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Abstract

Anaerobic co-digestion of sewage sludge and glycerol from the biodiesel industry was evaluated in three experimental stages. In
the first step, the addition of higher proportions of crude glycerol (5-20% v/v) to the sludge was evaluated, and the results showed
a marked decrease in pH and inhibition of methane production. In the second step, co-digestion of sludge with either a lower
proportion (1% v/v) of crude glycerol or glycerol pretreated to remove salinity resulted in volatile acid accumulation and low
methane production. The accumulation of volatile acids due to the rapid degradation of glycerol in the mixture was more
detrimental to methanogenesis than the salinity of the crude glycerol. In the third step, much lower amounts of crude glycerol
were added to the sludge (0.3, 0.5, 0.7% v/v), resulting in buffering of the reaction medium and higher methane production than in
the control (pure sludge). The best condition for co-digestion was with the addition of 0.5% (v/v) crude glycerol to the sewage
sludge, which equals 0.6 g glycerol/g volatile solids applied. Under this condition, the specific methane production (mL CH,/g
volatile solids applied) was 1.7 times higher than in the control.

Keywords Co-digestion - Sewage sludge - Crude glycerol - Pretreated glycerol - Biogas - Methane

Introduction Between 2005 and 2011, biodiesel production increased from

736 to 2,530,000 m> (Padula et al. 2012).

Bioethanol and biodiesel have gained increased interest as
renewable energy sources due to their environmental advan-
tages and increased oil prices (Demirbas 2017). The use of
biodiesel has grown enormously throughout the world.
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Transesterification is one of the processes used to produce
biodiesel. It is based on a chemical reaction of a vegetable oil
with a simple alcohol, usually methanol or ethanol, catalyzed
by an acid or a base (sodium hydroxide or potassium hydrox-
ide may be used). In this reaction, the main molecules of oils
and fats, called triacylglycerols, are converted to fatty acids
and glycerin (Chuah et al. 2016). Each mole of oil reacts with
three moles of alcohol (methanol or ethanol), producing bio-
diesel and 1 mol of glycerol. About 1 kg of crude glycerol is
generated for every 10 kg of biodiesel produced (Hu et al.
2012). The glycerol co-product is nearly 100% biodegradable
and presents a high theoretical methane production equal to
0.43 Nm® CHy/kg glycerol (Lopez et al. 2009).

The significant production of glycerol generated by the
biodiesel industry only finds a limited demand from other
industrial processes, and it is considered as an important
waste. The acceleration of biodiesel production in recent years
resulted in an accumulation of glycerol, causing a significant
drop in the profitability of the biodiesel industries (Yazdani
and Gonzalez 2007). Due to its high availability, the market
value of this co-product has drastically decreased.
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In the other hand, the purity of the crude glycerol varies
on average from 65 to 70% (w/w). In some cases, glycerol
presents concentration below 50%. Hu et al. (2012),
Athanasoulia et al. (2014), and Nghiem et al. (2014) report
that crude glycerol contains between 23 and 80% of pure
glycerol. The impurities mostly consist of soap, formed by
the reaction of free fatty acids under an excess catalyst
(saponification), which in turn gives the glycerol a viscous
and dark appearance (Rivaldi et al. 2009; Luo et al. 2016).
The presence of a catalyst in the glycerol can influence the
pH, making it more basic or acidic, with values from 5 to
above 10. Common components in the crude glycerol in-
clude glycerol; alcohol; water; salts; heavy metals; fatty
acids; unreacted mono-, di-, and triglycerides; and methyl
esters. The use of crude glycerol is also quite limited due to
the presence of methanol, salts, and fatty acids (Hu et al.
2012; Jensen et al. 2014).

There are several industrial methods to purify crude glyc-
erin, including conventional and ion exchange. Both involve
unit operations (evaporation and distillation) and unit process-
es (acidification and neutralization), with high-energy con-
sumption, time demand, and low yield. The high cost of puri-
fication is not feasible for small and medium-sized plants (Luo
et al. 2016). An alternative way to use crude glycerol is as a
substrate in industrial fermentation processes to obtain high
value-added metabolites, such as hydrogen, methane, 1,3-
propanediol, and ethanol (da Silva et al. 2009;
Nitayavardhana and Khanal 2011). Studies have already been
conducted with crude glycerol as the sole carbon source in
microbial cultures (da Silva et al. 2009; Yang et al. 2012).
Glycerol is considered a highly assimilable carbon source by
bacteria and yeasts under aerobic and anaerobic conditions to
obtain metabolic energy (Dills et al. 1980).

