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Abstract 
Glycerol fermentation for 1,3-propanediol (1,3-PDO) production was studied in an anaerobic up-flow reactor with biomass 
attached to silicone support. A mixed microbial culture was activated to perform the biofilm formation and attachment to a 
silicone hose prior the reactor operation. The reactor was operated over 362 days divided into two phases (P). In P1 and P2, 
the reactor was continuously fed with pure and crude glycerol, respectively. The operation consisted of increasing the glycerol 
loading rates (gly-LR). The achieved highest 1,3-PDO average yields were 0.43 mol mol-gly−1 and 0.62 mol mol-gly−1 when 
applied gly-LR was 18 and 46 g  L−1  d−1 in P1 and P2, respectively. A maximum 1,3-PDO productivity of 14.7 g  L−1  d−1 was 
obtained in P2. The higher yields of 1,3-PDO when the feed changed from pure to crude glycerol indicated a change in the 
microbial community. These results show that the studied system can be very promising and cost-effective for converting 
crude glycerol into value-added products on large scale even at high loads.
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Statement of Novelty

Crude glycerol is a byproduct of biodiesel production. 
Excess glycerol is an economic and environmental problem. 
Glycerol can be converted to 1,3-propanediol (1,3-PDO) 
by fermentation. 1,3-PDO is a value-added product used 
as a raw material for textile fibers and in the formulation 
of cosmetics, medicines, and lubricants. The high yield of 
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1,3-PDO from crude glycerol, 0.62 mol mol-gly−1 (theoreti-
cal yield 0.72 mol mol-gly−1), obtained in this work in a 
continuous reactor with mixed culture attached to a hose-
type silicone support; and the high loading rate applied 
(46.0 g   L−1   d−1), without negatively affecting microbial 
activity, opens the possibility of cost-effective conversion 
of crude glycerol on an industrial scale.

Introduction

The high demand for fossil fuels has influenced the interna-
tional incentive policies toward a biofuel market. The Euro-
pean Union has been the world’s leading producer of bio-
diesel with 32.3% of the global production in 2021, followed 
by the USA, Indonesia, and Brazil (18.1, 15.0, and 12.2%, 
respectively); global consumption of biofuels is expected to 
increase, especially in developing countries [1].

However, the increasing biodiesel production leads to 
a surplus of glycerol, its main by-product; and depending 
on the source for biodiesel production (oils and fats from 
plants and animals), crude glycerol may contain impurities 
such as residual fats, salts, methanol, soaps, and catalysts, 
making it difficult to further use it [2-5]. Glycerol is a useful 
substrate for microorganisms both aerobically and anaerobi-
cally growth, producing value-added compounds, finding 
application in industries of food additives, cosmetics, textile, 
pharmaceuticals, etc. Several products can be obtained by 
glycerol conversion, such as polyhydroxyalkanoates, citric, 
succinic, and lactic acids, dihydroxyacetone, 2,3-butanediol, 
1-butanol, erythritil, 1,3-propanediol (1,3-PDO), and 1,2-
PDO [6-10]. Therefore, the investigation of technologies to 
obtain value-added products from crude glycerol through 
biological processes can contribute to a better valorization 
of the residue [6, 11].

The microbial conversion of glycerol occurs via anaerobic 
fermentation by two metabolic pathways: the reductive, in 
which 1,3-PDO is obtained (70% of the carbon is converted 
into 1,3-PDO) and the oxidative, in which other by-products, 
such as hydrogen, ethanol, butanol and carboxylic acids, can 
be obtained [12-15].

1,3-PDO is a value-added organic compound used as 
the primary feedstock of poly (trimethylene–terephtha-
late) (PTT), a polyester fiber with application in the textile 
industry, which is its largest consumer [6, 16]. Traditional 
chemical methods, considered more affordable for obtaining 
1,3-PDO, were developed by Shell (ethylene oxide route) 
and DuPont (acrolein route); however, chemical synthesis 
requires expensive catalysts. Therefore, biosynthesis of 1,3-
PDO by glycerol fermentation is considered economically 
advantageous, and besides making good use of the surplus 
glycerol, it adds value [17-19].

