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The aim of this study is to investigate the prodrctof bio-hydrogen, via dark
anaerobic fermentation in a pilot scale reactorenrzhtch conditions, using a mixed
microflora. As inoculum, anaerobic digested sludgmllected from municipal
wastewater treatment plant, was used after beiagrpated with HCI 1N for 24h (pH
3) in order to inhibit the methanogenic bioactivis a source of carbon, sucrose at
high concentrations (100 g/l) dissolved in a medagntaining salts and micronutrients
was employed. During fermentation temperature wantained at room conditions
(20°C), pH ranged from 7.2 to 5.2, due to the fdiomaof Volatile Fatty Acids (VFA),
that showed a butyrate-type fermentation. The ocegamtoduced approximately 70 | of
gas containing hydrogen (46%) and carbon dioxid&dbwith a global yield of 0.32
mol H,/mol sucrose, whereas no,$ or CH, was detected, suggesting that acid
pretreatment plays an important role in the eliigraof methanogenic bacteria.
Formation of VFA, sucrose concentration and biomass concentratioterms of
CFU/ml of Clostridium sppwere reported at different times. The investgaof these
parameters led to a kinetic study for the desaniptf the dark anaerobic fermentation
process, in order to obtain data for future experits for the production of bio-
hydrogen with a continuous stirred tank reactorTRp

1. Introduction

Hydrogen is a clean and sustainable vector of eneitat can be produced with
different technologies. One way to produce hydrogena dark anaerobic fermentation
from carbohydrates following the acetate-butyratthways. The microrganisms mainly
involved in the production of bio-Hbelong to the Clostridial species as reported by
Kim et al., 2006.Clostridium spp are anaerobic, Gram positive and spore-forming
bacteria, able to resist to shocks like heat treatnor acid-basic treatment. Moreover
Clostridium sppcan achieve the highest Field per mole of glucose in dark anaerobic
fermentation (1.61+2.36 mol#nol glucose) (Taguchi et al., 1995). Many researsh
used pure culture dElostridium sppto enhance bio-hydrogen production (Chen et al.,
2005; Liu et al., 2006) but with a cost of the mse much higher if compared to other
productive technologies.



In order to make bio-Hproduction more cost effective, mixed microflosuch as
activated or digested sludge should be used atphésotemperatures (Lin et al., 2004;
Zhang et al.,, 2006). During anaerobic digestionhaebgenic or sulphate-reducing
bacteria, normally present in anaerobic sludge,seow hydrogen produced by
acidogenic bacteria. For the inhibition of methasmg bioactivity many pre-treatments
were proposed, for example acidification, basifaatfreezing and thawing or thermal
shock (Mu et al., 2006; Mohan et al., 2007; Tingakt 2007 ). In this work acid pre-
treatment was performed for anaerobic digestedgsludlemonstrating that is an
effective method to avoid methanogenesis duringiéatation.

This study also investigates how key parameteks,\iFA; and biomass, evolve during
anaerobic fermentation in mesophilic conditionskiAetic model of fermentation was
developed for future work on CSTR reactors.

2. Materials And Methods

2.1 Reactor design

Dark anaerobic fermentation was carried out in &hhaeactor of 35 |I. The pressure
inside the reactor can be set by regulating afretitve; as soon as the pressure inside
exceeds the backpressure, gas passes through Itlee arad is collected in another
vessel of 2,5 | connected to a compressor whickspirizes the gas, ready then to be
stored in gas sampling bags SKC, 232 series.

The reactor is also equipped with a mixer with imam speed of 30 rpm, and with a
pH and temperature control system to study theuémite of these parameters on the
fermentative process. To create anaerobic conditithe system is provided with a gas
inlet at the bottom of the reactor, where inert,gas. nitrogen, can be injected
continuously.

