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Abstract

The aim of this work was to evaluate the response of a vinasse mesophilic anaerobic digester to intermittent
mixing. Physicochemical analysis were performed on the digestate, and on three samples collected at three
different depths, providing a local insight of the digester before and after mixing. The mixing speed varied from
20 to 60 rpm. The biogas production gradually increased with a maximum production of 477 Lcua.kgcop™ at

60 rpm. Anaerobic digestion was more destabilized at higher mixing speeds, with the increase of biogas
production variations. Variations in VFA (Volatile Fatty Acids) and ammonium concentrations were apparent in
parallel of biogas production variations. The optimal range of VFA concentration was 8 to 10 g.L*. The VFA /
Alk ratio stabilized at the ratio of 0.5 to 0.7. The acidic zones were located in the sludge. A release of VFA from

the sludge to the liquid phase was noticed after mixing.

Graphical abstract
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organic waste treatment.

Highlights

e The optimal ranges of VFA concentrations was 8 to 10 g.L™.

e The VFA/ Alk ratio stabilized between 0.5 and 0.7.

o Stratification of the medium was described through local physicochemical analysis.
e Local investigations showed that the sludge is an acidic zone with high alkalinity.

e  Transfers of compounds between sludge and liquid phase were identify.

Statement of novelty

The present work aimed to contribute to the response of a vinasse mesophilic anaerobic digester to intermittent

mixing. This one-year experimental study was carried out on the 16 liters anaerobic digester.

The anaerobic digestion of sugarcane vinasse is poorly studied in literature, and not in the case of intermittent

mixing, which is a promising strategy, allowing to reduce the power consumption of the industrial units.

This paper provides experimental data on the performances of the digesters in terms of biogas production, and VS
abatement. In addition, physicochemical analysis were performed on the digestate, and on three samples collected
at three different depths, providing local insight of the digester before and after mixing. This method was used in

order to analyze the stratification of the medium.
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1. Introduction

Vinasse is produced from distilleries; it is a co-product of the production of alcohols, particularly from
sugarcane. Several physicochemical transformations lead to the creation of melanoidins, caramels, flavonoids,
tannins and phenolic acids and result in highly polluting products with low pH that are hardly biodegradable
(Arimi et al., 2014). Therefore, vinasse is considered as a recalcitrant liquid waste with high organic content
(Ramos-Vaquerizo et al., 2018). In Reunion Island and surrounding countries (Mauritius, India, South Africa),
the vinasse produced by the many distilleries is a major environmental issue. However, vinasse is also

considered as an important raw material for production of biofuels such as biogas or biodiesel.

Reunion Island is a French department localized in the Indian Ocean (55° 32’ E, 21° 08’ S), in a tropical
environment. The sugarcane culture is predominant in this region of 2,512 km?. According to the DAAF
(Directorate of Food, Agriculture and Forestry), the surface dedicated to sugarcane corresponds approximately to
52.94 % of the agricultural area (Direction de I’ Alimentation, de I’ Agriculture et de la Forét de La Réunion,
2016). In 2015, about 1,896,656 tons of sugarcane were produced, which allowed the production of 201,181 tons
of sugar, 80,000 HAP (hectoliters of pure alcohol) and 513,000 tons of bagasse (Direction de 1’ Alimentation, de
I’ Agriculture et de la Forét de La Réunion, 2016). The alcohol is produced from the molasses, resulting from the
refining of sugar extracted from sugar beet or sugarcane. In Reunion Island, the molasses are used for the
production of rum, 38 % to the Savanna distillery, 59 % to the Riviére du Mat distillery and 3 % to the Isautier
distillery (Gosme, 2002). In 2000, approximately 150,000 tons of the vinasses were produced (Gosme, 2002).
The rejection of vinasses may cause environmental pollution such as salinity, phytotoxicity, anoxia,
eutrophication, death of aquatic life, and many severe health problems due to its high pollutant content (Cruz-
Salomon et al., 2017; Ramos-Vaquerizo et al., 2018). Anaerobic digestion (AD) is an appropriate method to
reduce the pollutant content of this organic waste while producing biogas (Al-Jabari et al., 2021; Di Maria et al.,
2019). This natural process is based on the degradation of organic matter under the action of micro-organisms in
the absence of oxygen (Jain and Kalamdhad, 2018). The biogas produced, rich in methane and carbon dioxide, is
a source of renewable energy (Khalil et al., 2019; Sun et al., 2015). The biogas has several applications,
including fuel production, the substitution of the natural gas or electricity generation (Sahota et al., 2018).
Ramos-Vaquerizo et al. (2018) underlined that this treatment is the most environmentally beneficial technology

and energy-efficient production.
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As vinasse is a recalcitrant waste, many studies have been carried out to evaluate and optimize the AD of
sugarcane vinasse. Janke et al. (2015) assessed the kinetics for biogas production from different types of
sugarcane waste, in terms of energy potential, degradation rates, and hydraulic retention time (HRT). The
vinasses are characterized by an acid pH, and contain important amount of mineral matter (nitrogen, phosphorus,
potassium, calcium, magnesium, sodium, etc.) and organic matter (organic acids, proteins, polysaccharides, and
sugars), melanoidins, hexose degradation products, caramels and polyphenols (Arimi et al., 2014). However, the
quantities of each compound vary according to the origin of the vinasses (climatic conditions, sugarcane
treatments, fermentation and distillation processes, etc.) (Moraes et al., 2015). It is necessary to carry out
experimental work on the methanization of different vinasses, since the results obtained on the AD of a given

vinasse will not be transposable to another vinasse having a different origin.