Crude glycerol has alkaline pH, high COD values from 1.0
to 2.4 g/L, high concentration of chlorides, and low methanol
concentration (Ma et al. 2008; Lopez et al. 2009; Maragkaki et
al. 2017; Athanasoulia et al. 2014). The presence of residual
concentrations of the alkaline catalyst and alcohol (usually
methanol) used in the transesterification reaction as well as
the presence of free fatty acids and phosphorus are important
restrictions for anaerobic treatment of glycerol. The presence
of inhibitory compounds, such as salts and methanol, may
limit glycerol dosage levels (Robra et al. 2010; Castrillon et
al. 2013). Inhibition by overload is usually recorded as the
greatest risk for the stability of the glycerol co-digestion pro-
cess (Jensen et al. 2014; Fountoulakis et al. 2010).

However, under co-digestion, the alkaline pH of the crude
glycerol is not harmful to anaerobic process because it is re-
duced in mixtures with sewage sludge, and initial pH values
are maintained within an optimum interval (7.0-8.0) for meth-
ane formation (Weiland 2010). When present in low concen-
tration, due to its efficient recovery during the biodiesel pro-
duction process, low values of methanol may not be inhibitory
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for anaerobic digestion. Bhatti et al. (1993) obtained good
methanol removal and relatively stable biogas production in
an upflow anaerobic sludge blanket (UASB) reactor operated
with up to 20 g methanol/L in the feed. However, most of the
crude glycerin also contains 34 up to 46 g CI /L, and these
values are well above the supported limit of 9 g CI'/L for a
stable and efficient anaerobic digestion (Viana et al. 2012).

In a general view, anaerobic co-digestion technology in-
creases the biogas productivity due to the addition of organic
by-products in high, but limited, concentrations. Co-digestion
of sewage sludge with one or more substrates has become an
alternative to improve the yield of anaerobic digestion. The
co-substrate can provide nutrients that are deficient in the
sludge and, at the same time, have a positive synergistic effect
on the medium, leading to stable digestion and improved bio-
gas yield (Jensen et al. 2014; Mata-Alvarez et al. 2014). Fats,
oils, and greases (FOG); food waste and scraps; organic frac-
tion of municipal solid waste (OFMSW); food and beverage
processing waste; energy crops; agricultural residues; live-
stock manure; biofuel by-products, including corn-ethanol
stillage, crude glycerol, and spent microalgae are examples
of high-strength wastes used as organic sources for anaerobic
co-digestion processes (Shen et al. 2015; Chiu and Lo 2016;
Maragkaki et al. 2017; Thorin et al. 2017).

In municipal wastewater treatment plants (WWTPs), anaer-
obic digestion is the most used technology for sludge stabili-
zation, but energy recovery from biogas is not commonly
practice in Brazil. In 2015, 127 biogas plants were in opera-
tion, but only seven of them used sewage sludge as the main
source of organic substrate, contributing to only 5% of the
total energy produced by biogas plants (Svensson and
Baxter 2016). Only 10% of small to medium WWTPs in the
USA inject purified biogas directly into natural gas pipelines
(Shen et al. 2015). Efforts must be made to improve the man-
agement and treatment of sludge in WWTPs, including the
enhancement of biogas production in anaerobic digesters
and the implementation of technically feasible bioenergy
plants (Wang et al. 2008; Brisolara and Qi 2015; Mininni et
al. 2015). Growing concerns about energy security, environ-
mental impacts, and rising energy costs of WWTPs have
reestablished the anaerobic digestion process as a viable tech-
nology for the production of renewable energy (Barber 2012;
Jenicek et al. 2013; Karthikeyan and Visvanathan 2013;
Kacprzak et al. 2017).

The addition of between 1 and 4% (v/v) crude glycerol to
the sludge was studied previously. Binary mixtures at ratios of
5 up to 20% (v/v) caused system instability due to volatile acid
accumulation and pH drop (Fountoulakis et al. 2010;
Razaviarani et al. 2013; Athanasoulia et al. 2014; Rivero et
al. 2014; Razaviarani and Buchanan 2015). As stated before,
salinity is considered an important inhibitory compound for
anaerobic digestion and may play an important role for co-
digestion of glycerol and sewage sludge. Owing to different
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compositions of glycerol in terms of organics and impurities,
as well as distinct characteristics of the sludge and digestion
conditions, there is no consensus on which concentration
would be best to ensure that the anaerobic digestion process
is stable in the medium and long term.

Thus, interest in research has increased about finding a way
to add value to the crude glycerol due to its great importance to
the long-term sustainability of the biodiesel industries.
Therefore, this study concentrates on identifying inhibitory
effects caused by salinity, based on the evaluation of methane
production from mixtures of sewage sludge with different
proportions of crude glycerol and treated glycerol in the ab-
sence of salinity.