2.2 Experimental procedure
An anaerobic digested sludge derived from the nmipaiavastewater treatment plant of

Turin (S.M.A.T. Torino) was used as inoculum. Irder to inhibit the methanogenic
bioactivity the sludge was first treated for 24hhaHCI 1N to obtain pH = 3. In fact, as
reported by Chen et al. (2002) and Mu et al. (20@6)methane production could be
observed after pre-treating the sludge at valugddah a range of 3+4 for 24h.

After this period of time the reactor was then feith a medium containing inorganic
salts, micronutrients and sucrose. Experimentatias carried out with a ratio between
sludge and sucrose medium of 1:10 (v/v); in ordestitain a volume of 25 | inside the
reactor, 2,5 | and 22,5 | of sludge and medium eetyely were introduced in the
reactor.

As a source of carbon, sucrose, at a concentrafiaf0 g/l, was dissolved in a medium
consisting of (all in mg/l): NaHC92679, NHCI 5358, KHPO, 536, KHPO, 536,
CaClb 1072, NiSQBH,0 116, MgSQT7H,O 686, FeG 43, NaB,0;10H,0O 15,
Na,Mo0,2H,0 30, ZnC} 49, CoC}BH,O 45, CuCiH,O 21, MnC}4H,O 64, yeast
extract 107 (Fang et al., 2006). The theoreticalcdje ratio C/N was fixed at 30 in
order to guarantee a good nutritional supply toranganisms.

Anaerobic conditions were created insufflating aden inside the reactor, till no
oxygen could be detected. Pressure inside theoreaets set at values of 20+30 mbar,r,



while temperature remained at room conditions aiual?0°C. To avoid biomass

stratification the stirrer was set at the maximyaesl of 30 rpm. During the process no
pH and temperature regulation occurred.

The gas produced was constantly measured with ameidtic gascounter (Sacofgas
S1ATG4), as well as pH, ORP and temperature whiehewogged through a data
acquisition system. Gas composition was continyoesialuated online with a gas

cromatograph (Varian, CP 4900), for the determimatbf hydrogen, carbon dioxide,

methane, nitrogen, oxygen and hydrogen sulphidéeotn

2.3 Chemical and biological analysis
During fermentation different samples were takethatfollowing times: 0, 24, 46, 64,

72 and 91 h. Sucrose content of these samples atasmined with an enzymatic kit
(R-Biopharm, AG). Clostridial Plate Count was apsrformed according to Galli et al.,
2003 and Laird et al., 2004, while the total ATPtemt was measured by light emission
using the enzyme luciferase (Promega) and a luméteni{Junior LB9509, Berthold
Technologies). After filtration of the samples dsudVhatman filter papers (40 grades)
in a vacuum system (IRSA-CNR, 2006), VFBfAcetate, Butyrate, Propionate, Iso-
butyrate) and Ethanol were determined using a gasatograph (EPA, 3810 and EPA
8260C).

3. Reaults

3.1 Gasproduction

Dark anaerobic fermentation took place in approxatya5 days producing a total gas
amount of 66.9 |. Thanks to the acid pre-treatrmeninethane and hydrogen sulphide
production was observed. Only hydrogen, carbonide®and nitrogen were detected,
with small amounts of humidity. Table 1 shows gesdpction and composition during
the process. The presence of nitrogen in the gadated to the preliminary sparging of
inert gas to create anaerobic conditions. In effétbgen content decreased during
production, while hydrogen and carbon dioxide rah&e to the biological activity of
Clostridium sppIn Fig. la total gas, hydrogen and carbon dioxig@ulative volumes,
and the ratio between hydrogen and carbon dioxidie the beginning till the end of
the experiment are reported. pH, without being legd, constantly decreased from 7.2
to 5.2, as well as ORP reduced from -250 mV to -4W0at t = 72h, slightly raising at
the end of fermentation; Fig. 1b reports the trehthese two parameters.