In most of the previous studies, the obtained yields were 
close to the theoretical maximum value of 0.72 mol 1,3-
PDO mol-gly−1 [20] when pure cultures of bacteria were 
used in the fermentation and co-fermentation of glycerol 
[19, 21-26]. However, some requirements are needed, such 
as sterile conditions and, in certain cases, a more complex 
nutritional medium, making the upscaling of the application 
difficult [27, 28].

In the case of using mixed cultures in glycerol fermenta-
tion, there are also challenges, such as competition between 
species and operational conditions controls that can favor a 
particular anaerobic route. However, its use, instead of that 
of pure cultures, is considered a cheaper viable alternative 
for large-scale. Mixed cultures have robustness and can eas-
ily adapt to metabolize crude glycerol despite its impurities 
[29-31].

Most of the previously reported studies on operational 
conditions aiming to improve glycerol fermentation were 
focused on the batch mode and using pure cultures, and 
isolated or genetically modified strains [17]. Batch studies 
allow a better control (needed when working with sterile 
conditions), and the higher substrate concentration at the 
beginning favor the reductive pathway that can lead to higher 
1,3-PDO titers. However, there are still few works on the 
use of mixed cultures as biomass for continuously operating 
reactors for crude glycerol fermentation. In addition, cell 
immobilization has numerous advantages, e.g. prolonged use 
of the biocatalyst, continuous operation, high cell density, 
with higher biomass concentration in the reactor. Deepening 
the knowledge of immobilization techniques can contribute 
to improving the design of reactors and their performance, 
as well as the feasibility of large-scale applications [32].

A study previously reported by our research group dem-
onstrated that bacterial biofilm adhered to silicone tubing, 
after failing on various other types of support, was able to 
successfully produce 1,3-PDO by glycerol fermentation [30]. 
However, although the results were promising, the glycerol 
loading rates were low. The aim of this work was to study the 
influence of operating conditions on the production of 1,3-
PDO, working with pure or crude glycerol in a continuous 
anaerobic reactor using a mixed microbial culture attached 
to a silicone support. Thus, the ultimate goal was to improve 
and optimize the productivity and yield of 1,3-PDO, apply-
ing high glycerol loading rates.

Materials and Methods

Inoculum and Biofilm Formation

The original inoculum was obtained from the biomass 
attached to a silicone hose placed inside a UASB-type reac-
tor for glycerol fermentation, as reported in a previous work 
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[30]. Such hose, with attached biofilm, was kept in a 1-L 
bottle containing crude glycerol and nutrients, but without 
adding fresh nourishment, at 4 °C for about 2 years. Due to 
the expected low activity of the original inoculum, a fraction 
of the biomass from the hoses was firstly transferred to bot-
tles, to reactivate it and then develop active biofilm. There-
fore, the procedure adopted in the present study included: 
(i) scraping of the original biofilm contained in the 2 years-
previous used hose, and microbial consortium reactivation 
in bottles, (ii) biofilm formation in a silicone hose, and (iii) 
transfer of the hose inside a new up-flow reactor (Fig. 1).

Thus, after the scraping procedure, the mixed microbial 
consortium was activated by consecutive transfers into a 
fresh medium in 250-mL flasks. The 200-mL working vol-
ume contained the macronutrients (in g  L−1):  K2HPO4  3H2O 
(3.4),  KH2PO4 (1.3),  NH4Cl (1.6),  MgSO4   7H2O (0.2), 
 CaCl2  2H2O (0.02),  FeSO4  7H2O (0.005), and the micronu-
trients as reported in our previous study [30]. This nutrients 
solution was added with pure glycerol (97%, VWR Chemi-
cals BDH Pro Lab®, Belgium) at 10 g  L−1. In addition, 1 
mL of sodium sulfide  (Na2S  9H2O, 100 g  L−1) per liter of 
the medium solution was added to remove dissolved oxygen. 
The flasks were purged with  N2 and  CO2 (80:20) before the 

