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ABSTRACT: This study evaluates the comprehensive valorization of the byproducts derived from the two-phase olive oil
elaboration process [i.e., olive washing water (OWW), olive oil washing water (OOWW), and olive mill solid waste (OMSW)] in a
closed-loop process. Initially, the microalga Raphidocelis subcapitata was grown using a mixture of OWW and OOWW as the culture
medium, allowing phosphate, nitrate, sugars, and soluble chemical oxygen demand removal. In a second step, the microalgal biomass
grown in the mixture of washing waters was used as a co-substrate together with OMSW for an anaerobic co-digestion process. The
anaerobic co-digestion of the combination of 75% OMSW−25% R. subcapitata enhanced the methane yield by 7.0 and 64.5%
compared to the anaerobic digestion of the OMSW and R. subcapitata individually. This schedule of operation allowed for
integration of all of the byproducts generated from the two-phase olive oil elaboration process in a full valorization system and the
establishment of a circular economy concept for the olive oil industry.

KEYWORDS: anaerobic co-digestion, olive washing water, olive oil washing water, olive mill solid waste, Raphidocelis subcapitata,
nutrient removal, wastewater treatment, circular economy

1. INTRODUCTION

Olive oil consumption is increasing worldwide as a result of its
beneficial health properties. This leads to an increase in olive
oil production, not only in countries where olive oil has
traditionally been consumed but also in more and more
countries, which have begun to produce it.1 About 69−80% of
the world production comes from the European Union (EU),
being the largest producer of olive oil at the global level. The
olive tree and its industry are significant activities in the
southern member states of the EU, like Spain, Italy, Greece,
and Portugal, among others, with important environmental,
economic, and social considerations. Spain and Italy are the
main producer countries in terms of production, with 63.14
and 17.34% of the EU production, respectively, in the period
2015/2016−2017/2018, followed by Greece with 13.75%.2

In the early 1990s, a more sustainable extraction system was
implemented. This system, called the “two-phase” system,
allowed for the elimination of the wastewaters from the three-
phase system, called “alpechines”, which were produced in very
high volumes of 1250 L/kg of olives processed and had a high
pollutant power, around 200 times more than domestic
sewage, as a result of high organic loads.3 The two-phase
system not only provided the industry with an improvement in
the quality of the oil but also decreased the use of water and
energy consumption during the process.4 Even so, during the
more sustainable olive oil production process, three types of
byproducts are produced: olive washing water (OWW), which

is the effluent from cleaning the olive fruit prior to the
production process, olive oil washing water (OOWW), coming
from the vertical centrifuge of olive oil cleaning, and finally, a
semi-solid waste with high humidity content, generally called
olive mill solid waste (OMSW) or alperujo. The OMSW is the
main byproduct of the two-phase olive oil process.4 The semi-
solid byproduct is mainly composed of lignin and cellulose and
is characterized by acidic pH, high water content, and elevated
organic matter content as a result of the presence of lipids,
carbohydrates, phenols, and pectins5 as well as a substantial
fulvic acid fraction.6 The OOWW and OWW are characterized
by pH of 5.4 and 6.3, chemical oxygen demand (COD)
contents of 15 and 1 g of O2/L, total phenol contents of 2400
and 0.4 mg/L, and electrical conductivity of 9.0 and 0.9 mS/
cm, respectively.7

For each 1000 kg of olives processed by the two-phase olive
oil elaboration system, 250 L of a mixture of OWW and
OOWW (in a proportion of 1:3) are produced.8 Throughout
the olive oil production period, between 10 and 15 m3 of
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OOWW and 3−5 m3 of OWW are produced on average, each
day.7

In addition, for each 1000 kg of olives processed, 800 kg of
OMSW are produced. This proportion results in 2−4 million
tons of OMSW each year.9

