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The aim of this research was to assess the simultaneous effect of zeolite and bischofite on
estruvite production in an anaerobic digester treating pig slurry as substrate. Three ratios
(5:1, 6:1 and 7:1) of Mg-P were used for evaluating the effect of only bischofite on
anaerobic digestion. For assessing the simultaneous effect of zeolite and bischofite on
anaerobic digestion, three mass ratios of zeolite:bischofite (1, 5 and 10%) were used. As
results, bischofite as Mg+2 source served to decrease the total phosphorous (TP)
concentration in the anaerobic digestion of pig manure without affecting the maximum
methane production rate or methane yield of the system. An average 82.5% TP removal
was found in the reactors with bischofite during the first 5 days of digestion. Nevertheless,
bischofite increased the lag-phase of the system. The simultaneous presence of zeolite
and bischofite (1% ratio with respect to bischofite) caused a TP removal of 65.6% and
increased the methane yield by up to 19.9% compared to a system without zeolite or
bischofite. Thus, it is feasible to use bischofite and zeolite as enhancers for the
simultaneous production of biogas and struvite inside an anaerobic digester treating
piggery wastewater.
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INTRODUCTION

Piggery slurry is a waste that contains a mixture of feces, urine and water, together with other wastes
from animal husbandry such as straw, sawdust and food residues. One of the most common
treatments applied to piggery slurry is anaerobic digestion (AD), which has several advantages over
other purification processes: it decreases greenhouse gas emissions, mineralizes organic matter,
produces an effluent with good fertilizing qualities and, above all, allows recovery of carbon through
methane production (Romero-Güiza et al., 2015). Effluents from an anaerobic digester still contain
high amounts of nitrogen (as total ammonia nitrogen, TAN) and phosphorous (as phosphate), which
make them suitable for use as fertilizers. However, the huge volume generated by the industry cannot
be used entirely as fertilizers so other technologies for reducing the nitrogen and phosphorous
concentrations are necessary.

One way to recover not only nitrogen, but also phosphorous, is struvite precipitation. Struvite can
be considered a by-product of the anaerobic digestion that appears spontaneously in turbulent areas
of digesters or accessory pipes and pumps (Li et al., 2019). In turbulent zones a great amount of
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carbon dioxide is removed, causing an increase in pH to values
which favor the reaction between Mg2+, PO4

3− and NH4
+ and

produce magnesium ammonium phosphate (Li et al., 2019).
Struvite is a crystal in which Mg2+, NH4

+, and PO4
3− are

combined in the molar ratio or stoichiometric proportions of
1:1:1. Struvite production from anaerobic digestate is a successful
procedure to remove and recycle nutrients to nature because it is a
good slow-release fertilizer due to its contents in Mg, P and N
(Tao et al., 2016). A better option could be to reduce the N and P
contents inside the anaerobic digester in order to decrease the
ammonia content, which inhibits the AD process at certain
concentrations. However, few attempts at investigating this
option have been reported in the literature. Lee et al. (2004)
studied the improvement of food waste anaerobic digestion by
adding Mg2+ in the system. They achieved a PO4

−3-P removal of
65% when applying Mg2+, along with an improvement in biogas
production due to the decrease in NH3 in the bulk liquid. Uludag-
Demirer et al. (2008) proposed the coupling of AD and controlled
struvite precipitation in the same reactor to minimize the
nitrogen removal costs and increase the performance of the
AD using MgCl2·6H2O. They found that both organic matter
and ammonia were lower in the system with Mg2+ addition.
Romero-Romero-Güiza et al. (2015) evaluated the feasibility of
combining anaerobic digestion and struvite precipitation in the
same reactor through five different magnesium sources. They
found that high concentrations of all sources of Mg2+ can inhibit
the anaerobic digestion due to an increase in K+ and pH, thus
requiring the use of a solid stabilizer (low-grade magnesium oxide
mixed with phosphoric acid) in order to maintain the anaerobic
digestion activity. Sánchez-Sánchez-Ramírez et al. (2019) studied
uncontrolled phosphorous precipitation in anaerobic digesters
under thermophilic and mesophilic conditions, and reported that
it was possible to obtain struvite in bioreactors at pilot-scale when
the influent brings enough Mg2+. Yuan et al. (2019) also studied
the addition of MgCl2 to an anaerobic digester in addition to
biogas recirculation in order to improve the retention of N and P
in the sludge. They found that Mg2+ addition serves to retain 87%
orthophosphate and 19% ammonia N in the solid phase of
digested sludge. As can be seen, the focus was placed more on
the decrease in ammonia N in order to improve methane
generation than on phosphorous removal. Furthermore, the
Mg2+sources were salts, which are expensive and decrease the
economy of the process (Luo et al., 2018). The key for economical
nutrient removal from AD is the utilization of an economical
source of magnesium such as brine, waste frommagnesium oxide
production frommagnesite or bischofite by-product from lithium
production (Li et al., 2019). The last by-product has a magnesium
concentration close to 12% in the form of magnesium chloride
and has not been used up to now as a source of Mg2+ for struvite
precipitation.