Materials and methods
Waste collection and characterization

The sludge used was collected at the end of the sludge recir-
culation line, on the return to the aeration tank of an activated
sludge system of a WWTP and stored at 4 °C until the moment
ofuse. Three collections of this waste activated sludge (WAS)
were carried out from January to March 2015. A more com-
plete characterization, to determine pH, humidity, total solids
(volatile and fixed), carbon, nitrogen, and phosphorus, was
performed only for the first collection (January). For the other
collections, only pH, humidity, and total solids concentration
(volatile and fixed) were quantified. For standardization, the
concentration of total volatile solids in the sludge hereafter
will be termed only volatile solids (VS).

Crude glycerol (CG) was collected from a plant that pro-
duced biodiesel from a mixture of raw materials (40% bovine
tallow and 60% soybean oil). CG was characterized in terms
of density, moisture, and contents of glycerol, total organic
carbon (TOC), chemical oxygen demand (COD), chlorides,
and methanol.

Having verified a high concentration of chlorides (salinity)
in the CG samples, a classical method of precipitation of chlo-
rides (Mohr method) was employed to reduce this concentra-
tion. As soybean-based CG has a high viscosity (up to
162 mPa s at 25 °C) (Hu et al. 2012), it was necessary to dilute
the CG samples in distilled water (1:10 v/v) prior to the pre-
cipitation of chlorides. After the precipitation step, the diluted
glycerol with low salt concentration, pretreated glycerol
(PTG), was used in the anaerobic co-digestion assays with
secondary sludge. This glycerol was characterized only in
terms of chloride concentration, and its glycerol content was
considered identical to that of the crude glycerol. To compare
the results of the co-digestion with CG and PTG, analytical
grade glycerol (99.5% purity), designated pure glycerol (PG),
was also used.

Anaerobic co-digestion assays

All assays were conducted in 100-mL penicillin flasks with
50 mL usable volume. Different proportions of WAS and CG,
PTG, or PG were evaluated, with the residue mixtures
corrected with NaHCO; to pH values of 7.0 or 7.5. After
introduction of the WAS and glycerol mixture, the flasks were
sealed with rubber plugs and aluminum seals, coupled to 60-
mL plastic syringes for measurement of the biogas volume
produced via plunger displacement, and incubated at 30 °C
without agitation until stabilization of the biogas production
(20 to 30 days). The stabilization of the biogas production was
established when the incubated flasks did not present any
biogas production in a 24-h interval.

Initial aliquots were taken for pH verification and initial
concentrations of volatile suspended solids, glycerol, and
chlorides. For standardization, the concentration of volatile
suspended solids in the residue mixtures hereafter will be
termed only VS. After stabilization of the biogas production,
the flasks were opened and final measurements of the same
parameters, except chlorides, were carried out. In addition,
soluble COD, total alkalinity, and total volatile acids were
measured in the second and third steps of the experiments,
when glycerol addition was between 0.3 and 1% (v/v).
Samples of the accumulated biogas were subjected to gas
chromatography to quantify the percentage of methane. The
VS removal efficiency, biogas volume, % CHy, and specific
methane production (SMP) were evaluated. The SMP was
calculated by the equations below:

V x %CH4 x 1000
VSi XV

V x %CH4 x 1000
(VSi*VSf) XV

SMP (mL CH4/g VS applied) =

SMP (mL CH4/g VS removed) =

where Vs the volume of biogas (mL), % CH,, is the content of
methane in biogas (% v/v), VS is the concentration of volatile
solids (i =initial, f=final, in g/L), and v is the useful volume
of the penicillin flasks (mL).

In the first step of the study, to evaluate the effect of the
addition of glycerol in the co-digestion with WAS, tests were
carried out with two mixtures: WAS+GC and WAS+PG. In
this step, the following proportions of WAS to glycerol (in %
v/v) were evaluated: 100:0; 95:5; 90:10; 85:15; and 80:20.
Tests with WAS and pure glycerol were conducted to evaluate
the effect of the addition of glycerol to the sludge in the ab-
sence of crude glycerol contaminants, such as chlorides, meth-
anol, soaps, and detergents (Castrillon et al. 2013). Both as-
says were conducted in quadruplicate, with incubation times
of 19-30 days.

Because high inhibition in the anaerobic digestion process
occurred in the first step, a second series of experiments was
conducted to evaluate the effect of the addition of 1% (v/v) of
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different types of glycerol to the sludge. In this second step,
salinity interference in the co-digestion with sludge was also
verified by using crude glycerol with salinity (CG), crude
glycerol pretreated to remove salinity (PTG), and pure glyc-
erol (PG). For this step, CG and PG were diluted with distilled
water (1:10 v/v) prior to addition to the sludge, whereas the
PTG already underwent this same dilution during pretreat-
ment. Two assays were performed, for eight replicates per
mixture, with 15 days of incubation at 30 °C.