These byproducts are usually treated as waste. OWW and
OOWW are stored in evaporation ponds each season, creating
risks of contaminating groundwater with organic loads,
generating bad odors, etc.10,11 OMSW is also stored in
evaporation ponds and burned in co-generation plants.
Despite the great economic impact produced by the olive

tree and its industry in Europe and the existence of regulations
at the European level concerning the management of waste
[Directive 2008/98/EC of the European Parliament and of the
Council of 19 November, as amended by Directive (EU)
2018/851 of the European Parliament and of the Council of 30
May 2018], there is no European standard that establishes
controls for the handling and treatment of solid and liquid
waste from olive oil mills.
In some countries, wastewaters are subjected to advanced

wastewater treatments, such as phosphorus adsorption
columns, membrane bioreactors, etc., before their discharge
from treatment plants. These treatments for nutrient removal
are required to meet the quality of surface water, but they are
costly and, in some cases, difficult to manage.12,13 The
production of microalgal biomass coupled to the treatment
of wastewaters has been studied by different authors.14,15

Microalgal growth in wastewater may offer nutrient removal
and be a source of nitrogen-rich biomass.
Anaerobic digestion (AD) is a key tool in support of the

circular economy as a result of organic waste being converted
into energy.16 AD serves to obtain biogas of high calorific value
from different organic raw materials. Biogas upgrade has gained
interest in recent years because of its use as biofuel for vehicles
and for being injected into the natural gas grid.17 Furthermore,
the liquid digestate obtained after AD can be used as
fertilizer.18 However, OMSW has a high carbon/nitrogen
(C/N) ratio, and although the AD of OMSW is feasible,9,19,20

it is possible to obtain higher methane yields by improving the
lack of nitrogen in OMSW through the addition of a co-
substrate during AD.21,22 Xu et al.23 reported optimum yields
from AD for C/N ratios between 20:1 and 30:1.23 The co-
digestion of different substrates with complementary compo-
sition compensates for the lack of certain elements, which are
necessary for the AD process, providing positive synergies
between the co-substrates.24 Co-digestion not only improves
the C/N ratio of the mixture substrates but also improves the
enzymatic activity of the bacteria and dilutes the concentration
of inhibitory substances in the reactor.25

The goal of this work was to valorize the byproducts
generated in the two-phase olive oil elaboration process and to
assess a closed-loop process for the olive oil industry. To this
end, a mixture of OOWW and OWW was used as culture
medium for the growth of the microalga Raphidocelis
subcapitata, and the microalgal biomass produced in this way
was used as a co-substrate with OMSW to produce biogas
through an AD process. The microalgal growth served to take
advantage of the OWW and OOWW, otherwise considered as
wastewaters and discharged into evaporation ponds. This
scheme valorizes the three byproducts of the two-phase olive
oil elaboration process for the first time in an all-inclusive
manner. The scheme allows for the production of energy in the
form of biogas and for the acquisition of treated water after
microalgal growth and a digestate after AD, which can both be
used as irrigation and fertilizer with the aim of including the
olive oil industry into a circular economy, reusing wastes as
byproducts to extend their life and minimizing the industrial
impact on the environment.

2. MATERIALS AND METHODS
2.1. OMSW, OWW, OOWW, and the Anaerobic Inoculum.

The semi-solid byproduct, OMSW, and the two liquid effluents
coming from the two-phase olive oil production process, OWW and
OOWW, were collected from the Experimental Factory of the
“Instituto de la Grasa (CSIC)”, Seville (Spain). The olive stone pieces
contained in the OMSW were removed with a 2 mm mesh.

The anaerobic inoculum was obtained from a brewery upflow
anaerobic sludge blanket reactor. Table 1 shows the main character-
istics of the semi-solid byproduct, OMSW, the two washing waters,
OWW and OOWW, and the anaerobic inoculum.

2.2. Microalgal Cultivation. R. subcapitata was obtained from the
culture collection SAG 61-81.

R. subcapitata is a synonym for Pseudokircheniella subcapitata
(http//:www.algaebase.org). Moreover, the microalgae commonly
represented in culture collections as Selenastrum capricornutum are not
these species but R. subcapitata(http//:www.algaebase.org). For this
reason, many of the data in this research have been compared to S.
capricornutum.