On the other hand, it has been demonstrated that struvite
crystallization could be improved by the utilization of seeds for
nucleation which favor the growth of crystals (Li et al., 2019).
According to Li et al. (2019), various seeds such as lignite, egg
shell powder, quartz sand and zeolite have been used for this
purpose. Among them, zeolite has shown several advantages for
use in an anaerobic reactor because of its capacity for adsorption

of ammonia (Montalvo et al., 2020). Indeed, several works (Achi
et al., 2020; Cardona et al., 2021) have shown its capacity for
improving anaerobic digestion, not only by increasing methane
production, but also in Chemical Oxygen Demand (COD)
removal. Therefore, it is possible that zeolite could help to
improve not only anaerobic digestion but also the nucleation
of struvite inside the bioreactor.

Finally, another aspect to be considered is the pH value within
the anaerobic digester. For struvite precipitation, optimal pH
values are around 8.5 (Kataki et al., 2016); however, anaerobic
digestion works adequately at pH values of around 7–7.5, a
situation that could decrease and hinder the feasibility of
struvite precipitation inside the bioreactor. Nevertheless, the
addition of a seed such as zeolite could help to maintain the
precipitation of struvite in the bioreactor despite the low pH
values.

Based on these three points, the aim of the present work was
the removal of P through struvite precipitation with the
application of bischofite, a novel source of magnesium, and
the utilization of zeolite as nucleation site for struvite
crystallization, both used inside an anaerobic digester. Despite
its interest, and to the best of our knowledge, this matter has not
been reported in the literature up to now.

METHODOLOGY

Substrates and Inoculum
Piggery wastewater was used as substrate. It was obtained from a
piggery farm (AASA Chile). Its characteristics are shown in
Table 1. The anaerobic inoculum was obtained from an
industrial anaerobic digester that uses piggery wastewater as
substrate in the same piggery farm (AASA). The biodigester
works at an hydraulic retention time of 30 days, with a solid
concentration of 45–50 g/L of Volatile Suspended Solids (VSS).
This digester is located in Melipilla, Metropolitan Region, Chile.
The characteristics of the anaerobic inoculum are also presented
in Table 1.

Bischofite was used as the Mg2+-source (CAS Number 7791-
18-6). Bischofite is a white solid from Lithium mining. The main
components of the bischofite in % w/w were: Mg+2: 10–12.8; Cl−:
29–40; Li+: 0.1–0.6; other components (Ca2+, Na+, K+, Ba2+,
SO4

2−): 1–10. Therefore, it was considered that 100 g of
bischofite are equivalent to 11.4 g of Mg on average. The

TABLE 1 | Characteristics of the inoculum and substrate used in this study.

Parameter Inoculum Piggery wastewater

pH 7.47 ± 0.06 8.63 ± 0.03
Total COD (g O₂/L) 58.1 ± 3.1 18.4 ± 5.0
Soluble COD (g O₂/L) 3.9 ± 2.3 4.9 ± 0.4
Volatile Suspended Solids (VSS) (g/L) 46.8 ± 6.3 20.9 ± 3.3
Total Volatile Solids (TVS) (g/L) 53.5 ± 3.9 23.7 ± 2.3
Phosphate (mg P/L) 2,104 ± 3 172.0 ± 0.6
Sulfate (mg/L) 240 ± 4 250 ± 3
Total Ammonia Nitrogen (TAN) (mg/L) 1,140 ± 15 1,085 ± 24
Sulfide (mg/L) 52.6 ± 3.8 54.2 ± 2.6
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zeolite used in the experiments was a mixture of clinoptilolite and
mordenite from the enterprise “Zeolitas Maule” with a particle
size of 0.25–0.42 mm. Full details concerning zeolite are reported
in Huiliñir et al. (2020).