In the third step, lower percentages of CG in the mixture
with WAS were evaluated (0.3, 0.5, and 0.7% v/v). As in the
second step experiments, CG was diluted (1:10 v/v) prior to
addition to the sludge, to facilitate the volume measurement to
be added. Two assays were performed, totaling eight repli-
cates for each condition, with 30 days of incubation at 30 °C.

For statistical analysis of data from the second and third
steps, the analysis of variance with multiple factors was used
(ANOVA multi-factor) with a confidence interval of 95%
(a =5%) for all variables. The Fisher least significant differ-
ence (LSD) was used for comparisons between means. Both
analyses were done using the Statistica software 8.0.

Analytical methods

Humidity was measured using an infrared analyzer (IV 2000,
Gehaka) at 160 °C for 10 min. Total organic carbon was an-
alyzed by combustion (680 °C) catalytic oxidation/ non-
dispersive infrared gas analyzer (NDIR) method using a
Shimadzu TOC-VCSN analyzer (Greenberg et al. 2005).
The determination of the C and N contents in the sludge was
performed with a LECO Truspec Micro elemental analyzer
equipped with an infrared detector. The samples were burned
at 1075 °C in a quartz tube to quantify the C and N contents.
Volatile fatty acids (VFA) and total alkalinity were determined
according to Dilallo and Albertson (1961) and Ripley et al.
(1986), respectively. Glycerol content was measured accord-
ing to Bondioli and Della Bella (2005). Soluble COD (CODs),
pH, chlorides, total phosphorus, and total suspended solids or
total solids (volatile and fixed) were measured according to
standard procedures (Greenberg et al. 2005). The biogas com-
position was analyzed in a Micro-GC Varian gas chromato-
graph (CP-4900). The conditions used in chromatography
were as follows: 10 m % 0.32 mm PoraPLOT Q column, col-
umn temperature of 50 °C, thermal conductivity detector
(TCD) at 250 °C, injector temperature of 80 °C, and helium
as carrier gas.

Results and discussion
Table 1 summarizes the characterization of the waste activated

sludge and crude glycerol. The VS/TS ratio of the sludge
(62%) is similar to those obtained for WWTP sludge (primary
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Table 1  Characteristics of the waste activated sludge (WAS) and crude
glycerol (CG) used in the study

Parameter WAS Parameter CG
pH 7.0 pH 8.0
Humidity (%) 96.7 Humidity (%) 92.2
TS (g/L) 25.6 Total COD (g/L) 1119
VS (g/L) 15.8 Chloride (g CI'/L) 37.1
Carbon (%) 347 Methanol (mg/L) 19.0
Nitrogen (%) 54 Glycerol (%) 74.0
Phosphorus (%) 34 Density at 20 °C (g/mL) 1.26

TS total solids, VS volatile solids

and secondary), which range from 59 to 88% (Kacprzak et al.
2017). In relation to carbon and nitrogen concentrations of the
sludge, values of 34.7 and 5.4% were obtained, respectively,
resulting in a C/N ratio of 6.6, which is below the range con-
sidered adequate for anaerobic digestion (15-30) (Weiland
2010). The WAS and CG presented moisture concentrations
compatible with the wet digestion process evaluated in the
study, i.e., solids content below 10% (Weiland 2010).

Crude glycerol used during the experiments presented pure
glycerol concentration equal to 74%, and this value agrees
with those reported by other authors in the range of 23 up to
80% (Hu et al. 2012; Athanasoulia et al. 2014; Nghiem et al.
2014). The carbon content of the crude glycerol used during
the experiments reached 32.8%, which is in accordance with
the value of 26% reported by Thompson and He (2006) and
related to experiments with crude glycerol of soybean biodie-
sel. The high contents of COD and chlorides in the crude
glycerol may hinder its use as a substrate. However, in mix-
tures with sewage sludge, toxic and organic overloading can
be avoided.

Table 2 shows the average values and respective standard
deviations obtained in the first step experiments, in which the
effect of the addition of glycerol on the co-digestion with
waste activated sludge was evaluated for mixtures of WAS+
CG or WAS+PG in the following sludge:glycerol proportions:
100:0, 95:5, 90:10, 85:15, and 80:20 (% v/v). For all the mix-
tures of WAS with the two types of glycerol (does not include
the pure sludge digestion), the marked drop in pH leads to the
inhibition of biogas production and virtually no methane in
their compositions. The severe drop in pH observed in the
WAS mixtures with higher proportions of crude glycerol or
pure glycerol (first step; Table 2) is probably related to the
rapid production and accumulation of volatile acids in the
process, caused by the high initial concentrations of glycerol
(47 to 186 g/L based on glycerol content of the CG). Glycerol
alone is not toxic or inhibitory (Lopez et al. 2009); however,
high concentrations of glycerol combined with its high biode-
gradability favor the formation of intermediates via lactate,
such as 1,3-propanediol and propionate (Liu and Fang 2007,
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Table 2 Results of co-digestion of waste activated sludge with high glycerol concentrations (first step experiments)