At industrial scale, the main parameters are the Organic Loading Rate (OLR), the HRT, and the mixing
(intensity, time, and period). Mixing is an important factor because it largely influences the AD process (biogas
production, pH, etc.) (Kaparaju et al., 2008; Vavilin et al., 2007), as the digestion is based on the contact
between the active microbial community and the substrate. The effects of mixing are numerous: the particle flow
pattern, the stagnant zones, the liquid velocities, and the shear stress (Singh et al., 2019). The dead zones
reduction as well as heat and mass transfer are ensured by homogenization, and sufficient mixing
(Mohammadrezaei et al., 2018). However, the biochemical reactions and the microbial community could be
destabilized by a too vigorous mixing, resulting in inhibitions: decrease in biogas production or failure of the
process (Vavilin and Angelidaki, 2005). Therefore, a proper mixing must be ensured and more research is

needed in order to understand the impact of mixing on the process as well as to evaluate the optimized mixing.

Mixing generates energy consumption, directly linked to operating costs. Indeed, up to 50 % of the energy
consumption in biogas plant is due to mixing (Wiedemann et al., 2018). The mode of agitation has a major
impact on the reduction of electricity consumption. Minimal mixing consists in stirring prior to
extraction/feeding phase, and intermittent agitation is any discontinuous agitation. In this context, minimal
mixing allows to reduce the energy demand and maintenance cost and to improve the biogas production
(Kariyama, 2018). Kaparaju et al. (2008) compared minimal mixing (mixing for 10 min prior to
extraction/feeding), intermittent mixing (withholding mixing for 2 h prior to extraction/feeding) and continuous
feeding, with three slurry anaerobic digesters. Minimal mixing is a method to homogenize the medium rather
than mixing. The highest methane production was obtained with minimal mixing (Kaparaju et al., 2008). This

type of mixing is thus promising. Experimental study carried out by Sulaiman et al. (2009) allowed to conclude
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that the minimal mixing is sufficient to permit good contact between the substrate and the microorganisms, as
well as to release the entrapped biogas at the bottom of the digester. In addition, the impact of mixing should be
studied on various substrates, and mixing modes, as the proper mixing depends on the nature of the substrate
(Lindmark et al., 2014). The results obtained on the slurry cannot be applied to the vinasse, and no work has
been done on AD of vinasse with minimal intermittent mixing. Van Hulle et al. showed that at pilot scale

(120 L) the methane production, due to VFA accumulation, was impacted by the mixing or non-mixing
conditions (Van Hulle et al., 2014). Therefore, the analysis of the physicochemical properties of the digestate

could contribute to the understanding of the effect of mixing on the process.

The present work aimed to evaluate the response of a vinasse mesophilic anaerobic digester submitted to
minimal intermittent mixing over one year. The mixing intensity was gradually increased along the experimental
study. The outcomes were the volume of biogas produced, and the physicochemical properties (pH, VFA,
ammonium, alkalinity, total solids, and volatile solids) of the digestate and three samples collected at three

different depths, providing local experimental data before and after mixing.

2. Material and Methods

2.1. Digestion process and digester

The mesophilic mono-digestion of sugarcane vinasse was studied. The digester has a double jacket in which
water is circulated. A water bath with water circulation was used to maintain the water at 37 °C. The anaerobic
digester is horizontal and cylindrical with a total volume of 16 L and an operating volume of 13.5 L. The

external and internal diameters were respectively 0.27 and 0.21 m and the external tank length is 0.52 m.

The mechanical stirring could be set from 20 to 100 rpm with a step of 10 rpm. The impeller consisted in two
rows of two blades spaced apart from 0.165 m. Each blade was 0.09 m length, 0.05 m width, and made of steel

sheet of 0.001 m thickness.

The digester was equipped with a security safety valve and a dial for monitoring the temperature of the digestion
medium. The bucket counter was used to measure the biogas volume produced with a measuring chamber
volume of 3.18 mL, a minimum flow of 1 mL.h and a maximum flow of 1 L.h"%. The set-up is described on the

Fig. 1.A.



124

125

Agitation system
20-100 rpm

16 L - Reactor

Thermostatic bathtub: 37°C
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Fig. 1. Anaerobic digester set-up (A) and positions of the local samples (B).
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2.2. Substrate, inoculum, and physicochemical analysis

The vinasse studied in this paper came from an industrial distillery. In the distillery, the vinasse was diluted
before the AD treatment to optimize the biogas production and avoid the instabilities of the process. In addition,
vinasse AD is subject to various inhibitions due to its low carbon content. For this reason, press mud (Lopez
Gonzaélez et al., 2017), cellulose and straw (Moraes et al., 2015) were usually used as co-substrates. Furthermore,
the low pH of the vinasse could lead to instabilities, and soda solution was added to alkalize the digestion
medium (L6pez Gonzalez et al., 2017). No chemical was added to adjust the physicochemical properties. The
vinasse was not diluted with water before feeding, whilst it was done by many authors (Barros et al., 2016; Janke

etal., 2016; Moraes et al., 2015).

Prior to this study, the 16-L digester has already been running for 130 days, and the inoculum was already
acclimatized to the sugarcane vinasse from the distillery Riviére du Mat (Reunion Island). The experimental data
for this period were presented in a previous work (Caillet and Adelard, 2020) and emphasized in the results
section. The start-up of the digester and the increase of the organic load were detailed in (Caillet and Adelard,
2020). The same feedstock was used in this work. The substrate and the inoculum were homogenized at

12,000 rpm for 10 min before the characterization tests. The Total Solid (TS) content was obtained after drying
20 g of the samples for 24 h at 105 °C and the Volatile Solid (VS) content after burning the dried samples for 4 h
at 550 °C. The VFA, the ammonium, the Chemical Oxygen Demand (COD), the Total Organic Carbon (TOC),
the Nitrogen (N), and the alkalinity of the substrate were measured on the input. The chemical tests were
conducted using the Hach Lange tests. The biochemical methane potential (BMP) test was carried out in a
previous work and the results are provided in supplementary material (Caillet et al., 2019; Caillet and Adelard,

2020).