Table 1. Total gas production and per centage composition

Runtime (h) V() H CO, N2
0 0.0 0.0 0.0 100.0
40.4 33 0.0 0.0 100.0
49.7 5.4 15 7.4 91.1
63.88 17.9 16.6 44.3 39.1
72.57 38.2 35.2 54.4 104
91.63 65.4 44.1 51.7 4.2

100.62 65.7 42.1 51.0 6.9
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Fig. 1 — (a) Hydrogen, carbon dioxide , total ga®duction and hydrogen on carbon
dioxide ratio; (b) pH and ORP

3.2 Chemical and biological analysis
Total sucrose decreased during fermentation franstarting concentration of 90 g/l till

51 g/l (Fig. 2a). In Fig. 2b the trend of biolumétence proportional to the ATP level
and the trend of biomass growth in terms of CFUWfClostridium sppare reported
The graph suggests that the maximum activity, ims$eof viable colony count and
chemiluminescence, was reached at t = 64h at iti@ iphase of hydrogen production.
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Fig. 2 — (a) Sucrose concentration; (b) Clostridéadd ATP analysis
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Finally, Fig. 3 reports the volatile fatty acids K®¥;) and ethanol produced along
fermentation. The maximum concentrations of acetaigyrate and propionate are 30,
120 and 52 mg/l respectively, while the total agideached its maximum at the end of
fermentation at 230 mg/l. Besides the maximum cotredion of ethanol was 1244
mg/l, observed at t = 64h at the initial phaseyafrbgen production (Fig. 1a).

3.3 Kinetics study

On the basis of results reported in figures lazmtivo regression curves for hydrogen
production and sucrose consumption were built. Both diagrams a modified
Gompertz equation suitable for the description leé ticrobial growth in a batch
culture was used. The hydrogen production was iegtrwith the modified model
presented by Lay et al., 1999

H= Hmaxxexp{— exy] maxit; X© xe(/‘ —t)+1}} (1)

H max

where H represents the cumulative volume of hydnogeoduced (I) at the time t,
Rmax.r iS the maximum value of hydrogen production r#t® (vhereas\ is time of lag
phase (h). By differentiating eq. (1) hydrogen prcttbn rate 5, was calculated as

', = RnaxH, xex;{— ex{le_T—Hzm(/i —t)+1} {M (/1 —t)+1} +1} 2)

max max

On the other side sucrose consumption could beesepted by the modified Gompertz
model proposed by Fan et al., 2004

xe

Sy =S = Sy XEXP, —€X RmaX—'S()I—t)+1} 3)
Shmax

where 3 is the initial concentration of sucrose at t = (@® g/l), S is the actual

concentration inside the reactor ang,Js the maximum sucrose consumption. By

differentiating the eq. (3), the rate of subst@asumptiondis given by

o = Rumcs xexp{—ex{%u—tm} +[%u_t)++l} @

ax

All parameters in the equations were estimated lymizing the sum square of errors
between experimental data and model prediction.atigus 1 and 3 are reported in
figure 4a and 4b.

The trend of hydrogen production rate is traced asction of time as shown in Fig. 5.
The exponential phase of hydrogen production oeclim the range of t = 60+100h and
the maximum production rate was found at about7Ok when sucrose concentration
was 51 g/l (fig. 4a).



The following section describes the use of kinedisults in order to evaluate retention
time (HRT) in a continuous plant to reach optimahditions as discussed above with a
high initial sucrose concentration. By choosing tfptéimal concentration of sucrose at
which the reactor should work for maximizing hydeagproductivity, for an established
value of incoming sucrose concentratiaf) 1®tention timer could be easily evaluated
by steady-state balance, assuming an ideal behawugide the reactor CSTR:

z’:l:—so_sss

Q s
where Q represents the flow (I/h) inside the rea@pand $sare respectively the inlet
and optimal sucrose concentrations, V is the volofrihe reactor andslis the sucrose
consumption rate atsgvalue.
By fixing an initial sucrose concentration, retentitime that maximizes hydrogen
production could be easily found with equation (8¢vertheless, in order to effectively
obtain hydrogen, retention time must be comparetd biomass growth time in order to
avoid problems connected with the so called “wadfi phenomena. In this sense many
reviews in literature report values of maximum sfiegrowth rate hax in the range of
0.08+0.125 H (Chen et al., 2001; Mu et al., 2007). Fixing thetiah sucrose
concentration in the range of 60+70 g/l, the dilntrate D =r™, calculated according to
the eq. (5), varies in the range of 0.011+0.025vhich is much smaller than., well
distant from wash out conditions.
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4. Discussion and conclusions