SMP* (mL CH./g

VS; (g/L) VS (g/L) Removal VS (%) Biogas® (mL) CH,* (%) CH,* (mL) SMP* (mL CHy/g
Vsremoved)

Chloride

pH¢

pH;

Substrate

Vsapplied)

(gCI'/L)

222 +43

30£2

234+12

0
0
0
0

79.0+0.5

29.5+7.6

13.3+£6.0
12.0+5.5
16.6+2.0
143+6.0
15.8+5.3
2.6£0.5
44+09
32+1.0
49+04

13.7+1.7
13.2+0.7
12.1+0.9
120+1.1

15.8+1.5
15.0£0.5
145+0.2
14.0+0.7
13.3+0.9
15.2+0.1
15.8+0.4
15.6+0.8
14.3+0.5

nd

7.0
4.9

6.7

7.0
7.3

WAS

0.4+0.0
0.2+0.0
0.2+0.5

5.0+0.5
5.0+0.0
10.0+0.5

1.8

95% WAS + 5% CG

7.2
7.2

90% WAS + 10% CG

5.5

85% WAS + 15% CG

0.1+0.0

7.0+2.0
55+0.5
153+1.0
17.5+3.8

15.8+1.5

11.2+1.3
14.8+0.8
15.1+1.5
15.1+1.6
13.6+1.2

7.4
nd
nd
nd
nd

52

6.5

7.3

80% WAS +20% CG

3+0

0.1+0
02+0

02+0.2
05+£04
0.6+0.5
0.4+0.2

1.1+£0.5
0.9+0.7

7.3
7.3
7.5

95% WAS + 5% PG

4+22

42

90% WAS + 10% PG

7+32

02+0

1.0£0.3
1.7£04

4.1

85% WAS + 15% PG

8+12

0.4+0

4.8

7.5

80% WAS + 20% PG

WAS waste activated sludge, CG crude glycerol, PG pure glycerol, 7 initial, ffinal, nd not determined

# At 30 °C/1 atm

Cho et al. 2015). When glycerol is rapidly degraded to
propionic acid/propionate, it leads to the accumulation of this
acid and the destabilization of the anaerobic co-digestion pro-
cess (Jensen et al. 2014).

Fountoulakis et al. (2010), in the co-digestion of sludge
with 1 and 3% (v/v) glycerol, verified a high imbalance in
the process and a decrease in the biogas production with ad-
dition of 3% CG after the tenth day. On the other hand, the
addition of 1% produced increased biogas production com-
pared to that of the pure sludge. Holm-Nielsen et al. (2008)
verified that concentrations of glycerol above 0.5% (v/v) gen-
erated instability in the anaerobic digestion process.
Razaviarani et al. (2013), while evaluating the co-digestion
of sewage sludge and glycerol in a semi-continuous reactor
with an HRT of 20 days, verified that above 2% (v/v) glycerol
inhibited biogas production and led to instability in the pro-
cess. Baba et al. (2013), while evaluating the co-digestion of
sewage sludge with 1 to 15% (v/v) of crude glycerol in a semi-
continuous reactor (working volume: 30 m>; HRT: 60 days),
verified the accumulation of volatile acids and decrease in
methane production for crude glycerol loads above 1 mL/
L days (6% v/v equivalent).

In addition to the high concentration of glycerol and chlo-
rides, the crude glycerol may also contain long-chain fatty
acids, which are known inhibitors of the anaerobic digestion
process (Alves et al. 2009; Viana et al. 2012). Nghiem et al.
(2014) obtained higher specific methane production and ab-
sence of inhibition in methanogenesis when low concentra-
tions of crude and pure glycerol (0.25 and 0.5% v/v) were
applied in the co-digestion with sewage sludge. According
to the authors, even when employed in low concentrations,
the high COD and biodegradability of glycerol favor methane
production. Although the biogas production in the co-
digestion of sludge with PG was higher than that with CG,
the production of methane in the sludge and GC or PG
mixtures was practically nil (as evidenced by statistical
analysis, Table 2), when both substrates were added at
high concentrations, proving a marked inhibition of
methanogenesis. The organic content of glycerol based
on long-chain fatty acids and the presence of other inhib-
itory compounds may imposed an alternative and easier
biochemical route for the formation of methane, which
may explain this specific behavior as previously reported
by Liu and Fang (2007), and Cho et al. (2015).

