

Ou B, Wang J, Wu Y et al (2020) Reuse of PANI wastewater treated 
by anodic oxidation/electro-Fenton for the preparation of PANI. 
Chemosphere 245:125689. https:// doi. org/ 10. 1016/j. chemo sphere. 
2019. 125689

Panizza M, Cerisola G (2005) Application of diamond electrodes to 
electrochemical processes. Electrochim Acta 51:191–199. https:// 
doi. org/ 10. 1016/j. elect acta. 2005. 04. 023

Pulgarin A, Kapeller AG, Tarik M et al (2021) Cultivation of microal-
gae at high-density with pretreated liquid digestate as a nitrogen 
source: fate of nitrogen and improvements on growth limitations. 
J Clean Prod 324:129238. https:// doi. org/ 10. 1016/j. jclep ro. 2021. 
129238

Rajagopal R, Mousavi SE, Goyette B, Adhikary S (2021) Coupling of 
microalgae cultivation with anaerobic digestion of poultry wastes: 
toward sustainable value added bioproducts. Bioengineering 8:57. 
https:// doi. org/ 10. 3390/ bioen ginee ring8 050057

Sathishkumar K, Sathiyaraj S, Parthipan P et al (2017) Electrochemical 
decolorization of methyl red by  RuO2-IrO2-TiO2 electrode and 
biodegradation with Pseudomonas stutzeri MN1 and Acineto-
bacter baumannii MN3: an integrated approach. Chemosphere 
183:204–211. https:// doi. org/ 10. 1016/j. chemo sphere. 2017. 05. 087

Sayedin F, Kermanshahi-pour A, He QS et al (2020) Microalgae cul-
tivation in thin stillage anaerobic digestate for nutrient recovery 
and bioproduct production. Algal Res 47:101867. https:// doi. org/ 
10. 1016/j. algal. 2020. 101867

Sirés I, Brillas E, Oturan MA et al (2014) Electrochemical advanced 
oxidation processes: today and tomorrow. Rev Environ Sci Pollut 
Res 21:8336–8367. https:// doi. org/ 10. 1007/ s11356- 014- 2783-1

Thiam A, Sirés I, Garrido JA et al (2015) Decolorization and miner-
alization of Allura Red AC aqueous solutions by electrochemical 
advanced oxidation processes. J Hazard Mater 290:34–42. https:// 
doi. org/ 10. 1016/j. jhazm at. 2015. 02. 050

Thiam A, Brillas E, Garrido JA et al (2016) Routes for the electro-
chemical degradation of the artificial food azo-colour Ponceau 4R 
by advanced oxidation processes. Appl Catal B Environ 180:227–
236. https:// doi. org/ 10. 1016/j. apcatb. 2015. 06. 039