This experiment proved that it is possible to pamuiohydrogen in a pilot scale
reactor using digested sludge as inoculum and seae a substrate, without enriching
the culture with clostridial species. The experitneanfirmed that acid pre-treatment is
a valid method to inhibit methanogenic bioactivismce no methane nor hydrogen
sulphide was observed in gas produced.

After a lag phase of 48h, necessary for the bactgrorulation, as suggested by Hawkes
et al. (2002), hydrogen production began with aimar rate of 0.94 I/h at t = 74h,
resulting in a final volume of hydrogen produced8fl on a total volume (J+ CQO,)

of 66.9 I. At the end of production, consideringyotihe contributions of hydrogen and
carbon dioxide, a concentration of 46% in, Wvas reached, equivalent to a
hydrogen/carbon dioxide ratio of 0.86. Sucrose eatration reduced from 90 g/l to 51
o/l, with a final yield in hydrogen production of32 mol H/mol sucrose. This value,
obtained working at 20°C and with mixed microfloialower than the values that could
be found by many researchers (Taguchi et al., 1988king at higher temperatures
(30+35°C) and in some cases with pure culturesalTolostridium plate count showed
a maximum of 1.8xIDCFU/ml at t = 64h, when ATP reached its maximunmid®00
rlu; pH decreased constantly from 7.2 to 5.2, wHI&P diminished showing a
minimum of -440 mV at t = 72h, in correspondencetiod maximum hydrogen
production rate. This value indicates that a regly@tmosphere required for hydrogen
producing bacteria was established, while at thmeséime the reduction of pH is
connected with the formation of volatile fatty axid

Fang et al., 2002, found that predominant bacia@m®sent in a mixed culture enriched
by acid pre-treatment belong to species in the geG®stridium Enterobacterand
Citrobacter Some species, i.€. butyricumand C. tyrobutyricum produce butyrate
and acetate as their main fermentation byprodustgreas other species, like.
acetobutyricunfollow the homoacetogenic pathway.

In this study the major volatile fatty acids proddare essentially acetate and butyrate,
according to the following reactions

Clezzoll +5 Hzo — 4 C"bCOOH +4 CQ +8 Hz (6)
Cy2H2204; + H,O — 4 CHCH,CH,COOH +4 CQ+4 H, (7

This suggests that mixed microflora observes actlpbutyrate-type fermentation as
main metabolic pathway, even though small amouftpropionic acid and acetate
could be detected along the process, as a resathef types of fermentations, such as
propionate-type or homoacetogenic. Observing Figis3clear that reaction (6) and (7)
are only a rough approximation of reality, so thachemical pathways need to be
analyzed in more detailed experimental tests. Thdysof the kinetics of hydrogen
production and sucrose consumption through the firddGompertz equations led to
the definition of the optimal conditions (initiaigrose concentrationy&nd retention
time 1) for working in a continuous mode. As a first cdiesation an optimal sucrose
concentration for maximizing hydrogen productivitias found at a value of 51 g/l.
Further on, a relationship betweep &dt was outlined, so that for initial values of



sucrose of 60+70 g/l, a dilution rate Dt of 0.011+0.025 T is needed to obtain the
maximum H production rate preventing at the same time waghlo any case all of
the above considerations are valid for high sucooseentrations experimentally tested
(i.e. S >50 g/l).
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