Nghiem et al. (2014) also achieved a higher biogas produc-
tion with addition of PG compared to that of CG during the
first 10 days of sludge co-digestion. This result is probably
associated with the high initial concentrations of salts in the
CG used in this first stage (1.8 to 7.4 g Cl /L for CG concen-
trations of 5 to 20% v/v), as the PG did not contain any salinity.
Salinity consists mostly of sodium, chloride, potassium, and
magnesium ions; the high concentration of these salts in-
creases ionic strength. The more concentrated outer
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hypertonic medium influences cellular osmoregulation and
the ability of the cells to import and excrete materials and
water. Salinity increases the solubility of proteins and reduces
the activity of enzymes and bacteria that use intra- and extra-
cellular enzymes in their metabolism. Inhibition of NaCl on
non-halophilic bacteria may be due to dehydration as a con-
sequence of increased osmotic pressure, inhibition of the ac-
tivity of intra- and extracellular enzymes that affect bacterial
metabolism, and the physical effect leading to inhibition of
bacterial cell wall functions (Larsen 1962). Therefore, salinity
is another important inhibition factor of methanogenesis, with
concentrations between 5 and 9 g CI' /L sufficient to inhibit
the process (Vijayaraghavan and Ramanujam 1999; Vallero et
al. 2003; Riffat and Krongthamchat 2006).

The VS removal was consistent with the biogas production,
obtaining lower values in relation to the control (pure sludge)
for sludge mixtures with PG (Table 2). Higher VS removals in
the sludge and GC mixtures (compared to the sludge and PG
mixtures) can be attributed to an interference in the quantifi-
cation of volatile solids. Contaminants of crude glycerol, such
as methanol and fatty acids, remain adsorbed to the sludge and
are volatilized and counted as volatile solids in the analysis. In
addition, during the co-digestion experiments, glycerol inter-
fered in the analysis of volatile suspended solids, as it
adsorbed into the sludge and, consequently, increased the re-
moval values. Glycerol contributed up to 11.7% of the VS
removals. Thus, a prewash sequence with distilled water was
added to the analysis of solids to reduce this interference.

To evaluate the contribution of CG salinity to the inhibition
of methane production in the co-digestion with WAS, a sec-
ond step was conducted with only 1% (v/v) pure glycerol,
crude glycerol, or glycerol pretreated to remove salinity.
Table 3 shows that the addition of a lower proportion of glyc-
erol led to higher methane production after 15 days of diges-
tion (1.9 to 3.1 mL) than that obtained in step 1 (0 to 0.6 mL).
However, these values are still lower than that obtained in the
control (pure sludge), which was 5.5 mL that was verified
after the same period, confirming the inhibitory effect of glyc-
erol even at lower concentration. Consistent with the low
methane production, the removal of VS in the experiments
with addition of glycerol also presented low values (3—14%),
as did the pH, which remained below 7 (around 5). Statistical
analysis (Table 3) conducted with the variables biogas vol-
ume, % CH,, and VS removal confirms that the values obtain-
ed in control experiments were always significantly higher
than in experiments with addition of CG, PTG, or PG.

The specific methane production (SMP) varied from 49 to
317 mL CHy4/g VS,emoved 10 the second step of the experi-
ments with glycerol addition, values much higher than those
obtained in the first step (0 to 8 mL CH4/g VS emoved)-
However, when comparing SMP obtained with the distinct
types of glycerol, a higher value was observed with addition
of PG, not with PTG, as expected (as confirmed by statistical
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analysis). The low SMP obtained with the addition of 1% (v/v)
pretreated glycerol (PTG) to WAS (second step; Table 3)
probably relates to the chloride precipitation method, which
may have contributed to some residual elements with inhibi-
tory effects (e.g., Ag"). The initial concentrations of chloride
in the tests with 1% (v/v) crude glycerol and pretreated glyc-
erol presented values well below the inhibitory concentrations
of 0.4 and 0.2 g CI /L, respectively. This result indicates that
in concentrations < 1% (v/v), the dilution of crude glycerol in
the sludge is sufficient to reduce salinity, with no need for
pretreatment.

At the end of the co-digestion of sludge with 1% (v/v)
glycerol, the concentration of volatile fatty acids (VFA) in-
creased considerably, while the alkalinity (Alk) remained
mostly unchanged (Fig. 1). VFA increased, on average, from
210 to 1836 mg/L, while alkalinity ranged from 273 to
236 mg/L, indicating the production and accumulation of vol-
atile acids. Such variation resulted in very high values of the
VFA/Alk ratio and low pH values. Under the control condition
(WAS), VFA decreased and alkalinity increased, resulting in a
low VFA/AIKk ratio and neutral pH at the end of the digestion.