Batch Anaerobic Digestion Assays and
Experimental Procedure
The biochemical methane potential (BMP) tests were conducted
at mesophilic temperature (35 ± 1°C) in 300 ml glass reactors with
a working volume of 200 ml. The digester temperature was
maintained using automatically controlled aquarium heaters.
Each bottle was fed with an appropriate amount of piggery
wastewater and inoculum to maintain the ratio g TVS of
wastewater/g TVS of inoculum at 1. All vessels were properly
sealed with rubber stoppers and silicone to ensure anaerobic
conditions and then covered with aluminum foil to avoid the
growth of photosynthetic organisms. Afterwards, the reactors
were connected to graduated cylinders filled with a solution of
NaOH (3% w/w) to dissolve CO2 from the biogas. Finally, the
volume of methane was measured by liquid displacement
according to Huiliñir et al. (2015).

The effect of bischofite was studied with three different Mg2+:
PO4

3− molar ratios: 5:1, 6:1 and 7:1, taking into account that the
amount of Mg2+ in the bischofite was only 11.4%. A control
system was used, with only substrate and inoculum. Twelve
replicates were used for each ratio (5:1, 6:1 and 7:1),
sacrificing 8 of them for the analysis of the liquid phase. The
other four reactors were not opened, but used for the analysis of
the gaseous phase. In the liquid phase, the following parameters
were measured: soluble chemical oxygen demand (sCOD), total
ammonia nitrogen (TAN), volatile suspended solids (VSS), total
phosphorous as phasphate (TP) and pH.

The simultaneous effect of bischofite and zeolite was studied
with three different bischofite-zeolite mass percentage ratios: 1, 5
and 10%. These percentages were considered with respect to the
mass of bischofite added to each assay. For instance, if 100 g of
bischofite were used, then 1 g of zeolite was used for obtaining a
ratio of 1%. Here, a control system was also used, with only
substrate and inoculum in order to compare the effect of these
two components. Twelve replicates were used for each ratio,
sacrificing 8 of them for the analysis of the liquid phase. The other
four reactors were not opened, but used for the analysis of the
gaseous phase. In the liquid phase, the following parameters were
measured: soluble chemical oxygen demand (sCOD), total
ammonia nitrogen (TAN), volatile suspended solids (VSS),
total phosphorous as phosphate (TP) and pH.

The t-Student statistical analysis with α � 0.05 was used to
compare data between the control system and the assays with
different ratios of bischofite and zeolite. This analysis was
performed using the 2010 Excel software.

Kinetic Evaluation
In order to evaluate the effect of bischofite and zeolite on the
anaerobic digestion process, a kinetic study was performed. The
model used was the Modified-Gompertz model, which has been
used extensively in this type of study (Baghbanzadeh et al., 2021;

Marañón et al., 2021; Qi et al., 2021). This model is given for the
following equation:

y � A · exp{ − exp[μm · e
A

· (λ − t) + 1]}, (1)

where A represents the potential methane production or ultimate
methane production (mL CH4/g TVSadded), µm is the maximum
methane production rate (mL CH4/g TVS d), λ is the lag time
phase (d), y is the accumulated methane volume at time t (mL
CH4/g TVSadded), t is the measured time (d), and e is the base of
the natural logarithm [2.718282].

The model presented was used to obtain the calculated values
of specific methane volume (mL CH4/g TVSadded) for every time
at which experimental specific methane volume values were
measured. The parameters of the kinetic model were then
calculated by minimizing the estimated error variance using
the ‘‘Solver” tool from Microsoft Excel 2010. The estimated
error variance was calculated as:

s2 � ∑i
1(Vexp − Vmod)2

N −K
, (2)

where Vexp is the experimental value of the specific methane
production, Vmod is the theoretical value calculated by the model,
N is the number of samples, and K is the number of model
parameters.