A 60 mL sample of the digestate was retrieved to obtain a representative sample. In addition, 60 mL local
samples were collected before and after mixing at three different depths: at the surface, at 7 cm depth, and at the
bottom of the digester. The samples were respectively called TOP, MID, and SLUDGE. The locations are shown
on Fig. 1(C). Physicochemical (VFA, ammonium, TS, VS, and alkalinity) analysis were performed on the

digestate and the 6 local samples (TOP, MID, and SLUDGE before and after mixing).

The removed VS content was calculated as follows:

_ VSdigested *100 = Vsadded _VSmeasured *100 )

Removal —
VSadded Vsadded

VS
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Where VS is the sum of added VS content in the digester and VS is the VS content of the digestate.

added measured

2.3. Organic Loading, HRT, and mixing conditions
The digester was fed every four days. At each feeding, 1,500 mL were removed from the digester, and the same

volume of vinasse was added. The influent flow rate was 0.375 L.d.
The hydraulic retention time (HRT) was 36 days. It was calculated by:

HRT = V. (2)
Q

Where WV is the working volume (m®) and Q is the influent flow rate (m®.d%).

During the start-up phase, the minimal intermittent mixing condition applied was 15 min at 20 rpm. The mixing
coincided with the extraction/feed (every four days just prior to the feeding) (Caillet and Adelard, 2020), as
recommended in literature (Kariyama, 2018). Then, the mixing speed was progressively increased from 20 to 60
rpm with a step of 10 rpm. The agitation remained a minimal intermittent mixing in terms of frequency and

duration which remain unchanged.

Our experimental study period was approximately one year, so the vinasse was recovered three times along the
study at the Distillery Riviére du Mat. As the COD, TS content and therefore the OLR of the vinasse could vary

during the sugar campaign, these parameters were evaluated for each time.

2.4. Statistical analysis

The standard deviation (SD) is a measure of the dispersion of a statistical sample. The SD thereby provides
additional information to the mean. Indeed, it measures how concentrated the data are around the average. A
small SD signifies that the values are concentrated around the average and a large SD reflects many variations.
In our work, this value was used to describe the dispersion of the biogas production and the physicochemical

properties for each mixing speed.
The SD was calculated as follows:
1 n
=, /— Z 3)
N 4=
Where ¢ isthe SD, N is the number of values, X; is the quantitative value, and X is the average value.

3. Results and Discussion
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3.1. Substrate and inoculum characteristics

The physicochemical properties of the inoculum and the vinasse used are given in supplementary material. The
average TS and VS contents of the vinasse are respectively 7.85 + 0.71 % and 5.23 + 0.48 %. The vinasse is
characterized by an acidic pH with a value of 4.74 + 0.15. The average COD, TOC, VFA, ammonium, and
alkalinity are 91.2 + 5.14 gop.L %, 30,388 + 725 mg.L %, 18,646 + 3 VFA mg.L%, 38.74 + 5.64 mg.L ™%, and

1,796 + 637 mg(:aco3.L'1.

The alkalinity (Alk), TOC, COD, ammonium and nitrogen concentrations and the TS and VS content of the
vinasse-2 are upper to those of the vinasse-1. Nevertheless, the VFA concentration of the vinasse-2 is lower to
those of the vinasse-1. The Alk/ COD and C / N ratio of the vinasse samples are close with an average value of
0.02 £ 0.01 and 24.93 + 2.47. C/ N ratio comprised between 20 and 30 was considered in literature as the
optimum ratio for AD process because sufficient nitrogen is available for microbial growth and the organic
carbon can be degraded (Fricke et al., 2007). The VFA / Alk ratio is more variable with 17.9 for the vinasse-1,
7.59 for the vinasse-2 and 9.27 for the vinasse-3. The vinasse-3 has the highest value of TS and VS content and
VFA concentration. In addition, the vinasse-2 has the highest value of COD and ammonium concentration.
Globally, the chemical properties of the three vinasse feedstocks are close, but the analysis showed some
variations, mostly at the level of VFA concentration and alkalinity with a SD of 3,114 mg.L and 637 mgcacos.L"

! respectively.

The OLR as a function of the sample of vinasse used was studied. The vinasse-1, vinasse-2, and vinasse-3
correspond to the vinasse taken from the Riviére du Mat distillery recovered at intervals of 2 months. The
variations of VS content and COD were calculated between the used sample and the previous substrate sample.
The variation of OLR in terms of VS content was negligible (3.15 %), whereas the variation in terms of COD
was higher (11.50 %) between vinasse-1 to the vinasse-2 samples. Concerning the vinasse-3, the OLR in terms
of VS and COD varied respectively by 15.27 and 6.75 %. The average values of OLR in terms of VS and COD
were respectively 1.36 + 0.13 gvs.L*.d" and 2.38 + 0.13 gcop.L*.d* with the SD which respectively represented
9.55 and 5.46 % of the average value. In conclusion, the OLR varied non-significantly. The feeding rate and

influent concentration of each samples are given in supplementary material.

3.2. Study of the process performance of the digester
The minimum, maximum, median, SD and average biogas production per mixing period are presented in the

Fig. 2.A. The boxplots of the TS content and VS content of the digestate for each mixing period are respectively
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presented in Fig. 2.B and Fig. 2.C. The Fig. 3.A shows the biogas production at different mixing speeds and the
variation in biogas production between feeding as a percentage of production variation. Each point corresponds
to the production obtained for 1500 mL of vinasse added in the digester. The variations of the VS content and

removal VS are shown on the Fig. 3.B. The experimental data are given in supplementary material.

The removal VS was upper than 80 % for the whole study with a maximum value of 97.18 % (Fig. 3.B). Both
the removal VS and the VS content gradually increased along the process. The TS solid content increased in
function of the time whereas the VS content stabilized from the mixing period of 40 rpm. The dispersion was
higher for the VS content than the TS content (Fig. 2.B and Fig. 2.C). The average TS content of the sludge and
the vinasse were respectively 3.67 and 7.85 + 0.71 %. The TS content variation of the digestate varied from 0.31,
0.89, 1.14, 1.11 to 1.60 % with the mixing speeds from 20, 30, 40, 50 to 60 rpm. The VS content of the digestate
varied from 0.28, 0.75, 0.85, 0.73 to 1.33 % with the mixing speeds from 20, 30, 40, 50 to 60 rpm. The TS and
V'S contents increased linearly during the process despite the mixing changes. The TS and VS content
respectively increased by 0.01 and 0.005 % per day. This augmentation reflected the accumulation of the solid

matters in the digester.