inoculation (1% v/v). Transfers were made until glycerol 
consumption was above 90%. After that, a silicone hose 
(Carl Roth®, Germany) with an internal diameter, length, 
and volume of 0.5 cm, 286 cm, and 56 mL, respectively, 
was used for the biofilm formation. The feed solution con-
taining nutrients and pure glycerol was maintained at 4 °C 
and pumped through the hose at a flow rate of 0.3 L  d−1 
for 4 weeks to promote the biofilm formation. Firstly, the 
feed solution was inoculated with 2% (v/v) of the suspen-
sion from the previous activation steps. During the last 2 
weeks, the hose was fed without any inoculum to confirm the 
glycerol consumption by the attached biomass. In addition, 
biofilm formation on the support was analyzed by collecting 
samples from the attached-to-silicone biomass for genetic 
sequencing. Initially, 30 g  L−1 of pure glycerol were used; 
however, since consumption did not exceed 50%, it was 
changed to 15 g  L−1 in the last two weeks. Effluent samples 
were collected daily for glycerol and metabolite analysis. All 
the experiment was conducted in a temperature-controlled 
room at 30 ± 2 °C.

Fig. 1  Diagram with the experimental setup



690 Waste and Biomass Valorization (2024) 15:687–695

1 3

Reactor Operation

The reactor-biofilm system was performed using the same 
pure glycerol, macro and micronutrients described in the 
former Sect. 2.1. The crude glycerol was pretreated by 
acidification with HCl until a pH close to 3.0 was reached; 
then, it was fractionated into aqueous and organic fractions 
to remove residual fats, according to a modified procedure 
reported [33]. It was not necessary to adjust the pH of the 
aqueous before using it.

After acidification, the metal contents in the crude glyc-
erol were measured using an inductively coupled plasma 
optical emission spectrometer (ICP-OES) (Model 5100, Agi-
lent Technologies, USA), with an adaptation of the method 
proposed by the authors [34].

The silicone hose with the attached biofilm formed in its 
inner wall was arranged in a spiral shape, and coupled to the 
inlet of a 900-mL up-flow anaerobic reactor, with the end-
ing opened inside it. The anaerobic reactor operation was 
divided into two phases (P): P1, from 0 to 293 days; and 
P2, from 294 to 392 days. Pure and crude glycerol was used 
in P1 and P2, respectively. At the beginning of each phase, 
the reactor was fed with low glycerol concentration to avoid 
a collapse. Afterwards, the glycerol concentrations were 
increased from 15 to 30 g  L−1 and 10 to 60 g  L−1, for pure 
(P1) and crude (P2) glycerol respectively. Because the key 
parameter was the glycerol loading rate, it was increased, 
both in P1 and P2, until reaching the maximum load toler-
ated while maintaining high yield.

Initially (days 0–96) (Table 1), the reactor was fed with 
pure glycerol without any reagent for the influent pH cor-
rection. During this period, the applied average hydraulic 

retention time (HRT) was 4.06 days, while the glycerol-
loading rate (gly-LR) was 5.43 g  L−1   d−1. The mineral 
nutrient medium used was slightly buffered and expecting 
that it would be sufficient, initially non extra alkalinity 
was added. However, a drop in pH took place, so from 
day 8 and on,  NaHCO3 was added to the feeding solution 
(i) to provide alkalinity and to avoid reactor pH drop and 
(ii) to maintain influent pH close to the neutral range. The 
reactor was operated in a temperature-controlled room at 
30 ± 2 °C. Feeding flow, gly-LR, HRT, pH, and the fer-
mentation products were daily monitored.