Chemical Analysis
The following parameters were determined in the liquid phase:
soluble COD (sCOD), total and suspended solids, volatile
suspended solids, pH, total ammonia nitrogen (TAN) and
total phosphorous as phosphate (TP). All these parameters
were determined according to the Standard Methods of the
American Public Health Association Standard Methods
(APHA, 2012). Total ammonia nitrogen (TAN) was
determined by flow injection analysis based on the Berthelot
reaction (QuikChem® Method). The total solids and volatile
solids were determined after drying to constant weight at
105°C (˜24 h) and 550°C (˜2 h). COD was measured according
to the colorimetric standardmethod 5220D (APHA, 2012). pHwas
determined using a Crison model 20 Basic pH-meter. Total
phosphate was measured through a phosphate kit from
HANNA Instruments, which reacts with the HI93717 reactive
and is then measured by spectrophotometry for high-range
phosphate HI96717.

RESULTS AND DISCUSSION

Effect of Bischofite on Anaerobic Digestion
and TP Removal
The effect of bischofite on the anaerobic digestion of piggery
wastewater is shown in Figure 1. As can be seen in Figure 1A, it
was possible to obtain methane for all the bischofite
concentrations studied, with similar volumes to the volume
obtained from the control (without bischofite), especially at
the end of the digestion process. The methane profiles
obtained using bischofite were similar for the different
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concentrations used: first 10 days of a slowmethane production, a
fast production from day 10 to 22 and then a slight decrease in
methane production until day 28. According to the statistical
analysis, the tendency has not significant differences between
each bishofite condition. This behavior was different with respect
to the control assay. The control produced a higher methane
volume during the first 10 days and after that the methane
production rate was lower than the system with bischofite.
However, according to the t-student analysis, the tendency of
the control has not significant differences with respect to each
bishofite condition. It is important to note that the maximum
methane volumes produced in all the assays, including the
control, obtained similar values of between 365 and 421 ml
CH4/g VS. Therefore, the effect of bischofite on anaerobic
digestion was more pronounced on the kinetics of the process,
increasing the lag phase of the anaerobic digestion process.
Several authors have also reported that different Mg2+ sources
affected anaerobic digestion by increasing the lag phase or
decreasing the maximum potential volume with respect to the
control (Romero-Güiza et al., 2015). It is known that Mg2+ is an
inorganic cation that is present in the methanogenic archaea,
acting as cofactor in some enzymatic reactions and reducing Na
toxicity in the methanogenesis (Tao et al., 2016; Li et al., 2019).

However, the effect of Mg2+ on the anaerobic digestion shows
contradictory results in the literature. Negative effects were found
by Romero-Güiza et al. (2015) and Uludag-Demirer et al. (2008),
who indicated that the use of MgCl2 at concentrations of 3.3 g/L

(N:P:Mg ratio � 1) and MgCl2·6H2O at concentrations between
1.75 and 7.00 g/L generated a significant decrease in methane
production. On the contrary, Lee et al. (2004) also studied the use
of MgCl2, but found that by applying this compound at pH � 7.7,
methane production was improved by up to 50% because of the
decrease in ammonia inhibition in the anaerobic digestion
process. Similar findings were reported by Farrow et al. (2017)
using poultry manure as substrate and MgCl2·6H2O as Mg2+

source, although in this case the struvite precipitation was
performed in a different reactor, not inside the biodigester.
Recently, Koirala et al. (2021) studying anaerobic co-digestion
(ACoD) of food waste (FW) and domestic wastewater (DWW) in
an UASB reactor indicated that the Mg2+ addition at a
concentration of 150 mg/L improved the performance of the
co-digestion of these two substrates, increasing methane
production by 10.63%. Finally, Yuan et al. (2019) used sewage
sludge as substrate and indicated that MgCl2 as Mg+2 source did
not affect anaerobic digestion, even at high concentrations
(1.428 g/L). In our case, anaerobic digestion was not
stimulated or inhibited, but it affected the kinetics of the
process, increasing the lag-phase of the reaction, in spite of
the high P:Mg ratio used in the present research.