Initially, R. subcapitata was grown in a 2 L reactor using a modified
Arnon medium containing 4 mM K2HPO4 at pH 7.5 and 25 °C.26

Biomass was harvested and, finally, separated by centrifugation for 10
min at 2000g. The seed was placed in OOWW, diluted twice with
OWW, and supplemented with 15 mM NaNO3. The used OOWW/
OWW ratio (1:2) and the amount of supplemented NaNO3 (15 mM)
were selected according to preliminary experimentations. Three
reactors were inoculated with the microalga and were held on batch
mode for 8 days. The reactors had a capacity of 2 L and were
maintained at 25 °C and pH 7.5 and illuminated with white-light
lamps (Phillips Master TL5 HO 24 W/840) in a daylight cycle of 12 h
of light and 12 h of darkness. The maximum incident irradiance was
1500 μE m−2 s−1.

Table 1. Characteristics of Olive Oil Washing Water, Olive Washing Water, Olive Mill Solid Waste, and the Microalga R.
subcapitataa

parameter values of OOWW values of OWW values of OMSW values of R. subcapitata values of inoculum

TS (g L−1) 14.8 ± 5.4 4.4 ± 1.1 262.3 ± 1.7b 52.6 ± 0.9 33.8 ± 0.4
VS (g L−1) 14.6 ± 2.5 2.6 ± 2.4 229.1 ± 2.0b 52.1 ± 0.6 27.2 ± 0.6
COD (g of O2 L

−1) 19.4 ± 2.8 2.8 ± 1.5 354.1 ± 4.3c nd nd
sCOD (g of O2 L

−1) nd nd 144.4 ± 4.2 nd nd
pH 4.7 ± 0.1 10.2 ± 0.3 4.7 ± 0.1 nd 6.9 ± 0.2
C/N ratio nd nd 31.6 ± 0.3 8.8 ± 0.2 nd

aOOWW, olive oil washing water; OWW, olive washing water; OMSW, olive mill solid waste; TS, total solids; VS, volatile solids; COD, total
chemical oxygen demand; sCOD, soluble chemical oxygen demand; C/N, carbon/nitrogen; and nd, not determined. bIn units of grams per
kilogram. cIn units of grams of O2 per kilogram.
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Microalgal growth was determined by the chlorophyll measurement
as described by Gaur and Kumar.27 Table 1 shows the main
characteristics of the microalgal culture. Washing water samples,
OWW and OOWW, were taken every day, and soluble chemical
oxygen demand (sCOD) and nitrate, phosphate, and total sugar
contents were analyzed to determine nutrient removal from these
washing waters.
2.3. Biological Methane Potential (BMP) Assays. A mesophilic

batch experiment was carried out in 250 mL reactors. The agitation
was performed by magnetic bars (22g). The BMP tests were operated
with different blending ratios of OMSW and microalga at 75%
OMSW−25% R. subcapitata, 50% OMSW−50% R. subcapitata, and
25% OMSW−75% R. subcapitata as well as each substrate separately
with 100% R. subcapitata and 100% OMSW. The inoculum/substrate
ratio for each reactor was based on volatile solids (VS) and was 2:1.
All of the mixtures were run in triplicate, and three blanks with only
inoculum were used as the control. A 1% trace element solution was
added as described by Gonzalez-Gil et al.28 Reactors were flushed
with nitrogen to replace oxygen at the beginning of the experiments.
The biogas produced was passed through a 3 N NaOH solution
allowing for the measurement of methane production by liquid
displacement. When the methane production was lower than 2%, the
BMP test was stopped. The methane yield was expressed using the
standard temperature and pressure conditions.
2.4. Analytical Methods. Nitrate and phosphate were quantified

with Hach Lange kits and a Hach Lange DR3900 spectrophotometer.
pH was analyzed using a pH-meter model Crison 20 Basic. Total
solids (TS) and VS were determined by standard methods 2540B and
2540E, respectively.29 COD was determined as described by Raposo
et al.30 sCOD was evaluated according to standard method 5220D.29

Elemental C and N were determined through LECO CHNS-932
(Leco Corporation, St. Joseph, MI, U.S.A.). The total sugar content
was determined as described by Dische.31

3. RESULTS AND DISCUSSION
3.1. Kinetic Parameters for R. subcapitata Growth.

3.1.1. Kinetic Parameters for R. subcapitata Growth. The
Monod equation was used to determine the kinetic parameters
of R. subcapitata growth and the experimental data from the
production of microalgae and nutrient removal in batches.32,33