Analytical Methods

The liquid phase’s glycerol, alcohols, diols, and carboxylic 
acids were quantified by high-performance liquid chroma-
tography (HPLC 1200 Infinity Series, Agilent Technolo-
gies, USA). Refractive index detector and MetaCarb 67 H 
column 300 × 6.5 mm (Agilent Technologies, USA) were 
used. The conditions applied were as follows: temperature 
of 40 °C (both column and detector), mobile phase  H2SO4 
0.01 N, flow rate 0.65 mL  min−1, and injection volume of 
20 µL.

Results were discussed and expressed in terms of prod-
uct yield (moles of by-products generated per mole of 
glycerol consumed, mol mol-gly−1) and volumetric pro-
ductivity of the main by-product: 1,3-PDO in g  L−1  d−1. 
Statistical analysis was carried out using STATISTICA 
software, version 12.5.

Table 1  Operational conditions and reactor performance during phases P1and P2

Time (d) HRT (d) Gly-LR (g  L−1  d−1) pH(influent) pH(effluent ) Glycerol 
consumption 
(%)

1,3-PDO

Yield (mol mol-gly1) Productivity  (g  L−1  d−1)

P1- Pure glycerol
0-96 4.06 ± 1.45 5.43 ± 1.66 8.04 ± 0.38 6.77 ± 0.88 95.98 ± 6.26 0.35 ± 0.09 1.15 ± 0.53
97-196 2.09 ± 0.37 9.56 ± 1.54 7.73 ± 0.39 6.64 ± 0.57 99.50 ± 1.96 0.37 ± 0.11 2.28 ± 0.85
197-230 1.15 ± 0.08 16.90 ± 1.08 7.72 ± 0.29 5.94 ± 0.60 98.84 ± 2.44 0.43 ± 0.07 4.53 ± 0.82
231-272 1.37 ± 0.32 30.06 ± 5.49 8.02 ± 0.26 6.08 ± 0.68 84.97 ± 0.11 0.33 ± 0.09 5.63 ± 2.38
273-293 1.22 ± 0.07 25.73 ± 0.92 7.72 ± 0.14 5.48 ± 0.32 92.56 ± 7.62 0.39 ± 0.05 5.93 ± 1.34
P2- Crude glycerol
294-307 1.23 ± 0.03 10.36 ± 0.44 7.88 ± 0.13 6.75 ± 0.08 100 0.48 ± 0.08  2.97 ± 1.23
308-316 1.32 ± 0.04 19.65 ± 0.40 7.95 ± 0.13 7.04 ± 0.13 99.80 ± 0.32 0.49 ± 0.04 5.55 ± 1.33
317-323 1.23 ± 0.04 26.75 ± 1.19 8.08 ± 0.24 7.23 ± 0.19 99.60 ± 0.55 0.54 ± 0.01 8.75 ± 0.84
324-342 1.22 ± 0.07 32.82 ± 2.37 8.03 ± 0.17 7.20 ± 0.32 99.76 ± 0.09 0.56 ± 0.02 10.48 ± 1.98
343-350 1.15 ± 0.07 39.70 ± 2.84 8.02 ± 0.22 7.12 ± 0.12 99.79 ± 0.06 0.58 ± 0.02 13.94 ± 0.99
351-355 1.23 ± 0.07 46.00 ± 0.23 8.36 ± 0.14 7.22 ± 0.20 88.90 ± 0.10 0.62 ± 0.03 14.68 ± 2.03
356-362 1.20 ± 0.05 59.91 ± 3.23 8.11 ± 0.04 7.45 ± 0.03 50.30 ± 0.03 0.44 ± 0.04  10.95 ± 4.55
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Results and Discussion

Inoculum and Biofilm Formation

The inoculum used to promote biofilm formation, obtained 
from the last transfer for inoculum activation in 250-mL 
flasks, as described in Sect. 2.1, presented a 1,3-PDO yield 
of 0.50 mol mol-gly−1 and glycerol consumption > 90% 
(after 4 days); the other by-products were acetic and butyric 
acids (about 0.1 mol mol-gly−1).