The modified-Gompertz model was used in an in-depth study
on the effect of bischofite on the process kinetics. Table 2 shows
the model parameters obtained for the different bischofite
concentrations tested. As can be seen, the maximum or
ultimate methane yield (A) in the control was higher than

FIGURE 1 | (A): Variation in methane volume with digestion time in the assays at different bischofite: P ratios. (B): Total phosphorous profiles with different
bischofite: P ratios. (C): Soluble COD profiles with different bischofite: P ratios. (D): Volatile suspended solid (VSS) profiles with different bischofite: P ratios.
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those obtained in the other experiments in presence of bischofite;
although with a 7:1 ratio the decrease in the A value compared to
the control was practically negligent. The decrease was more
pronounced with a ratio of 5:1, with a −20.63% variation
compared to the control; while with a ratio of 6:1 the
variation was around 12%. Regarding the maximum specific
methane production rate (μm), it increased in all the assays
with bischofite compared to the control. The highest increase
was achieved with a ratio of 7:1, with 48.09% improvement
compared to the control. With ratios of 5:1 and 6:1, the
increase was around 23%, with very similar values between
them. Finally, the length of the lag period increased
substantially, between 150 and 272%, compared to the value
obtained for the control. The highest λ obtained was with a ratio
of 7:1; while the lowest increase was obtained with a 5:1 ratio.

In general, the kinetic analysis showed that bischofite had a
strong effect on the start-up of the anaerobic process, although
the effects on ultimate methane production or maximum
methane yield were not great. These effects can be attributed
to the higher presence of Mg2+ in the digester with bischofite,
which could negatively affect the anaerobic digestion process
because of a possible higher ionic strength in the digester with
bischofite (Zhao et al., 2018). Nevertheless, the biomass was able
to recover its activity and the methane yield was not affected
because the concentration obtained in this work was around
280 mg/L of Mg2+, while inhibitory effect was observed at
concentrations higher than 30 g/L MgCl2 (Zhao et al., 2018).
The same behavior was observed by Romero-Güiza et al. (2015),
who also showed that concentrations below 400 mg/L Mg2+ did
not affect the anaerobic digestion process. It is important to note
that bischofite contains other impurities that could also affect the
anaerobic digestion process. More studies are required to
elucidate these aspects.

As can be seen in Figure 1B the TP decreased in a higher
percentage in all the assays in the presence of bischofite in
comparison to the system with no bischofite (control). No
significant differences were obtained among the different
bischofite concentrations used, as was confirmed by the
statistical analysis (t-student); however, the control showed
significant statistical differences regarding to the different
bischofite: P ratios. There is an erratic behavior in the control
system, with increases and decreases in concentration; however,
the tendency is clearly towards the decreasing. A possible
explanation of this behavior could be the release and
precipitation of P due to the equilibrium on different solids,
such as struvite, with the Mg2+ that comes from the susbtrate. At
ratio 5:1, the system obtained the lowest TP concentration at the

end of the experiment. On the other hand, the highest drop in the
TP concentration in the systems with bischofite was produced
during the first 5 days, where TP decreased from 220 mg/L to an
average value of 55 mg/L, which entails a 82.5% removal during
this time period. This fast decrease showed that the TP removal
was related to a fast chemical reaction involving the struvite
formation instead of a biological reaction. The system with no
bischofite presented a decrease of 35% in the TP concentration
which could be related to the formation of struvite with the Mg2+

that comes from the susbtrate, as was mentioned previously.
Therefore, although the TP is removed in anaerobic digestion
without external sources of Mg2+, the presence of bischofite
improved TP removal by 50%.

According to these results on TP concentration, the presence
of bischofite with all the concentrations studied promoted a
higher decrease in the TP concentratration in the process,
probably because of the struvite formation (See
Supplementary Figure S1 in supplementary data).