Considering that the final pH values still were below those
recommended for anaerobic microorganisms, it can be con-
cluded that the added glycerol was converted to volatile acids
that then accumulated and inhibited the methanogenesis. The
same is true for the removal of VS, which remained very low,
regardless of the type of glycerol used in the co-digestion. The
VFA concentration is a good indicator of the digestion condi-
tions, as acid accumulation means the acids are not being
converted to methane (Switzenbaum et al. 1990). Baba et al.
(2013) observed a drop in methane yield through the accumu-
lation 0f2000-2500 mg/L of propionic acid in the digestion of
sludge with crude glycerol in a semi-continuous reactor.
Silvestre et al. (2015), on the other hand, in the co-digestion
of sludge with 1.6% (v/v) glycerol in a continuous reactor with
an HRT of 22 days and organic load rate of 2.4 g COD/L days,
reported instability in the system (pH 3.3) and reduction of up
to 60% methane production for concentrations of VFA above
1000 mg/L. Similar behavior was found by Nghiem et al.
(2014), who reported that, with the addition of 1% (v/v) glyc-
erol to sewage sludge in a batch reactor, instability and accu-
mulation of total volatile acids occurred in the system.

Another good indicator of efficient anaerobic digestion is
the VFA/alkalinity ratio. Researchers recommend a ratio be-
tween 0.1 and 0.35 for a healthy digester (Switzenbaum et al.
1990). Final values of the VFA/alkalinity ratio in the assays
with glycerol added, unlike the control assay (ratio =0.2),
were in the range of 7-9, well above those recommended for
efficient digestion. Razaviarani and Buchanan (2015), in the co-
digestion of sludge with 2.72% (v/v) glycerol, showed that a
VFA/alkalinity ratio of 0.7 already caused instability in the sys-
tem. As verified in the current and other studies (Fountoulakis et
al. 2010; Razaviarani et al. 2013; Nghiem et al. 2014; Silvestre et
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Fig. 1 Values of pH, volatile fatty acids (VFA; mg HAc/L), alkalinity
(Alk; mg CaCOs/L), and VFA/alk ratios in experiments with waste acti-
vated sludge alone (WAS); mixtures of sludge and 1% (v/v) crude glyc-
erol (CQG), pretreated glycerol (PTG), or pure glycerol (PG) (a); and
mixtures of sludge with 0.3, 0.5, and 0.7% (v/v) of crude glycerol (b)

al. 2015), the addition of glycerol > 1% (v/v) to the sludge still
confers instability to the co-digestion process.

In the co-digestion experiments of WAS with crude glyc-
erol concentrations below 1% (third step; Table 3), volatile
acids were consumed as they were produced and thus did
not accumulate. Such behavior led to VFA/alkalinity ratios
of 0.2 to 0.3 (Fig. 1), values within the optimum range for

anaerobic digestion. This allowed buffering and favored me-
thanogenic activity, so much so that the final pH values were
around 7.4 (Fig. 1). The maintenance of pH at values favor-
able to the activity of the anaerobic microorganisms (between
7 and 8, Weiland 2010) facilitated the production of methane,
with values of specific methane production higher than the
values obtained in the control.

Concentrations of glycerol below 1% (v/v) allowed the
maintenance of pH values suitable for anaerobic digestion,
with higher VS removals (between 16 and 21%) and higher
methane production. Final volumes of methane with addition
of glycerol were 31.7 to 63.8% higher than those in the con-
trol. Different from the co-digestion of sludge with 1% (v/v)
crude glycerol, in the tests with lower concentrations of CG,
there was a smaller increase in VFA (between 67 and 710 mg/
L) and a considerable increase in total alkalinity (on average
of 2398 mg/L) at the end of the digestion (Fig. 1).

The best co-digestion condition of sludge with glycerol
was with addition of 0.5% (v/v) glycerol. The statistical anal-
ysis showed that, with the exception of VS removal, all the
variables of this condition presented higher values in compar-
ison with the other conditions (Table 3). The value of SMP as
a function of VS applied and the percentage of methane in the
biogas for this condition were 78 mL CH4/g VS,,piica and
84.1%, respectively. However, for the condition with sludge
only (WAS), without addition of glycerol in the same assay, an
SMP of 45 mL CH4/g VSuppiica and 61.9% of CH, in the
biogas were obtained.

Figure 2 presents a summary of the main parameters eval-
uated in the co-digestion with lower percentages of crude
glycerol added to the sludge, referring to the second and third
steps of this study. Higher SMP is clearly observed with the
reduction of the glycerol concentration to values < 1% in the
mixture with sludge, which allowed better buffering and pH
values that were more adequate for digestion. The same hap-
pened with the VS removal, which increased with the reduc-
tion of the percentage of glycerol in the mixture with sludge.