The yields of 1,3-PDO during the biofilm formation 
inside the hose were satisfactory only after the second week, 
with an average of 0.41 mol mol-gly−1 and maintained after 
the removal of the inoculum from the feed. These results 
showed that a new active biofilm was attached to the hose. 
The other by-products obtained were ethanol and acetic acid 
(≤ 0.1 mol mol-gly−1 on average).

Reactor Performance: Effect of Glycerol Loading rate

The operational conditions and average results obtained are 
summarized in Table 1, and they are also shown in Figs. 2 
and 3 for phases P1 and P2, respectively.

In the first 7 days of phase P1, the reactor was operated 
without adding reagent to provide alkalinity, and as a result, 
the effluent pH dropped to 4.5. Therefore, 1 g of  NaHCO3 
per g of COD-glycerol was added to the feed solution, result-
ing in an influent pH increase to the range of 8.4–8.6. How-
ever, these pH values were higher than that considered ideal 
for the glycerol enzyme dehydratase (6.0–8.0), which could 
limit the production of 1,3-PDO [35, 36]. Therefore, on day 
25, the amount of  NaHCO3 was reduced to half to maintain 
the influent pH around 8 and the effluent pH near 6.5. In 
the present study, aiming the minimal costs,  NaHCO3 was 
applied at the lowest possible dosage to only provide suf-
ficient alkalinity.

Fig. 2  Operational conditions (glycerol loading rate, pH, HRT), glyc-
erol consumption, and product yields during P1 (pure glycerol)

Fig. 3  Operational conditions (glycerol loading rate, pH, HRT), glyc-
erol consumption, and product yields during P2 (crude glycerol)
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With an average gly-LR of 16.9 g  L−1  d−1, high stability, 
and 1,3-PDO yields (0.43 on average) were obtained, and the 
consumption efficiency reached above 90% (Fig. 2). When 
the gly-LR was increased up to 30 g  L−1  d−1, a drastic drop 
of 1,3-PDO yield and glycerol consumption occurred, to 
about 0.15 mol mol-gly−1 and 40% (days 236–238), respec-
tively. Then gly-LR was decreased to 25 g  L−1  d−1 (days 
273–293), resulting in the recovery of 1,3-PDO yield to 
0.39 mol mol-gly−1 and glycerol consumption above 90%. 
Therefore, these values were considered as corresponding 
to the reactor maximum pure gly-LR that could be applied. 
Some studies reported yields close to the average value: the 
1,3-PDO yield of 0.52 mol mol-gly−1 was obtained when 
using a mixed culture in a continuously fed EGSB reactor 
[37], and the highest average yield of 0.43 mol mol-gly−1 
was obtained with a UASB reactor [27], both working in 
anaerobic granular sludge reactors.

The reactor operation changed to phase P2, with crude 
glycerol as feeding, after reaching the maximum gly-LR 
(25 g  L−1  d−1) with pure glycerol (Fig. 3). Initially, a lower 
loading rate of approximately 10 g  L−1  d−1 was applied, to 
prevent eventual inhibition of bacterial activity due to impu-
rities in the crude glycerol. After reaching stable 1,3-PDO 
yield (0.48 ± 0.08 mol mol-gly−1) and glycerol consump-
tion (100%), gly-LR was increased as shown in Table 1. At 
a gly-LR of up to 39.7 g  L−1  d−1, the reactor worked with 
a glycerol consumption efficiency greater than 99% and an 
average 1,3-PDO yield of 0.53 mol mol-gly−1. Although 
the maximum gly-LR applied was 59.9 ± 3.2 g   L−1   d−1 
(Table 1), the optimal crude gly-LR can be considered 
as 46.0  g   L−1   d−1, since the correspondent maximum 
1,3-PDO average productivity (14.7 g  L−1  d−1) and yield 
(0.62 mol mol-gly−1) were obtained. This last value to 1,3-
PDO yield is a remarkable result since it is close to the maxi-
mum theoretical yield of 0.72 mol mol-gly−1 [20], and since 
it was obtained in a continuous reactor and with a mixed 
culture.