The starting inoculum of R. subcapitata had a concentration
of 13.8 mg of chlorophyll L−1. The evolution of the
concentration of R. subcapitata (milligrams of chlorophyll per
liter) with cultivation time is shown in Figure 1. As observed,
the growth rate drastically decreased after 7 days. The growth
decline indicated the end of the experiment. The exponential
equation obtained from the integration of the Monod equation
could be used to describe R. subcapitata biomass growth from
1 to 6 days34

μ=X X texp( )0 max (1)

where μmax is the maximum specific growth rate of the
microalga (day−1), X is the concentration of the microalga in
the culture medium (mg of chlorophyll L−1), X0 is the initial
concentration of microalga in the culture medium (mg of
chlorophyll L−1), and t is cultivation time (day).
Equation 1 can be transformed into eq 2.

μ=X X tln( / )0 max (2)

Therefore, μmax was calculated by adjusting the experimental
data from the biomass concentration, ln(X/X0), and cultivation
time. Figure 2 shows this linear adjustment to the Monod
model, where a satisfactory correlation (R2 = 0.994; standard
error of estimate = 0.098) was obtained. The line slope led to a
value of μmax = 0.31 ± 0.02 day−1. On the other hand, g or the

generation time or doubling population time (day)35 was
estimated by eq 3.

μ=g ln 2/ max (3)

Considering the value of μmax and according to eq 3, the
generation time was 2.23 days.
Similar μmax values were described by Wang et al.36 in S.

capricornutum batch cultures for the simultaneous biogas
upgrading and digestate nutrient removal from slurry,
regardless of the photoperiod. It was demonstrated that, for
photoperiods of 16, 14, and 12 h of light, the maximum specific
growth rates were found to be 0.339, 0.341, and 0.326 day−1,
respectively.36

In the same way, similar and lower μmax values than those
obtained in the present work were found in batch cultures of S.

Figure 1. Variation in the concentration of the microalga R.
subcapitata (mg of chlorophyll L−1) with time (day) in the batch
culture of microalga in the mixture of washing waters or wastewaters
from the olive oil elaboration process.

Figure 2. Variation in the ln(X/X0) with cultivation time (day) for
μmax calculation in the batch culture of R. subcapitata in the mixture of
washing waters or wastewaters from the olive oil elaboration process,
where μmax is the maximum specific growth rate of the microalga
(day−1), X is the concentration of the microalga in the medium (mg
of chlorophyll L−1), and X0 is the initial concentration of the
microalga in the culture medium (mg of chlorophyll L−1).
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capricornutum when different crude oils were present in the
culture medium.27

These growth values indicate the ability of R. subcapitata to
grow in the medium mixture of OWW and OOWW with fairly
reasonable growth rates.
3.1.2. Nutrient Removal and Kinetics for Nutrient

Removal. Figures 3, 4, 5, and 6 show the variation with time

of phosphate, nitrate, total sugars, and sCOD concentrations,
respectively, in the batch cultures of R. subcapitata in the mix
of OWW and OOWW used as cultivation medium in the
present work. As seen, the maximum percentages of nutrient
removal after 7 days of incubation were found to be 99.7, 77.6,
74.1, and 67.8% for phosphate, nitrate, total sugars, and sCOD,
respectively.
Microalgae take up nutrient elements (carbon, nitrogen, and

phosphorus) for the synthesis of different molecules, such as
proteins, nucleic acids, or phospholipids.37,38 In systems with
pH below 7.5, phosphorus removal mechanisms are given by

cellular assimilation because, at this pH, precipitation of
phosphorus is not favored.39 However, both phosphate and
nitrogen removal are linked by their function in microalgal
cellular metabolisms. Nitrogen is mostly incorporated into
proteins and nucleic acids.37,39 Phosphorus uptake, related to
storage in the rRNA, is influenced by different factors, such as
the phosphate concentration, chemical form of phosphate,
algal physiology, nitrogen concentration, light intensity, and
temperature.40 In this study, phosphate removal (99.7%) was
observed to be higher than that observed for nitrate removal
(77.6%). However, lower phosphate removals of 35.78 and
40.95% were reported by Wang et al.36 for microalga S.
capricornutum batch cultures. Although it has been reported
that, in a control medium, S. capricornutum is able to take up
phosphate before growing, it was observed that phosphate
removal by this microalga could be inhibited by the presence
of toxins, such as heavy metals (Pb, Mn, Cr, etc.).41

In relation to organic matter removal, Figures 4 and 5 show
that total sugars and sCOD removals of 74.1 and 67.8%,

Figure 3. Temporal variation in the phosphate concentration (PO4
3−)

and theoretical curve obtained from a pseudo-first-order kinetic
model, in the batch culture of R. subcapitata in the mixture of washing
waters or wastewaters from the olive oil elaboration process.