The proportion of methane in biogas for AD of vinasse in mesophilic conditions is 65 % (Arreola-Vargas et al.,
2018; Nery, 2018). Considering this percentage, the methane production is presented in supplementary material
for different proportions of methane, from 65 to 45 % of methane. The BMP of the vinasse was

185.59 NLcha.kgcon™. Therefore, the methane production cannot exceed this value. The maximum proportion of

methane was 65 % at 20 rpm and 30 rpm, 55 % at 40 rpm, 45 % at 50 rpm, and 50 % at 60 rpm.

The first period (0-114 d) corresponds to the start-up of the reactor. The study of the start-up of the digester was
presented in a previous work (Caillet and Adelard, 2020). During this period, the mixing speed was 20 rpm. An
important data dispersion on this period was reported with a SD of 106 Lpiogas-kKgcon™ (Fig. 2.A). This important
dispersion is logical because this period corresponds to the start-up period of the digester exhibiting significant
variations in biogas production. In fact, start-up of anaerobic digester is recognized as a critical phase with
important risks of unbalance and failure of the process (Paulose and Kaparaju, 2021). Significant dispersions of
biogas production were also observed in the periods 2 (115-161 d) and 6 (272-365 d), corresponding respectively
to mixing speeds of 20 and 60 rpm. This results suggest that the biogas production was less stable during these
periods. The variations of biogas production in period 2 can be explained by the age of the anaerobic reactor

during this period (Bollon, 2012). In fact, the acclimation of microorganisms provides the reactor with resistance
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to high VFA concentrations (Bollon, 2012). The instabilities in biogas production observed at period 6 could be
explained by the higher mixing speed applied during the period 6. The largest dispersions of the TS and VS
contents of the digestate were also observed in period 6 (Fig. 2.B and Fig. 2.C). It can be concluded that the

digestion process was less stable at the period 6.

The average biogas production with the mixing speed of 20 rpm and 30 rpm were 268 Lpiogas-Kgcop ™ with a SD
of 29 and 7 Lpiogas-Kgcon™® respectively. No remarkable variation in biogas production was observed at mixing

speed change from 20 to 30 rpm (day 161).

An increase in biogas production was noted at mixing speed change from 30 to 40 rpm (day 190). Indeed, the
biogas production ranged from 264 to 383 Lpiogas-Kgcon™* from day 190 to 206, which represented an increase of
45 %. Then, the production slowly decreased, but remained higher than the production obtained for the mixing
speed of 30 rpm. This punctual increase in biogas production could be due to the return of undigested material
accumulated at the bottom of the digester in the liquid phase, or to the evacuation of the gas bubbles under the
action of the agitation. The average biogas production for this period was 332 Lyiogss-Kgcon™. The average

production with an agitation of 40 rpm was higher than the production with lower agitation.

Likewise, at the change to 50 rpm, an increase in biogas production was observed from 351 to 459 Lpiogas.Kgcop™
from day 240 to 248, which corresponded to an increase of 31 %. Afterwards, the production decreased to

379 Lbpiogas-kgcon™ with a minimum value of 344 Lyiegss.Kgcon™. The average biogas production for this period
was 382 Luiogas-Kgcon™®, which was upper than the average production during the previous period with a mixing

speed of 40 rpm.

The higher mixing speed was 60 rpm. A decrease in biogas production was observed at the change of mixing
speed to 60 rpm. The biogas production varied from 379 Lupiogas.kgcon™ at day 271 to 208 Luiogas-kgcon™ at day
320, which was the minimum production observed at this period. Then, the biogas production increased to

440 Lopiogas-Kgcon™ at day 365, with a maximum value of 477 Lyiogas.Kgcon™. This augmentation could be
explained by the higher mixing speed used, which allowed a greater contact between the substrate and the
microorganisms. The average production was 359 Lupiogas-Kgcon™ With a SD of 58 Lyiogas.Kgcon™®. The duration (93
days) for the stabilization of the biogas production was higher at 60 rpm. However, after stabilization, the
maximum production exceeded the production previously obtained. The production of biogas was greater with
the mixing speed of 60 rpm with a production of half a litter against 0.2 L at previous mixing speed. Biogas

yields of 329.2, 410.9, 251.2, 58.3 to 33.7 L.kgvs* with increase in OLR from 2, 2.5, 3, 3.5 t0 4 gvs.L.d* were
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obtained during the co-digestion of filter cake with sugarcane bagasse in semi-continuously-fed stirred digesters
(Leite et al., 2015). Therefore, we obtained higher biogas production than the above study suggesting that
intermittent mixing is appropriate for AD of sugarcane vinasse. From these results, we can conclude that the
production of biogas increased with the age of the reactor, and that the operating conditions (OLR and

intermittent mixing mode) were favorable to the vinasse AD.
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3.3. Study of the effects of physicochemical properties of the digestate on the performances of the digester
3.3.1. VFA and ammonium concentrations

The VFA are the products of the acidogenesis reaction, and the reagents of the acetogenesis. The VFA are
composed of acetate, propionate, isobutyrate, butyrate, valerate, and isovalerate (Franke-Whittle et al., 2014) and
acetate is the main inhibitory VFA (Xu et al., 2014). The increase in VFA concentration has an impact on the
efficient conversion of substrates to biogas (Jackson et al., 2020). Comparing the VFA concentrations of the
digestate and the influent, a decrease in VFA concentration was noted. The average VFA concentrations of the
vinasse and the digestate were respectively 18.6 + 3.1 and 7.80 + 1.69 g.L*. Consequently, the higher VFA
concentration in the digestate was due to both the initial VFA concentration of the influent, and the incomplete

VFA degradation.