https://doi.org/10.1016/j.biombioe.2011.12.045
https://doi.org/10.1016/j.biombioe.2011.12.045
https://doi.org/10.1016/0043-1354(94)00146-X
https://doi.org/10.1016/0043-1354(94)00146-X
https://doi.org/10.1016/j.algal.2015.03.018
https://doi.org/10.1016/j.algal.2015.03.018
https://doi.org/10.1016/j.electacta.2015.09.078
https://doi.org/10.1016/j.arabjc.2013.02.009
https://doi.org/10.1016/j.arabjc.2013.02.009
https://doi.org/10.1016/j.apcatb.2015.03.052
https://doi.org/10.1016/j.chemosphere.2013.04.023
https://doi.org/10.1016/j.chemosphere.2013.04.023
https://doi.org/10.1016/j.electacta.2011.09.049
https://doi.org/10.1016/j.electacta.2011.09.049
https://doi.org/10.1016/j.biortech.2005.07.007
https://doi.org/10.1016/j.biortech.2005.07.007
https://doi.org/10.1007/s12155-021-10251-x
https://doi.org/10.1007/s12155-021-10251-x
https://doi.org/10.12911/22998993/1858
https://doi.org/10.1016/0144-4565(83)90017-3
https://doi.org/10.1016/j.jece.2016.12.048
https://doi.org/10.1016/j.jclepro.2022.134193
https://doi.org/10.1016/j.egypro.2017.03.470
https://doi.org/10.1016/j.egypro.2017.03.470
https://doi.org/10.1016/j.wasman.2017.08.034
https://doi.org/10.1016/j.wasman.2017.08.034
https://doi.org/10.1021/acs.chemrev.5b00361
https://doi.org/10.1002/elsc.201100085
https://doi.org/10.1039/c5ee01633a
https://doi.org/10.1039/c5ee01633a
https://doi.org/10.1016/j.jiec.2020.03.038
https://doi.org/10.1039/c2fo30048f
https://doi.org/10.1039/c2fo30048f
https://doi.org/10.1016/j.desal.2012.05.011
https://doi.org/10.1016/j.chemosphere.2019.125689
https://doi.org/10.1016/j.chemosphere.2019.125689
https://doi.org/10.1016/j.electacta.2005.04.023
https://doi.org/10.1016/j.electacta.2005.04.023
https://doi.org/10.1016/j.jclepro.2021.129238
https://doi.org/10.1016/j.jclepro.2021.129238
https://doi.org/10.3390/bioengineering8050057
https://doi.org/10.1016/j.chemosphere.2017.05.087
https://doi.org/10.1016/j.algal.2020.101867
https://doi.org/10.1016/j.algal.2020.101867
https://doi.org/10.1007/s11356-014-2783-1
https://doi.org/10.1016/j.jhazmat.2015.02.050
https://doi.org/10.1016/j.jhazmat.2015.02.050
https://doi.org/10.1016/j.apcatb.2015.06.039


 International Journal of Environmental Science and Technology

Tomasik P (2003) CARAMEL | properties and analysis. In: Cabal-
lero B (ed) Encyclopedia of food science and nutrition, 2nd edn. 
Acdemic Press, Cambridge, pp 852–858

USDA (2023) Coffee : World Markets and Trade. United States Depart-
ment of Agriculture Foreign Agricultural Service. https:// www. 
fas. usda. gov/ data/ coffee- world- marke ts- and- trade. Accessed 22 
June 2023

Walsh JJ, Jones DL, Edwards-Jones G, Williams AP (2012) Replacing 
inorganic fertilizer with anaerobic digestate may maintain agricul-
tural productivity at less environmental cost. J Plant Nutr Soil Sci 
175:840–845. https:// doi. org/ 10. 1002/ jpln. 20120 0214

Wang L, Li Y, Chen P et al (2010) Anaerobic digested dairy manure as 
a nutrient supplement for cultivation of oil-rich green microalgae 
Chlorella sp. Bioresour Technol 101:2623–2628. https:// doi. org/ 
10. 1016/j. biort ech. 2009. 10. 062

Wang G, Liu Y, Ye J et  al (2020) Electrochemical oxidation of 
methyl orange by a Magnéli phase  Ti4O7 anode. Chemosphere 
241:125084. https:// doi. org/ 10. 1016/j. chemo sphere. 2019. 125084

https://www.fas.usda.gov/data/coffee-world-markets-and-trade
https://www.fas.usda.gov/data/coffee-world-markets-and-trade
https://doi.org/10.1002/jpln.201200214
https://doi.org/10.1016/j.biortech.2009.10.062
https://doi.org/10.1016/j.biortech.2009.10.062
https://doi.org/10.1016/j.chemosphere.2019.125084

	Electrochemical decolorization of liquid digestate from coffee waste biomass using a boron-doped diamond anode
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Digestate
	Apparatus and experimental procedures
	Analytical methods

	Results and discussion
	Electrochemical oxidation of CM digestate and SCG digestate
	Effect of the anode material on decolorization of the SCG digestate
	Effect of the ferrous ion concentration on degradation of the SCG digestate
	Effect of the current on decolorization of the SCG digestate
	Changes in the nutrients in the SCG digestate during the EO process

	Conclusion
	Acknowledgements 
	References