Figure 4. Temporal variation in the nitrate concentration (NO3
−) and

theoretical curve obtained from a pseudo-first-order kinetic model in
the batch culture of R. subcapitata in the mixture of washing waters or
wastewaters from the olive oil elaboration process.

Figure 5. Temporal variation in the total sugar concentration and
theoretical curve obtained from a pseudo-first-order kinetic model in
the batch culture of R. subcapitata in the mixture of washing waters or
wastewaters from the olive oil elaboration process.

Figure 6. Temporal variation in the sCOD concentration and
theoretical curve obtained from a pseudo-first-order kinetic model in
the batch culture of R. subcapitata in the mixture of washing waters or
wastewaters from the olive oil elaboration process.
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respectively, were found in the present work using R.
subcapitata grown in the mixture of OWW and OOWW as
culture medium after 7 days of incubation time. Moreover,
similar COD removals (70.3%) were reported by Zhao et al.33

when S. capricornutum was grown in high-strength synthetic
wastewaters and was subjected to high nitrogen loading for 14
days of incubation.
The temporal variation of nutrients in the cultures was

described by the pseudo-first-order kinetic model, which can
be defined as follows:12

= −S S e kt
0 (4)

where S is the nutrient concentration at time t (day), S0 is the
nutrient concentration at the beginning of the experiment, and
k is the kinetic constant for nutrient removal. The kinetic
constant k was determined using the software Sigma Plot
(version 11.0). Table 2 shows the pseudo-first-order kinetic

parameters for phosphate, nitrate, total sugars, and sCOD
removals. The kinetic parameters are essential information for
designing biological treatment plants as well as understanding
the rate of nutrient and organic matter utilization.39 Figures
3−6 show the experimental data and theoretical curves

obtained for the above-mentioned nutrient and organic matter
removals. Table 2 shows the low values for the standard error
of estimate and the high values for R2, indicating the goodness
of the fit of the experimental data to the pseudo-first-order
kinetic model. The kinetic constant for phosphate removal was
5 times higher than that for nitrate removal and between 5 and
7 times higher than that for total sugars and sCOD removals,
respectively.
In relation to phosphate removal, Liu et al.12 reported

kinetic constant values in the range of 0.93−1.56 day−1 using
the same kinetic model for the growth of Chlorella vulgaris in
domestic wastewater. As seen, similar values were found in the
present work (1.3 day−1), where R. subcapitata grew in the
mixture of OOWW and OWW. With regard to nitrate removal,
Silva et al.42 found kinetic constant values in the range of
0.19−0.55 day−1 in batch cultures of C. vulgaris grown in
synthetic media. Similar values are reported in the present
work (0.27 day−1) with another Chlorophyta as R. subcapitata.
There are no reports in the literature regarding kinetic

constant values for nutrient removal derived from the
aforementioned pseudo-first-order kinetic model in batch
cultures of R. subcapitata in either synthetic or real waste-
waters.

3.2. Methane Yields. The variation in specific cumulative
methane production with time is illustrated in Figure 7 for the
different batch experiment assays.
After 33 days of digestion time, the highest methane yield

was 441 mL of CH4 g
−1 of VSadded for the co-digestion of the

mixture of 75−25% in VS of OMSW and R. subcapitata,
respectively. The sole substrates reached methane yields of 412
mL of CH4 g

−1 of VSadded for the OMSW and 268 mL of CH4
g−1 of VSadded for the AD of R. subcapitata. Therefore, the
methane yields for the above-mentioned mixture (75%
OMSW−25% R. subcapitata) were 7.0 and 64.5% higher
than that obtained for 100% OMSW and 100% R. subcapitata,
respectively. Caporgno et al.43 found biogas yields of 271 mL
of biogas g−1 of VSadded on the AD of S. capricornutum. The