The variation of the VFA and ammonium concentrations are shown on the Fig. 4.A, and the experimental data
are provided in supplementary materials. The ammonium concentration was higher and the VFA concentration
was lower with the mixing speed of 20 rpm. At the change to 30 rpm, a decrease in ammonium concentration
occurred with an increase in VFA concentration. Then, the two concentrations stabilized at 40 rpm. In our study,
the VFA concentration was comprised between 8 and 10 g.L* except at day 341 with a value of 5.48 g.LL. The
decrease in VFA concentration to 5.48 g.L* was followed by an increase in biogas production. Therefore, the
decrease in VFA concentration was favorable to the digestion of the vinasse. This decrease in VFA concentration

may have been induced by a greater digestion of the hydrolysis products.

The VFA concentration then increased with a slight decrease in biogas production. Therefore, the increase in
VFA concentration did not have a negative effect on the biogas production. In addition, the ammonium
concentration was inferior to 50 mg.L* for mixing speed of 40, 50 and 60 rpm. Regarding the biogas production
and the variations in ammonium and VFA concentrations, no significant variation of these two concentrations
explaining the variations of the biogas production was identified. The biogas production was more important for

higher VFA concentrations, and for lower ammonium concentrations.

Janke et al. (2016) compared start-up strategies of AD of sugarcane filter cake co-digested with bagasse. Their
work lasted 150 days and included the physicochemical measurements, such as VFA and ammonium
concentrations (Janke et al., 2016). The concentration of VFA tended to decrease and reached a value close to
zero (Janke et al., 2016). However, they obtained VFA concentration peaks of 2 g.L* (Janke et al., 2016).

Concerning the ammonium concentrations, a similar shape was obtained with a progressive decrease of the
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concentration, and lower than 500 mg.L* at the end of the experiment (Janke et al., 2016). The differences
between the values of VFA and ammonium concentrations obtained by Janke et al. (2016), and our values can be
explained by the differences between the treated substrates. Indeed, our study was carried out with vinasse
whereas Janke et al. (2016) studied co-digestion of sugarcane filter cake and bagasse. Souza et al. (1992) studied
the thermophilic AD of raw vinasse at pilot scale. During their experiment (260 days), the maximum VFA
concentration was approximately 3 g.L and the average concentration during the last 50 days of operation was
1.6 g.L 1 (Souza et al., 1992). Therefore, their values were also lower to the VFA concentration of the present

study.

In conclusion, the experimental measurements of VFA and ammonium concentrations showed that the gradual
increase of mixing speed did not impact the biogas production. In addition, the VFA content observed was
higher than the VFA content found in literature for similar studies. However, this upper values were not
destabilize the AD process. Similar observations were obtained in the case of co-digestion of food waste and
cow manure by Franke-Whittle et al. (2014) where the digester operated stably despite high VFA levels (mainly
composed of acetate and propionate) and higher pH values (Franke-Whittle et al., 2014). In this work, the
optimal ranges of VFA and ammonium concentrations were respectively 8 to 10 g.L*and 0 to 50 g.L™*. It can be
explained by the vinasse used in this study, and the anaerobic digester age. In addition, these higher ranges could

be explained by a high proportion of propionate.

3.3.2. Alkalinity and pH

The alkalinity and pH measurements are commonly carried out on biogas plants to detect instabilities. These two
parameters are complementary. Indeed, the alkalinity is a measure of the acid-neutralizing capacity, guaranteeing
the stability of the pH. An overly alkaline pH could lead to the disintegration of microbial granules and the

failure of the process (Franke-Whittle et al., 2014).

The variation of the alkalinity and pH of the digestate are presented on the Fig. 4.B. The pH of the digestate was
comprised in the optimum pH range of AD, which is 6.0 to 8.3, as well as the optimum pH range of
methanogens, which is 7.0 to 8.0. However, the pH was punctually above 8 for three mixing periods, 40, 50, and

60 rpm.

At 20 rpm, the pH slowly decreased from 7.54 to 7.124 and the alkalinity varied from 6.905 to 8.568 gcacos.L™.
At the change to 30 rpm, the pH decreased to 6.99 and then increased to 7.70. In parallel, the alkalinity

significantly increased to 14.011 gcacos.L ™. As a result of the increase in the mixing speed, the pH of the
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digestate increased, without reaching an inhibitory value for AD. This was consistent with the increase of the
alkalinity, which was favorable to the process and limited the pH variations. Indeed, for the rest of the study, the
pH stabilized between 7.5 and 8, whereas the alkalinity oscillated between 10.8 and 17.5 gcacos.L™* from day 191
to 240. The alkalinity seemed enough to guarantee a stable pH, despite the increase in VFA concentration. A
consequence of the increase in pH was an increase in carbonate CO$~ ions and thus an increase in the chemical
capacity of the digestion environment to absorb CO,. The solubilization of CO, was therefore higher as the pH

increased. Consequently, the CO, content of the biogas was expected to decrease.

The biogas production was higher with greater alkalinity. This result was expected because the alkalinity of the
digestion environment was more favorable to AD process. In addition, the increase in VFA concentration led to
an increase in pH. The average pH was 7.4 for VFA concentration of 5 g.L"* and the average pH was 7.9 for

VFA concentration of 10 g.L.

The VFA to alkalinity ratio is shown on the Fig. 4.C. The first period corresponded to the start-up of the digester.
During this period, the mixing conditions did not vary, and the loading rate was slowly increased. The variations
in biogas production were due to the increase in OLR. Likewise, the variations in the VFA / Alk ratio were due
to the change in OLR. The maximum ratio was obtained at day 125 with a value of 1.06. This ratio value
reflected the VFA accumulation. Furthermore, variations of the ratio were observed at the change in organic

loading rate in the digester's start-up phase but also at the change of mixing speed.