Table 3 shows the initial and final pH values in all the assays
carried out with different bischofite concentrations. As was
expected, there was an increase in the pH value for all anaerobic
reactors, but this increase was very similar in the systems with
bischofite and the control, so, in this case, the presence of bischofite
did not generate significant changes in the pH system. According to
Romero-Güiza et al. (2015), the use of Mg(OH)2 increases the pH
value in the bioreactor, improving struvite production. However,
this increase can also provoke an inhibition inmethanogenesis, with
no production of methane at the end of the process. In our case, the
pH increase was milder and the inhibition of methanogenesis was
not produced, indicating that bischofite can be used as a source of
Mg2+ without affecting methane generation. On the other hand, the
process had a pH lower than the optimal pH value for struvite
formation (superior to 8.5), a situation that did not entail struvite
formation. This can be explained by the high ion concentrations
present in these systems.

The other two aspects that were analyzed in these experiments
were the behavior and variation with time in soluble COD (sCOD)
and VSS in the bioreactors. Soluble COD decreased in all the assays,

TABLE 2 | Kinetic parameters obtained from Gompertz-modified model applied for the different bischofite concentrations tested in this anaerobic digestion process.

Experimental run A [mL·g−1] % A variation
respect to control

µm [mL·g TVS−1·d−1] % μ variation
respect to control

λ [d] % λ variation
respect to control

s2

Control 620.54 — 17.76 — 2.57 — 71.82
5:1 ratio 492.51 −20.63 21.54 +21.28 6.47 +151.75 355.41
6:1 ratio 544.47 −12.26 22.10 +24.44 8.80 +242.41 333.72
7:1 ratio 609.04 −1.85 26.30 +48.09 9.56 +271.98 222.67

TABLE 3 | pH values in the systems at different bischofite concentrations.

Mg2+:P ratio Initial pH Final pH

5:1 7.15 7.82 ± 0.06
6:1 7.15 7.86 ± 0.02
7:1 7.15 7.80 ± 0.12
Control 7.15 7.87 ± 0.04
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without differences between the systems with bischofite and the
control (Figure 1C). According to the profiles obtained, there was a
strong consumption of sCOD during the first 4–5 days. After that,
there was an increase in sCOD during days 5–10. This increase is
related to the solubilization and hydrolysis of solids in the system, as
can be observed in Figure 1D, where it is shown that the VSS
decreased in a higher percentage during the first 10 days. From day
10 up to day 18, there was a strong consumption of sCOD and
finally, a stabilization of sCOD concetration took place to achieve a
final value of around 3.0 g/L. The very similar sCOD profiles show
that the anaerobic degradation of soluble organic matter does not

suffer any negative effects by the presence of the bischofite, as was
confirmed by the statistical analysis (t-student). This result disagrees
with results provided by other researchers. In this sense, Koirala et al.
(2021) reported a slight increase in COD removal (10% average)
when a source of Mg2+ was supplemented in the anaerobic co-
digestion process of food waste and domestic wastewater.

Regarding the variation in VSS concentration with time,
Figure 1D shows that the solid degradation was more
pronounced during the first 10 days for all the experiments.
As was observed for sCOD, no statistical differences were
obtained among the assays. Slightly higher VSS concentrations

FIGURE 2 | (A): Variation in methane production with time at a ratio P:Mg2+ � 1:5 and different zeolite concentrations (1, 5 and 10%). (B): Total ammonia nitrogen
profiles with a ratio P:Mg2+ � 1:5 and different zeolite concentrations (1%, 5% and 10%). (C): pH value profiles with a ratio of P:Mg+2 � 1:5 and different zeolite
concentrations (1%, 5% and 10%). (D): Soluble COD profiles with a ratio of P:Mg+2 � 1:5 and different zeolite concentrations (1%, 5% and 10%). (E): Volatile suspended
solids (VSS) profiles with a ratio of P:Mg+2 � 1:5 and different zeolite concentrations (1%, 5% and 10%).
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were obtained for the control system and for the system with a 7:1
ratio, with values at around 6 g/L at the end of the assays.With 7:1
and 6:1 ratios, final VSS concentratios were around 4 g/L,
showing that a slightly higher VSS removal was obtained with
these ratios.

Therefore, the bischofite did not exert any perturbation on the
anaerobic digestion system, and the VSS and sCOD removals
were similar for systems with and without bischofite.