Table 2. Kinetic Parameters Derived from the Application
of the Pseudo-First-Order Kinetic Model for Phosphate
(PO4

3−), Nitrate (NO3
−), Total Sugars, and sCOD

Removalsa

parameter S0 (mg L−1) k (day−1) R2 SEE

PO4
3− 14.4 ± 0.3 1.30 ± 0.09 0.9983 0.367

NO3
− 223 ± 11 0.27 ± 0.02 0.9874 13.439

total sugars 89 ± 18 0.23 ± 0.09 0.9417 22.146
sCOD 840 ± 98 0.17 ± 0.04 0.9584 97.427

asCOD, soluble chemical oxygen demand; S0, nutrient concentrations
at the beginning; R2, coefficient of determination; k, kinetic constant;
and SEE, standard error of estimate.

Figure 7. Biochemical methane potential (mL of CH4 g
−1 of VSadded) of 100% OMSW, 100% R. subcapitata, and different co-digestion mixtures.
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methane yield of R. subcapitata was also of the same order of
magnitude as that found in previous studies on the AD of
Scenedesmus obliquus (287 mL of CH4 g−1 of VSadded).

44

Analogous results were observed in species characterized by
strong cell walls based on carbohydrate compounds.43 The
methane yields reported by Caporgno et al.43 ranged between
330 and 395 mL of biogas g−1 of VSadded for the co-digestion of
75% sewage sludge−25% S. capricornutum and 25% sewage
sludge−75% S. capricornutum, respectively. A lower methane
yield than the value achieved in the present work for the
microalga R. subcapitata (268 mL of CH4 g

−1 of VSadded) was
recorded by Thorin et al.45 in the AD of S. capricornutum as a
sole substrate (209 mL of CH4 g

−1 of VSadded). However, when
S. capricornutum was co-digested with a mixture of waste-
activated and primary sludge in a proportion of 75% sludge−
25% S. capricornutum, the methane yield increased, reaching
values of 303 mL of CH4 g

−1 of VSadded.
45

The experimental methane yields obtained from the AD of
100% OMSW (412 mL of CH4 g

−1 of VSadded) and 100% R.
subcapitata (268 mL of CH4 g

−1 of VSadded) (Figure 7) were
used to obtain the calculated methane yield values (mL of CH4
g−1 of VSadded) of the mixtures, according to eq 5

= + R subcapitata

calculated methane yield

(% OMSW)(412) (% . )(268) (5)

where % OMSW and % R. subcapitata are the percentages of
the sole substrates in each co-digestion mixture.
The calculated and experimental methane yields obtained

are summarized in Table 3. The experimental methane yield
values obtained for the different tests were higher than those
calculated by eq 5 across the board, showing synergistic effects
(Table 3). The experimental data were 17.3 and 16.4% higher
than the calculated data obtained for the co-digestion mixtures
of 75% OMSW−25% R. subcapitata and 50% OMSW−50% R.
subcapitata, respectively.
3.2.1. Kinetics of Methane Production. 3.2.1.1. First-Order

Kinetic Model. A first-order kinetic model was used to assess
the anaerobic co-digestion kinetics and evaluate the process
performance in the BMP carried out for the three co-digestion

mixtures of microalga and OMSW and for OMSW and
microalga R. subcapitata as sole substrates

= [ − − ]G G kt1 exp( )max (6)

where G is the cumulative specific methane production (mL of
CH4 g

−1 of VSadded), Gmax is the ultimate methane production
(mL of CH4 g−1 of VSadded), k is the specific rate constant
(day−1), and t is the digestion time (day).
BMP tests of biodegradable substrates are usually assessed

by this first-order kinetic model.46 The main limitation of this
model is the proportionality of the methane production and
the amount of substrate, which is not limited by the microbiota
cell biomass.47

