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   Sequential fhrmentations for hydrogen  and  rnethanc  were  carried  out  at  37eC with  a

mash  containlng  rice  straw  obtained  from  horse feces and  kitchen leftovers as  substrates

by the  sequential  addition  of  fresh horse feces znd  acclimatcd  methane  sludge.  The
efficiency  of  the fermentations was  improved  by pretreatment  of  the substrates  with

O.16%  NaOH  at  1230C for 20 min  and  with  O.18%  cellulelytic  and  hemicel1ulolytic en-
zymes  at  300C at  pH  4.5 for 3 days. This treatmentliberated  12%  ofsugar  materials  from
the substrates  and  doubled  the  volume  ofgas  evolved  in the  fermentations. The volume

of  hydrogen  evolvcd  in 4 days from  the substrates  supplemented  with  100 mg  of  urea  by
the  microbes  in 2 g offresh  horse feces was  338 ml,  representing  13.8%  ofthe  total volume

of  gas evolvcd.  The  volume  ofmethane  cvolvcd  in the  fo11owing 12 days on  addition  of

15 ml  of  acclimated  sludge  was  604 ml. The  volume  percentage  ef  methane  in the  gas
was  58%  at  5 days, incrcasing to B2%  at  12 days. The  COD  of  the  supernatant  of  the
mash  dccreascd from  the  initial 8,400 to 528 ppm  at  the end  of  the  fermentation. The
amount  ofcarbon  in the  gas evelved  was  calculated  to represcnt  3B.3%  of  the  carbon  con-

taincd  in the two  substrates.  A  small  amount  ofacetic  acid  was  accumulated  in the  mash

during the hydrogen  fermentation, while  1arge amounts  ofvolatilc  acids  were  accumulatecl

in the  mash  during the  methane  fermcntation.

   Mannitol, sorbitol,  lactatc and  gluconate were  goQd  substrates  for hydrogen  evolu-

tion  by  fresh horse feces; butyric ancl  valeric  acids  were  accumulatcd  in the  mash.

  Hydrogen  and  methane  have attracted

attentien  as  clean  fuel resources.  All meth-
anogenic  bacteria can  utilize  hydrogen  as  a

sole  source  of  reducing  power  ft}r methano-

genesis and  for cell  carbon  synthesis.  There-
fore, a  multi-bacteria  system  including hydro-

gen-producing  bacteria is needed  for con-

tinuous  methane  production from  organic

materials.i)  The  products of  hydrolysis
by cellulolytic,  lipolytic and  proteolytic
bacteria, such  as  sugars,  and  fatty and  amino

acids,  are  converted  to hydrogen, carbon

dioxide, and  formic and  acetic  acids  by
hydrogen-producing  bacteria. Finally, ana-

erobic  methanogenic  bacteria produce
methane  from acetic  and  formic acids  or

hydrogen  and  carbon  dioxide.2,3)

  Hydrogen  evolution  by hydrogenase is a

major  route  though  which  CTostridia cells

dispose of  the  excess  electrons  produced by the

oxidative  breakdown of  carbohydrates.  In
1962, Rohrback et  al. reported  the  production
of  hydrogen from  glucose by or. butyricum.4)
Recently, it has been reported  that  hydrogen
was  continuously  produced from glucose
by immobilized  cells  of  hydrogen-producing
bacteria, and  that  hydrogen evolution  con-

tinued  for at  least 20 days.s)

  In a  previous paper, some  of  us  reported

that  the  eMciency  of  a  methane  fermentation
was  greatly improved  by pretreatment  of

bagasse and  coflbe  grounds  with  dioxane or
dioxolane fo11owed by incubation with

cellulelytic  and  hemicellulolytic enzymes.6,7)

  The  present paper describes sequential

fermentations for hydrogen and  methane  of

rice  straw  and  kitchen leftovers treated  with

alkali,  and  cellulolytic  and  hemicellulolytic
enzymes.
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           Materia!s  and  Methods