The very similar sCOD and VSS removal values obtained in
the systems with and without bischofite could be explained by the
effect of bischofite on the CH4 concentration in the liquid bulk.
There is evidence that methane reacts with halogens such as
chlorine (Horn and Schlögl, 2015), which is added by the
bischofite. Thus, the methane generated could react with Cl−

in the liquid bulk, decreasing the methane concentration in the
liquid phase and explaining the lower CH4 generation rate in the
presence of bischofite.

Thus, bischofite can be used to improve TP removal inside an
anaerobic biodigester, without greatly affecting the methane
yield. Nevertheless, bischofite negatively affects the methane
generation rate, slightly increasing the lag phase.

Simultaneous Effect of Zeolite and
Bischofite on the TP Removal and Methane
Generation
Once the effect of bischofite was clear, the simultaneous effect of
zeolite and bischofite was studied. Figure 2 shows the main
results obtained from this set of experiments. The variation in the
specific methane volume with time for the different zeolite
concentrations used is shown in Figure 2A. As can be seen,
all the reactors with zeolite and bischofite achieved a higher
methane volume than that obtained for the control reactor at the
end of the assays. Furthermore, the methane production rate also
appeared to be greater in bioreactors with bischofite and zeolite in
comparison to the control. On the other hand, a higher lag phase
still appears in the systems with bischofite and zeolite in
comparison to the control, although this increase is smaller
than that achieved in the system with only bischofite
(Figure 1A). Finally, the statistical analysis (t-student) showed
that no significant differences were obtained among the different
conditions studied.

In order to quantify these aspects, the kinetics was again
evaluated through the Gompertz modified model and the
results shown in Table 4. The maximum methane yields
(A) in all the systems with zeolite and bischofite were

higher than in the control, with increases between 19.92
and 8.36% compared to the control. The highest increase
was observed with a ratio of 1%. This behavior was different
from that observed in the system with bischofite alone
(Table 2), in which the A value obtained was lower in
comparison to the control, showing that the simultaneous
presence of zeolite was able to improve methane production.
Regarding the maximum methane production rate (μm), for
all the systems with zeolite and bischofite this parameter was
higher than that obtained for the control, with increase
percentages varying between 25.97 and 12.44%. This result
agrees with the improvement obtained with bischofite alone
(Table 2) and shows that zeolite does not affect the
improvement in the kinetics obtained from the adding of
bischofite in the system. Finally, in relation to the lag-phase
(λ), there was still an increase in this phase with respect to the
control system, with increases between 98.98 and 315.31%,
similar to the behavior found in the system just with bischofite
(Table 2). Therefore, according to these results, zeolite
mainly improves the methane yield in the systems with
bischofite, also providing a higher μm with respect to the
control system.

The improvement in anaerobic digestion by the presence of
zeolite has been widely demonstrated (Wijesinghe et al., 2018;
Pérez-Pérez et al., 2021) and it can be explained by three points:
a.- Its capacity for immobilizing microorganisms (Fernández
et al., 2007) due to its porosity and superficial area; b.- Its
capacity for NH4

+ adsorption, which decreases the NH3 levels
in the liquid bulk and decreases the possible ammonia inhibition
in the anaerobic digestion (Montalvo et al., 2020) c.- Its capacity
for adsorption of Ca2+ and Mg2+, which enhance the microbial
utilization of these cations during the anaerobic digestion
(Wijesinghe et al., 2018). This last point could also be useful
for struvite production and its formation on the zeolite surface.

Figure 2B shows the profiles obtained for TAN in all the
assays, indicating that TAN increased its concentration
throughout the assays, a situation explained by the
hydrolytic and acidogenesis processes, where proteins and
aminoacids were degraded, releasing TAN. In general, the
profiles were similar, although the statistical analysis showed
that there were statistically significant differences between the
control and the reactors with zeolite. TAN concentration in the
systems with zeolite and bischofite was slightly lower than the
control system, a situation that could be related to the
adsorption of TAN on the zeolite and the consumption of N
by struvite formation.

TABLE 4 | Kinetic parameters obtained from the Gompertz-modified model applied to the experiments to assess the simultaneous effect of bischofite and zeolite on
anaerobic digestion.