The parameters obtained from the first-order kinetic model
(eq 6) are shown in Table 4. The differences between the
experimental data and the predicted data are defined as “error”.
The errors obtained in this study were lower than 12.4% for all
cases. Other evidence of the good fit of the experimentally
obtained data to the first-order kinetic model was the low
standard deviation values and the high values obtained from
the determination coefficients. As an example, Figure 8 shows
the experimental methane production data against time for the
mixture of 25% OMSW−75% R. subcapitata and the
theoretical curve of the adjustment to this first-order kinetic
model.
The values for Gmax are shown in Table 4. These data did

not increase with regard to the value found for the OMSW
alone when it was co-digested with R. subcapitata for the
different percentages of mixtures tested. A 271% increase was
observed for the kinetic constant, k, when the value obtained
from the mixture of 75% OMSW−25% R. subcapitata was
compared to the value obtained for the microalga R.
subcapitata alone. This increase in k was also observed when
the value for k in the mixture of 75% OMSW−25% R.
subcapitata was compared to the value obtained for 100%
OMSW, although the increase was quite less, at 18%.
Syaichurrozi et al.48 did not observe any differences in the
kinetic constant, k, for any of the co-digestion mixtures of
Salvinia molesta and rice straw. In addition, the values for k
were considerably smaller (0.01 day−1) than the data recorded
in the present work (Table 4).

Table 3. Calculated Methane Yield Values (eq 5), Experimental Data, and Improvement in Methane Yield with Respect to Its
Theoretical Value

OMSW (%) R. subcapitata (%) calculated (mL of CH4 g
−1 of VSadded) experimental (mL of CH4 g

−1 of VSadded) improvement (%)

100 0 412 412 0
75 25 376 441 17.3
50 50 340 396 16.4
25 75 304 289 0
0 100 268 268 0

Table 4. First-Order Kinetic Constant and Ultimate Methane Production (Gmax) of the Different Substrates Used: Olive Mill
Solid Waste, R. subcapitata, and the Different Co-digestion Combinationsa

substrate Gmax (mL of CH4 g
−1 of VSadded) k (day−1) R2 SEE error (%)

100% OMSW 461 ± 13 0.07 ± 0.00 0.9882 19.42 12.4
75% OMSW−25% R. subcapitata 404 ± 7 0.17 ± 0.01 0.9776 24.50 7.5
50% OMSW−50% R. subcapitata 372 ± 6 0.13 ± 0.00 0.9863 18.33 6.0
25% OMSW−75% R. subcapitata 283 ± 2 0.26 ± 0.01 0.9925 9.47 2.7
100% R. subcapitata 274 ± 4 0.22 ± 0.01 0.9819 16.22 7.8

aOMSW, olive mill solid waste; Gmax, experimental values; k, kinetic constant; R2, coefficient of determination; SEE, standard error of estimate; and
error, difference between measured and predicted methane yield values.
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3.2.1.2. Transference Function Model. According to
Donoso-Bravo et al.,49 the reaction-curve-type model or
transference function (TF), used mainly for control purposes,
supposes that any process might be considered as an approach
that obtains inputs and generates outputs.49

The TF model has been used successfully to model the
biomethanization of different organic wastes by several
authors.46,49

The TF model is given by the following expression (eq 7):
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ
i
k
jjjjj

y
{
zzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
γ

= − −
−

B B
R t

B
1 exp

( )
max

max

max (7)

where Bmax is the ultimate methane production (mL of CH4
g−1 of VSadded), B is the cumulative specific methane
production (mL of CH4 g

−1 of VSadded), Rmax is the maximum
methane production rate (mL of CH4 g

−1 of VSadded day
−1), t is

the digestion time (day), and γ is lag time (day).
Table 5 shows the kinetic parameters for each experiment

and mathematical adjustment. They were determined numeri-
cally from the experimental data obtained from nonlinear
regression using the software Sigma Plot (version 11).
Table 5 shows the determination coefficient (R2), standard

error of estimate, and error (%) to evaluate the goodness of fit
and accuracy of the results obtained. Error was defined as the
difference between the experimental and predicted or
theoretical methane yield coefficients in percentage. As seen
in Table 5, the high determination coefficient values and the
low values for the standard deviations demonstrate the fit of

the experimental results to the model. As an example, Figure 9
shows the experimental data for methane production (mL of