Lossie and Piitz recommended a ratio between 0.3 and 0.4 but still emphasized that this ratio depends on the
treated substrate and is therefore specific to each digester (Lossie and Piitz, 2008). The authors recommended a
long-term study to determine the optimal ratio for stable operation (Lossie and Putz, 2008). In our study, the

VFA /| Alk ratio stabilized at the ratio of 0.5 to 0.7.
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Fig. 4. Evolution of VFA and ammonium concentrations during the process (A), evolution of the alkalinity and

pH of the digestate (B), evolution of VFA / Alk ratio during the process (C), and evolution of TS content and VS

content during the process (D).
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3.4. Study of the local physicochemical properties of TOP, MID, and SLUDGE samples

3.4.1. Alkalinity and pH

The alkalinity and pH before and after mixing of TOP, MID and SLUDGE samples are presented in
supplementary material. The sludge had a higher alkalinity than the liquid phase. In addition, the alkalinity of
TOP and MID samples was larger after than before mixing. However, the alkalinity remained higher in the mud.
The medium presented a stratification in term of alkalinity in the case of vinasse AD submitted to intermittent

mixing.

The pH before and after stirring for MID and TOP samples were similar with some exceptions. Indeed, we
observed punctual decrease in pH after mixing for both samples between days 200 and 210, and an increase at
days 272 and 330. Therefore, the mixing could lead to pH variations. It can be explained by the release of acidic
compounds into the environment. However, comparing the pH and the VFA content, no significant variation of
the pH was observed. Additional investigations of other physicochemical properties was done in order to identify

the impact of mixing on the local properties of the digester.

3.4.2, TS and VS contents

The experimental data of TS and VS contents are given in supplementary material. The Fig. 5.A presents the
average TS content per period of TOP, MID and SLUDGE samples before and after mixing. The average
variations in TS content per period and per sample before and after mixing is shown on Fig. 5.B. The Fig. 5.C
shows the average variations in TS content per period between MID and TOP samples, and MID and SLUDGE

samples before and after mixing.

High TS content was observed in the SLUDGE sample. The lowest TS content was reported in TOP sample.
According to the Fig. 5.C, the difference in TS content between MID and TOP samples was larger after stirring
at 30 and 40 rpm, and lower after stirring at 50 and 60 rpm. Thus, stirring above 50 rpm homogenized the liquid
phase of the digester. The increase in the gap is explained by the release of solid matter from the sludge to the
liquid phase, resulting in a significant increase in the TS content of the MID sample as shown in Fig. 5.A and
Fig. 5.B. Indeed, in Fig. 5.B we observe significant variations in TS content for the MID sample at 30, 40 and
50 rpm compared to the other two samples. Similar variations of VS content occurred. The local study of TS and

VS contents showed the effect of mixing on the displacement of solid matters.
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3.4.3. VFA concentration

The VFA concentration before and after stirring is presented on the Fig. 6.A and the experimental data are
provided in supplementary material. An increase in VFA concentration after mechanical agitation for the TOP
and MID samples was observed. Indeed, variations of 0.47, 1.06, 1.81 and 4.11 g.L™* for the TOP samples were
respectively obtained for the mixing speed of 30, 40, 50 and 60 rpm. The variation in VFA content was larger at
60 rpm. An increase in VFA content of MID samples of 3.82, 2.98, 0.26 and 1.39 g.L* was observed at 30, 40,
50 and 60 rpm respectively. We can conclude that mixing involved an increase in the VFA concentration in the
liquid phase of the digester. In addition, the greater the intensity of agitation, the greater the increase in VFA
concentration is marked. These outcomes suggests that the increase in the VFA content is due to the delivery in
the liquid phase of the VFAs contained in the sludge. Comparing the three samples, highest VFA content was

reached in SLUDGE sample. Therefore, the VFAs have accumulated in the sludge.

The average variations in TS and VS contents per period and per sample before and after mixing are provided on
the Fig. 6.B. This graph clearly indicates that the variations in VFA content before and after mixing were higher
at 60 rpm for TOP and SLUDGE samples. However, this variation was higher at 30 and 40 rpm for MID sample.
Therefore, the lower mixing speeds impacted the VFA concentration in the middle part of the reactor while

higher speeds impacted the VFA concentrations in the upper and lower parts.

The biogas production decreased at 60 rpm. This reduction could be explained by the inhibitory effects of VFA.
Indeed, the measurements of the digestate showed that the concentration of VFA was stable in the digester.
However, the local variations in VFA content were higher at 60 rpm. This result shows the importance of local

monitoring of VFA concentrations of anaerobic digesters.

The Fig 6.C exhibits the average variations in VFA concentration per mixing period between MID and TOP
samples, and MID and SLUDGE samples before and after mixing. The difference in VFA concentration between
the samples SLUDGE and MID was smaller after mixing at 30, 40, 50 and 60 rpm. Conversely, the difference in
VFA concentration between MID and TOP samples was higher after mixing at 30 and 40 rpm. However, it was
lower at 50 and 60 rpm. Therefore, the four mixing speeds allowed to reduce the heterogeneity in VFA content
between the lower parts of the digester (MID and SLUDGE). The mixing speeds of 50 and 60 rpm permitted to
homogenize the VFA content the upper parts of the digester (TOP and MID). These measurements also

demonstrate the presence of acidic zones within the digester.
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Considering the instabilities caused by VFA, precautions should be taken in the case of intermittent mixing as
VFA accumulate in the sludge. Indeed, this work showed that the VFA accumulated in the sludge were

resuspended in the liquid phase during mixing. This release of VFA into the phase could be the cause of failures.



431

432

433

434

435

A
Average VFA concentration (g.L™)

gg ® TOP sample before mixing
20 m TOP sample after mixing
15 = MID sample before mixing
10 MID sample after mixing
5 < = SLUDGE sample before mixing
0 = m SLUDGE sample after mixing
30 40 50 60
Mixing speed (rpm)
B C

Variation of VFA concentration before
and after mixing (g.L™?)