Experimental run A [mL·g−1] % A variation
compared to control

µm [mL·g TVS−1·d−1] % μ variation
compared to control

λ [d] % λ variation
compared to control

s2

Control 240.92 — 12.94 — 0.98 — 43.92
1% ratio 288.92 +19.92 16.22 +25.35 2.87 +192.86 32.73
5% ratio 266.70 +10.70 14.55 +12.44 1.95 +98.98 42.08
10% ratio 261.05 +8.36 16.30 +25.97 4.07 +315.31 35.04
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Regarding TP, Table 5 shows the initial concentration, final
concentration and TP removal percentages obtained in all the
assays. It clearly shows that the presence of zeolite and bischofite
improved the TP removal when compared to the system without
zeolite and bischofite, being that TP removal was around 80%
higher in comparison to the control. Nevertheless, the TP
removal percentage (67% average) was slightly lower than the
removal obtained with bischofite alone, which was around 80%
(see Figure 1B). This could be explained by the pH values
obtained in reactors with bischofite and zeolite, which were
always lower than the control system (Figure 2C) and lower
than the values obtained in the systems with only bischofite
(Table 3). pH values over 8 allow the struvite to precipitate
(Stratful et al., 2001; Huang et al., 2011), while pH values close to
the neutrality decreased the feasibility of struvite precipitation.
Indeed, according to Wijesinghe et al., 2018 (Wijesinghe et al.,
2018), higher pH values favored P removal in the presence of
zeolite, because of the precipitacion of P with Ca+2. Therefore,
the lower pH values in systems with zeolite and bischofite
prevented the increase in TP removal, even with the presence
of Mg2+. On the other hand, zeolite has also been used as
seeding, which promotes crystal growth by enabling the
crystallization of fine struvite particles on the zeolite itself (Li
et al., 2019). In our case, this fact can explain the removal of P
even though pH values were closer to neutrality in the systems
with zeolite.

The differences in pH values between the control (pH
around 7.8 at the end of the assay) and the systems with
zeolite and bischofite (pH around 7.4 at the end of the assay)
can be attributed to the zeolite’s adsorption capacity. It is
known that zeolite can adsorb cations such as NH4

+ onto its
surface, a situation that decreases the presence of cations in the
liquid bulk and allows pH to maintain values closer to
neutrality. This situation was also observed by Wijesinghe
et al. (2018).

The statistical analysis of pH values (t-student) did not
show significant differences between the assays with different
zeolite ratios; however, there were statistically significant
differences between the control and the systems with
zeolite, especially from day 15 onward. The change in the
tendency presented by pH from day 15 could be explained by
the higher degradation in VSS from day 15 (Figure 2E), a
situation that released more TAN which in turn increased the
alkalinity of the system.

The behavior of soluble organic matter (measured as soluble
COD) is shown in Figure 2D. As can be seen, the profiles are very

similar to the profiles obtained in Figure 1 under conditions with
bischofite alone, i.e., an increase during the first 8 days due to the
solubilization of solids and then a rapid decrease to stabilize its
concentration to around 0.8 g/L after 18 days. No significant
statistical differences were observed between the systems with
and without zeolite and bischofite. This tendency agrees with the
methane volume profile, where the highest production was
observed from day 8 to 18 (Figure 2A).

It is important to note that the systems with bischofite and
zeolite presented higher sCOD removal after day 20, especially
with ratios of 1 and 10%. This fact can also explain the highest
methane yield obtained at a ratio of 1% and can be related to the
presence of zeolite.

The VSS profile is shown in Figure 2E. As can be seen the
VSS showed erratic behavior, without a clear tendency or
difference between assays. Nevertheless, it is clear that there
was a general decrease in VSS concentration under all the
conditions studied, with a removal percentage of around 15%
for all the assays.

CONCLUSION

• The bischofite as Mg2+ source serves to decrease the TP
concentration in the anaerobic digestion of pig manure,
without affecting the maximummethane production rate or
methane yield of the system. Nevertheless, bischofite slightly
increased the lag-phase of the system.

• The simultaneous presence of zeolite and bischofite (ratio
1% with respect to bischofite) served to obtain a TP
removal higher than 65% and improved the methane
yield by up to 19.9% with respect to a system without
zeolite or bischofite.
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