A highlight in this research is that high yields were 
obtained with crude glycerol and mixed culture in a con-
tinuous reactor. For instance, it was obtained 0.48 mol mol-
gly− 1 in a study with an isolated Citrobacter freundii strain 
cultivated on crude glycerol [38]. Similar value was obtained 
when using a mixed culture in a UASB reactor with attached 
biomass [30]. 1,3-PDO yields of 0.36 mol mol-gly− 1 and 
0.25 mol mol-gly− 1 were achieved, by applying a crude gly-
LR of 50 g  L− 1  d− 1, under thermophilic and mesophilic 
mixed microbial cultures, respectively [29, 39].

The 1,3-PDO yield depends on the combination of the 
reductive and oxidative pathways. When conducting batch 
experiments some authors reported that 1,3-PDO was at its 
maximum yield when acetate was the only by-product, but 

it decreased when ethanol and formate were co-produced 
[14]. In the present work, during phase P1, there was 
considerable production of ethanol and formic acid when 
the applied gly-LR was 5 g  L−1  d−1 (Fig. 4a), which may 
have affected the 1,3-PDO yield. When increasing gly-LR 
to 17 g  L−1  d−1, ethanol and formic acid concentrations 
decreased and 1,3-PDO yield increased; thus, this gly-LR 
value was considered optimal for 1,3-PDO production dur-
ing P1. In phase P2 (Fig. 3), the reductive pathway was 
favored. An explanation is that a change occurred in the 
composition of the microbial community (manuscript in 
preparation), as it was already observed in a previous simi-
lar experiment with pure and crude glycerol and attached 
biomass [30]. That is why a much higher 1,3-PDO yield 
resulted, even with the increased glycerol loading rate, 
especially when acetate was the main by-product; and a 
high percentage (85–90%) of the crude glycerol was con-
verted into products, with the remaining being used for 
bacterial maintenance and growth (Fig. 4b).

Therefore, the high productivity and yield values 
achieved with crude glycerol, together with the low dos-
age of  NaHCO3 applied, suggested a promising potential 
for large-scale production of 1,3-PDO and provided oper-
ating conditions to make the process feasible in practice. 
Additional studies should be carried out regarding the 
economic feasibility of applying the silicone support as a 
support medium for the purpose of improving the yield of 
1,3-PDO from glycerol fermentation at full-scale.

Fig. 4  Yields of 1,3-PDO and other by-products obtained as a func-
tion of glycerol loading rate with pure glycerol (a), and crude glycerol 
(b)
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Effects of Crude Glycerol and Biomass 
Immobilization on Reactor Performance

The effect of crude glycerol impurities on bacterial metabo-
lism and the importance of pretreatment were reported in 
some studies [29, 40, 41]. Stress conditions due to some 
crude glycerol characteristics, capable of affecting the 
metabolism of bacteria, have been described [42]. The feed-
ing change of a UASB reactor, from pure to crude glycerol, 
resulted in a dramatic effect on the Clostridium population, 
which was partially replaced by Klebsiella pneumoniae 
and Lactobacillus spp. [30]. It should be mentioned that in 
the aforementioned study, despite the drastic change in the 
microbial community, as glycerol-degrading species were 
replaced by others with the same capacity, the yields of 1,3-
POD were similar with pure and crude glycerol.