6
4 u TOP sample
2 MID sample
< u SLUDGE sample
0 P

30 40 50 60
Mixing speed (rpm)

Difference in VFA concentration between two samples
QL%

16
= MID and TOP samples before
12 mixing
= MID and TOP samples after
mixing

= MID and SLUDGE samples
before mixing

0 MID and SLUDGE samples
30 40 50 60 after mixing

Mixing speed (rpm)

N/A

Fig. 6. Average VFA concentrations per period of TOP, MID, and TOP samples before and after mixing (A),
average variations in VFA concentrations per period and per sample before and after mixing (B), and average
variations in VFA concentrations per period between MID and TOP samples, and MID and SLUDGE samples

before and after mixing (C).
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4, Conclusions

Vinasse AD with minimal agitation showed high biogas production. Mixing have an impact on the local
physicochemical properties of the medium. This local study allowed to identify the stratification of the digestion
medium, as well as the acidic zones. This description is useful to detect the inhibitory compounds locally. The
local analysis of the medium reveals local physicochemical variations barely visible on the digestate analysis. At
the laboratory scale, there are disparities in terms of physicochemical properties depending on the depth of the

sample. Therefore, on an industrial scale, this stratification should be even more important.
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Appendices: supplementary data

Appendix A: Experimental data of the influent

Table A.1. Feeding rate and influent concentration.

Samples and collection date Vinasse-1 Vinasse-2 Vinasse-3 Average £ SD
08-2018 10-2018 12-2018
Period (d) 0-156 157-197 198-365 -
Volume added / removed (L) 15 15 1.5 1540
Feeding rate (L.d%) 0.375 0.375 0.375 0.375+0
OLR (gvs.Lt.d?) 1.27 131 151 1.36 £ 0.13
OLR (gcon.L.d™) 2.26 2.52 2.35 2.38+£0.13
et ™" - as sz -
when changing vinacse feadstock - H1LE0 675 -
Table A.2. Physicochemical characteristics of vinasse.
Vinasse-1
Characteristics Inoculum (Cﬁé!f;rznd Vinasse-2  Vinasse-3 Average value + SD
2020) ’
Period (days) 0-156 157-197 198-365 -
BMP (NLcha.kgcon™) - 185.59 185.59 185.59 185.59
TS % 3.67 7.09 7.97 8.50 7.85+0.71
VS (Yosample) 221 4.88 5.04 5.78 5.23+0.48
pH - 4.84 - 4.63 474 +£0.15
COD gop.L? 37.20 86.70 96.80 90.10 91.2+5.14
TOC mg.L1? 12,670 29,875 30,900 - 30,388 £ 725
VFA mg.L1 8,390 19,360 15,237 21,340 18,646 £ 3
Am mg.L? 45.53 37.40 4493 33.90 38.74+5.64
Alk mgcacos.L™? 9,107 1,080.86 2,007 2,302 1,796 + 637
N mg.L? 2,185 1,120.00 1,333 - 1,227 + 151
Alk/COD 0.25 0.01 0.02 0.03 0.02 £ 0.01
VFA/ Alk 0.92 17.91 7.59 9.27 11.59 + 5.54
C /N ratio 5.85 26.67 23.18 - 24.93 £ 2.47




570  Appendix B: Results on the biogas production

571  Table B.1. Minimum, maximum, and average biogas production (Lpiogas.Kgcon™) per mixing period.

. Mixing speed Duration Minimum Maximum
Period (rpm) (days) production production AL*+SD  A2*+SD
0-114
(Caillet
and 20 114 38 396 121 +106 -
Adelard,
2020)
115-161 20 46 236 329 268 + 29 270 + 32
162-190 30 28 257 278 268 +7 266 +9
191-240 40 49 302 383 332 +27 332 £27
241-271 50 30 344 459 382+ 35 371+19
272-365 60 93 208 477 359 + 58 355 + 63
572 Al*: Average production; A2*: Average production without the first three values.
573
574 Table B.2. Average methane production (Lcna.Kgcon™) in function of the proportion of methane.
Mixing speed Average methane production in function of proportion of methane
(rpm) 65 % 60 % 55 % 50 % 45 %
20 174.2 160.8 147.4 134.0 120.6
30 174.2 160.8 147.4 134.0 120.6
40 215.8 199.2 182.6 166.0 149.4
50 248.3 229.2 210.1 191.0 171.9
60 233.4 2154 197.5 179.5 161.6

575
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576 Fig. B.1. Biogas production in function of VFA concentration (A), biogas production in function of ammonium
577 concentration (B), biogas production in function of alkalinity (C) and pH in function of VFA concentration (D).
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Appendix C: Experimental data on the physicochemical properties of the samples TOP, MID
and SLUDGE

Table C.1. VFA concentration (g.L™2).

Days Before agitation After agitation Variation
TOP MID SLUDGE TOP MID SLUDGE TOP MID SLUDGE

30 rpm (161-190 days)

A* 492 7.56 19.50 5.39 11.38 20.10 0.47 3.82 -1.20

SD**  0.60 - - 0.40 - 2.83 0.33 - 5.37
40 rpm (190-240 days)

A* 5.63 7.03 22.09 6.69 10.42 21.78 1.06 2.98 -0.31

SD**  0.60 2.82 10.35 0.45 1.46 6.81 0.66 2.66 13.16
50 rpm (240-271 days)

A* 6.28 10.74 N/A 8.09 10.99 23.85 181 0.26 N/A

SD** 114 3.23 - 1.45 1.21 - 2.22 4.02 -
60 rpm (271-365 days)

A* 598 9.25 22.90 10.08 10.64 17.85 411 1.39 -5.05

SD** 0.39 3.64 - 0.07 0.16 - 0.46  3.48 -

*Average value, **Standard deviation
Table C.2. Alkalinity concentration (gcacos.L?).
Days Before agitation After agitation Variation
TOP MID SLUDGE TOP MID SLUDGE TOP MID SLUDGE