Fig. 2 Values of VS removal, 100
SMP (at 30 °C, 1 atm), and pH at A
the end of the second (a) and third
(b) stages of the study
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However, the SMP values obtained in the present study
(45 mL CHy4/g VS,pplica for WAS and 62-78 mL CH,/
g VSapplica for mixtures of sludge and glycerol < 1% v/v) are
well below the values obtained for the digestion of pure sludge
in other studies conducted at bench scale (195 to 243 mL CH,/
g VSapplica) (Huilifiir et al. 2017; Thorin et al. 2017) or for
mixtures of sludge and glycerol with concentrations < 1% (v/
v). Razaviarani et al. (2013), for example, obtained SMP
values of 300 and 380 mL CHy /g VS,ppiiea With 100% sludge
and with a mixture of sludge and 1.1% (v/v) glycerol in a
continuous reactor, respectively. Physical-chemical properties
of both glycerol and sludge, as well as digestion conditions
(reactor volume and configuration, operating regime, inocu-
lum, temperature, HRT, agitation, etc.), may justify this differ-
ence in SMP values (Khalid et al. 2011).

Despite the increase in SMP for mixtures with glycerol
addition between 0.3 and 0.7% (v/v), compared to the control
(WSA), the VS removal was still lower, with a maximum
value of 21.3% for 0.3% (v/v) CG versus 32.5% for the con-
trol. These values are in accordance with those reported by
Athanasoulia et al. (2014), who found a VS reduction of 36%
for the control and 24% for the mixture of sludge and 3% (v/v)
glycerol, in a continuous stirred-tank reactor. The reason that
VS reduction was greater in the control than in the mixtures of
sludge and glycerol may be the greater availability of carbon
from glycerol, which contributed to the maintenance of still-
active biomass and reduced the stabilization of VS
(Fountoulakis et al. 2010).

The increase of SMP in the co-digestion of sludge with
glycerol below 1% (v/v) is due in large part to the high biode-
gradability of glycerol, which reached 68—-86% removal in the
experiments. Other authors reported similar results for the co-
digestion of sludge with glycerol. Silvestre et al. (2015) and
Jensen et al. (2014) reported 100% biodegradability with 1
and 2% (v/v) glycerol, respectively. The results obtained for
chemical oxygen demand (COD) removal indicate the contri-
bution of glycerol to methane production, considering that the
soluble fraction is mostly glycerol. COD removal efficiencies
of 75, 78, and 67% were obtained with addition of 0.3, 0.5,
and 0.7% (v/v) glycerol, respectively.

Nghiem et al. (2014), in evaluating the co-digestion of
sludge with low percentages of glycerol (0.25 and 0.5% v/
v) in a batch reactor, indicated the best condition was
0.25% v/v glycerol. However, with 0.5% v/v, the authors
obtained an SMP of 0.33 m® CH, /L glycerol applied, a
higher value than the one obtained in the present study for
the same concentration of glycerol added to the sludge
(0.12 m®> CH, /L glycerol applied). In the study by
Nghiem et al. (2014), a comparison of the methane vol-
umes produced by 0.5% (v/v) glycerol and the control
(sludge only) at 30 days of digestion indicated values
1.85 times higher with addition of glycerol. A similar
comparison can be made in our study, with a 1.63-fold

higher volume of methane with 0.5% (v/v) glycerol added
than with the sludge only for the same digestion period.

According to Holm-Nielsen et al. (2008), in the co-
digestion of sludge and glycerol, concentrations of 5 to
7 g glycerol /L favor anaerobic digestion, because under
this condition VFA do not accumulate. However, in this
same study, when the concentration of glycerol was higher,
organic overload occurred, which was reflected as an in-
crease in the VFA concentration and a lower methane pro-
duction rate during fermentation. In the present work, the
buffering of the system was verified as well as the increase
in methane production in relation to the control under all
conditions tested with addition of glycerol between 0.3 and
0.7% (v/v), which are equivalent to concentrations between
3.8 and 8.8 g glycerol/L.

The best condition, according to the results obtained (Table
3, Fig. 2), for co-digestion with WAS is addition of 0.5% (v/v)
or 6.3 g/L of crude glycerol. Considering the characteristics of
the sludge and crude glycerol employed, this value is equiva-
lent to 4.7 g/L of glycerol and approximately 0.6 g glycerol/g
VS applied. Under this condition, the SMP as a function of VS
applied was 1.7 times greater than that in the control (with
sludge only).

Conclusion

High percentages of crude or pure glycerol, in the range of 5 to
20% (v/v), caused a marked drop in pH and inhibition of
methane production. Reduction of the salinity of crude glyc-
erol, either by dilution (to 1% v/v) or by pretreatment, also
resulted in accumulation of VFA, pH drop, and inhibition of
methane production. The rapid degradation of glycerol
followed by accumulation of VFA had a more pronounced
inhibitory effect than the salinity of the added glycerol. The
addition of crude glycerol to the sludge in the range of 0.3 to
0.7% (v/v) led to the maintenance of pH and stabilization of
the digestion system. For the evaluated system (mesophilic
batch digestion without agitation), the best condition for the
co-digestion of waste activated sludge would be addition of
0.6 g glycerol/g VS applied. Under this condition, there was a
1.7-fold increase in specific methane production in relation to
the control (pure sludge).
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