In the present study, pre-acidification with HCl was 
used to eliminate residual fats from crude glycerol, to avoid 
some bacteria inhibition and biomass flotation in the reactor. 
Table 2 shows the characterization of the used crude glyc-
erol after acidification. It contained some nutrients such as 
phosphorus, sodium, and sulfur. After the due dilution and 
macro- and micronutrient supplementation, its use in the 
experimental reactor with mixed culture showed to be feasi-
ble. The remaining impurities caused no negative influence 
on the activity of the 1,3-PDO-producing bacteria; instead, 
the results showed a favorable glycerol fermentation even 
when applied gly-LR was as high as 50 g  L−1  d−1.

Relative to the operational conditions, the strategy 
used of applying low gly-LR after replacing pure glycerol 
with crude glycerol with a progressive increase, may have 
favored the adaptation of bacteria able to tolerate high 
loading rates, resulting in a high 1,3-PDO productivity 
(15 g  L−1  d−1) for this type of reactor and operating condi-
tions. There are still few studies on high 1,3-PDO yields 

from crude glycerol fermentation by mixed culture, and 
on optimal conditions for continuous anaerobic reactor 
operation with immobilized biomass [18, 32]. High yields 
of 1,3-PDO were obtained using pure and crude glycerol 
(0.54 and 0.48 mol mol-gly−1, respectively) but with much 
lower gly-LR (18 and 20 g  L−1  d−1, respectively) and with 
an effluent pH of 5.0–5.5 [30].

High yields of 1,3-PDO and good reactor behavior have 
been demonstrated when immobilized biomass is used, 
suggesting the ability of 1,3-PDO producers to attach to 
certain supports [43-46]. Some explanations concerning 
the microorganisms attaching well as a biofilm on silicone 
were related to the combined effect of pressure and gas 
formation inside the hose, and its disposal and configura-
tion in the reactor, which resulted in efficient retention of 
the formed active biomass [47].

In the present study, a fraction of the glycerol con-
sumed was converted to ethanol, formic acid, and other 
minor by-products, and used for bacterial growth. The 
proportion between 1,3-PDO and undesired by-products 
depended on the operational conditions imposed and the 
nature of the substrate. During phase P1, 1,3-PDO yield 
increased from 0.35 to 0.43 mol mol-gly−1 (Fig. 4a). Dur-
ing phase P2, the results of 1,3-PDO yield and productiv-
ity (Table 1) showed that the crude glycerol-degrading and 
1,3-PDO-producing microorganisms were under favorable 
growth conditions. Therefore, for both phases, the use of 
a silicone support medium for the adhesion of glycerol-
consuming bacteria showed great effectiveness. Thus, the 
overall results obtained with crude glycerol (P2) showed 
that microbial cultivation and cell immobilization in sili-
cone hose seemed promising to enhance the production 
of 1,3-PDO from a low-cost feedstock as crude glycerol. 
Additional studies should be carried out regarding the eco-
nomic feasibility of its application on a full-scale.

Conclusions

An up-flow anaerobic reactor inoculated with biomass 
attached to silicon support stood out as a promising config-
uration for 1,3-PDO production by glycerol fermentation. 
High yields and productivities of up to 0.62 mol mol-gly−1 
and 14.7 g  L−1  d−1, respectively, were achieved, especially 
considering that (i) the reactor was operated continuously, 
(ii) a mixed dense and active culture was developed very 
well in the hose, and (iii) crude glycerol was used. The 
application of high loading rates up to 46 g  L−1  d−1 of 
crude glycerol, without negatively affecting microbial 
activity, opens the possibility of its use on an industrial 
scale.

Table 2  Crude glycerol 
characterization

Values are the mean and stand-
ard deviation
b  Values are in mg   L−1, except 
glycerol in %

Glycerola 60

Cr 0.05 ± 0.03
Cu 0.490 ± 0.008
Fe 6.99 ± 0.06
K 141 ± 3
Mg 10.8 ± 0.6
Mn 0.120 ± 0.002
Na 22,374 ± 469
Ni 0.03 ± 0.02
P 9.7 ± 0.4
Pb 0.13 ± 0.06
S 99 ± 4
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