30 rpm (161-190 days)

A* 8.59 11.69 18.88 8.89 17.04 19.94 0.3 5.35 3.75

SD**  0.91 - 1.14 0.45 - 4.66 045 - 0.45
40 rpm (190-240 days)

A* 12.19 1497 30.82 12.83 16.77 28.89 132  1.89 -1.93

SD**  1.95 247 17.94 1.66 2.21 5.63 140 230 22.10
50 rpm (240-271 days)

A* 11.14 1381 27.47 13.18 14.14 22.88 204 0.33 -4.59

SD**  0.54 1.74 - 1.39 0.91 - 1.09 211 -
60 rpm (271-365 days)

A* 11.95 14.72 11.09 1422 14.87 34.52 227 0.15 23.43

SD**  0.36 0.57 - 2.14 0.35 - 1.78 0.22 -

*Average value, **Standard deviation



587  Table C.3. TS content (%).
Days Before agitation After agitation Variation
TOP MID SLUDGE TOP MID SLUDGE TOP MID SLUDGE
30 rpm (161-190 days)
A* 3.17 3.9 8.15 3.26 5.24 7.86 0.09 134 0.81
SD**  0.22 - 0.41 0.28 - 0.93 0.06 - 0.84
40 rpm (190-240 days)
A* 3.42 3.88 8.17 3.75 4.88 8.27 0.30 0.85 0.10
SD**  0.13 0.73 1.29 0.24 0.82 1.10 0.14 0.73 0.77
50 rpm (240-271 days)
A* 3.72 4.84 9.84 4.48 5.48 9.27 0.76 0.61 -0.57
SD**  0.12 0.53 - 0.34 0.29 - 0.30 0.64 -
60 rpm (271-365 days)
A* 3.73 4.83 7.86 5.188 5.18 10.50 145 0.35 2.64
SD**  0.02 1.12 - 0.05 0.37 - 0.03 0.75 -
588  *Average value, **Standard deviation
589
590 Table C.4. VS content (%).
Days Before agitation After agitation Variation
TOP MID SLUDGE TOP MID SLUDGE TOP MID SLUDGE
30 rpm (161-190 days)
A* 1.09 1.74 5.31 1.25 1.35 5.02 0.16 -0.39 0.08
SD**  0.34 - 0.52 0.15 - 0.63 019 - 0.51
40 rpm (190-240 days)
A* 1.06 1.15 4.66 1.44 2.31 4.82 0.34 1.06 0.16
SD**  0.15 0.56 0.53 0.20 0.65 0.58 0.11 0.52 0.64
50 rpm (240-271 days)
A* 1.37 2.25 6.04 1.98 2.91 5.61 0.61 0.66 -0.43
SD**  0.08 0.44 - 0.24 0.19 - 0.23 0.25 -
60 rpm (271-365 days)
A* 1.17 1.98 4.35 181 2.16 6.17 0.64 0.19 1.82
SD**  0.30 0.52 - 0.81 0.49 - 1.10 0.02 -
591  *Average value, **Standard deviation

592



594
595

596

A Before agitation MID B Before agitation_top

pH - pH -
After agitation_MID After agitation_Top

8,7 8,7

8,5 A 8,5 A

8,3 - 8,3 -

8,1 —I 8,1 +

7,9 A 7,9 A

7,7 7,7

7,5 T T T T T T T T 715 T T T T T T T T

190 210 230 250 270 290 310 330 350 190 210 230 250 270 290 310 330 350

Time (days) Time (days)

Fig. C.1. pH measurements before and after agitation of MID sample (A) and TOP sample (B) at 40 rpm (191-
240 days), 50 rpm (241-271 days), and 60 rpm (272-365 days).



597  Table C.6. Maximum, minimum and average values of physicochemical analysis of the effluent at different
598 mixing speeds.

115-161 days 162-190 days 191-240 days
Parameters Units 20 rpm 30 rpm 40 rpm
Min Max A* Min Max A* Min Max A*
Ammonium mg.L*? 96.3 2740 202.36 25 1020 46.6 2.6 32.6 22.0
VFA gLt 4.38 7.26 5.29 4.72 8.46 6.81 7.87 10.83 8.94
Alkalinity Yeacos 6.85 8.57 7.33 8.11 1401 10.88 12,60 19.70 14.56
VFA | Alk - 0.60 1.06 0.73 0.58 0.78 0.65 0.65 0.67 0.66
pH - 7.12 7.60 7.37 6.99 7.70 7.31 7.89 8.06 7.95
TS % 2.75 3.06 2.88 3.19 4.08 3.53 3.51 4.65 4.02
VS % 1.00 1.28 1.17 1.29 2.04 1.49 1.65 2.50 2.02
VS/TS - 0.35 0.43 0.41 0.35 0.50 0.42 0.41 0.54 0.50
241-271 days 272-365 days
. Average
Parameters Units 50 rpm 60 rpm
Min Max A* Min Max A* Min Max A*
Ammonium gLt 7.2 39.9 19.8 10.9 425 214 23.9 98.2 64.4
VFA gLt 7.18 10.07 8.96 548 10.65 9.02 5.93 9.45 7.80
Alkalinity Oeacoz L™ 1159 1552 1312 1320 17.14 1509 1047 1499 122
VFA Alk - 0.60 0.74 0.68 0.42 0.72 0.60 0.57 0.79 0.66
pH - 7.83 8.25 7.93 7.71 8.34 7.88 7.51 7.99 7.69
TS % 3.65 461 4.34 3.73 5.34 4.78 3.37 4.35 3.91
VS % 1.40 2.12 1.91 1.06 2.39 1.88 1.28 2.07 1.69
VS/TS - 0.38 0.46 0.44 0.28 0.46 0.39 0.35 0.48 0.43

599 *Average value