CH4 g−1 of VSadded) versus the digestion time (day) for the
mixture of 50% OMSW−50% R. subcapitata and the
theoretical curve of the adjustment of these points to the TF
model.
Among the different co-digestion mixtures assayed, the

highest Rmax (73.3 ± 2.3 mL of CH4 g
−1 of VSadded day

−1) was
obtained for the co-digestion mixture of 25% OMSW−75% R.
subcapitata. This value was 3.9 and 46.8% higher than those
obtained for 75% OMSW−25% R. subcapitata and 50%
OMSW−50% R. subcapitata, respectively. In addition, it was
114.9 and 32.7% higher than those achieved through the AD of
OMSW and R. subcapitata, as sole substrates.
On the other hand, a decrease from 73.3 to 55.2 mL of CH4

g−1 of VSadded day
−1 in Rmax was observed when the content of

microalga R. subcapitata in the co-digestion mixtures increased
from 75 to 100%. Zhang et al.50 reported how values for Rmax
obtained from the co-digestion of C. vulgaris with potato
processing waste gradually decreased when the percentages of
C. vulgaris grew in the mixture from 25 to 75% (on a VS
basis).50

These results again show how the co-digestion of microalgae
with high organic load co-substrates (e.g., food wastes) had a
relatively high effect on microalgal biodegradability and
conversion rate.
The microalga R. subcapitata was able to grow in a mixture

of washing waters from the washing of olives and olive oil

Figure 8. Variation in experimental methane production with time for
the mixture of 25% OMSW−75% R. subcapitata and the theoretical
curve obtained from the first-order kinetic model.

Table 5. Transference Function Model Values for the Different Substrates Used: Olive Mill Solid Waste, R. subcapitata, and
the Different Co-digestion Mixturesa

substrate Bmax (mL of CH4 g
−1 of VSadded) Rmax (mL of CH4 (g

−1 of VSadded day
−1) γ (day) R2 SEE error (%)

100% OMSW 460 ± 15 34.1 ± 1.9 1.0 × 10−8 0.9882 19.67 11.0
75% OMSW−25% R. subcapitata 404 ± 7 70.5 ± 4.6 6.6 × 10−9 0.9766 24.81 7.5
50% OMSW−-50% R. subcapitata 371 ± 6 49.9 ± 2.7 4.3 × 10−9 0.9863 18.57 6.3
25% OMSW−75% R. subcapitata 283 ± 2 73.3 ± 2.3 1.6 × 10−11 0.9925 9.60 2.7
100% R. subcapitata 247 ± 4 55.2 ± 4.0 4.3 × 10−9 0.9719 16.43 7.8

aOMSW, olive mill solid waste; Bmax, ultimate methane production; Rmax, maximum methane production rate; γ, calculated lag times; R2, coefficient
of determination; SEE, standard error of estimate; and error, ((Bmax experimental − Bmax model)/Bmax experimental) × 100.

Figure 9. Variation in experimental methane production with time for
the mixture of 50% OMSW−50% R. subcapitata and the theoretical
curve obtained from the transference function model.

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://doi.org/10.1021/acs.jafc.1c08100
J. Agric. Food Chem. 2022, 70, 3219−3227

3225

https://pubs.acs.org/doi/10.1021/acs.jafc.1c08100?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c08100?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c08100?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c08100?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c08100?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c08100?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c08100?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c08100?fig=fig9&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.1c08100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


generated in two-phase olive oil production, showing high
potential for removing organic carbon and other nutrients,
such as phosphate (99.7%) and nitrate (77.6%), from the
mixture. In addition, the anaerobic co-digestion of the mixture
of 75% OMSW and 25% R. subcapitata, with the microalga R.
subcapitata being cultivated in the mixture of OWW and
OOWW at a 2:1 ratio, showed increases in the methane yield
of 7.0 and 64.5% compared to the anaerobic digestion of the
sole substrates OMSW and R. subcapitata, respectively. The
integration of processes, such as microalgal growth, washing
water treatment, and AD, allowed for the comprehensive
valorization of the byproducts generated in the two-phase olive
oil elaboration system, thus closing the loop around this olive
oil production system. This approach serves to follow circular
economy schedules, which seek the best resource efficiency
and environmental management.
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(Contract RYC-2011-08783) from the Spanish Ministry of
Economy and Competitiveness. The authors also thank the
Regional Government of Andaluciá, Junta de Andaluciá,
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