  Horse  feces, kitchen  leftovers and  rice  straw

obtained  from  horse  feces Horse  feces were

collected  within  3-tl h after  defecation from  a  specified

horse in the  stable  of  thc riding  club  at  Osaka City

University. The  composition  of  kitchen leftovers is

shown  in Table  1. Rice straw  employed  in the  study

was  obtained  from fresh horse feces by  washing  the

feces with tap  water  in a  gauze bag for 4 days at  room

temperature,  and  then  the  straw  left in the  bag  was

dried in a  stream  of  air  at  600C, which  gave 22,6 g of

rice  straw  frem  112.5g  of  feces. This straw  had

slightly  higher carbon  and  hydrogen  contents  and

lower nitrogen  and  ash  contents  than  native  rice  straw.

The  compositions  and  chemical  analyses  ef  horsc feces,
kitchcn leftovers and  rice  straw  arc  shown  in Table  2.

  Alkali and  enzymatic  treatments  Rice straw
and  kitchen leftovers were  trcated  with  NaOH  at

various  concentrations  at  1230C  for 20min. Treat-

ments  with  cerlulo]ytic  and  hernice!lulolytic enzymes

were  canied  eut  with  O,18%,  O.50%  or  1.0%  of  com-

rnercial  enzyme  preparations at  pH  4.5 and  3GeC for

72 h.

  Methane  bacteria  and  their  acclimatization

The  sludgc  used  was  obtained  from  blow  mud  found
in an  old  Iotus-reot field in a  suburb  of  Osaka City.
The  mud,  which  contained  gas of  which  78%  was

mcthane,  was  precultured in a  suspensien  of  3.0%

soybean  seed  coat  at  370C,

  Fermentation  metheds  Hydrogen  fermenta-

tion  was  carried  out  in a  100-ml syringe  containing

10'ml ofa  mash  of200  mg  efsubstrate  ancl  1 g of  fresh
horse feces, or  a  200-ml syringe  containing  45ml

of  a  mash  of  O.5 g ef  rice  straw  from  herse feces and

1.7B g of  kitchen leftovers and  2 g of  fresh horse feces
at  370C  for 3 er  4 days. Methane  fermentation was

carrled  out  at  370C for 12 days in a  20e-ml syringe

containing  15 ml  of  the  acclimated  sludge  and  45 ml

of  the suspension  obtained  after  hydrogen  fermentation

                    [J, Ferment. Technol.,

Table 2. Chemical  compositions  of  horse  feces,
   kitchen leftovers and  rice  straw.

Horse Kitchen Rice
fecesa leftovers strawb

Total sugar  contentc

Crudc  protein
dshWater

26.9%  50.5%  35.6%

 L05  1. 30 4. 20

 1. 80 O. 30 18.3

75.0 92.8 7.0

                                    36. 6

                                     O.82

                                     5. 00

 a The  content  of  rice  straw  in horse feces Qas estimated
  to be BO%.
b
 Remeved  frorn horse feces as  deseribed in Mhterials

  and  lhtheds.

 
c
 Glucose equivalcnt  for the fraction dissolved by  72%

  H2S04  in 48 h at  25eC, and  thcn  boiled for 2 h after

  diluting the  acid  to  3%  with  water,

of  the mash  of  O.5 g of  rice  straw  and  1.78 g of  kitchen
leftovers.

  Analyses  Reducing  sugar  was  determined  by
the Schaflbr-Somogyi mcthod.8)  After treatment

with  NaOH  or  cellu]olytic  and  hemicellulolytic
enzymes,  the  sugar  materials  in thc supernatant  of  the

reaction  mixture  werc  determined by the phenol
sulfuric  acid  method.g)  Degree  of  dissolution was

calculated  from  these  data as  the percentage of  sugar

materials  libcrated from  the substrates,  Total nitregen
content  was  determined by the micro-Keldahl  method.

Ash  was  determined  by weighing  the residue  after

incineration. ahemical  oxygen  dcmand was  assayed

by the  mcthod  described in JIS KOIOI.ie)
  The  volume  ofgas  evolved  was  measured  with  a  gas
burette using  saturated  sodium  chloridc  solution  te

equilibrate  the pressure. Gas  composition  and  volatile

fatty acids  in the  mash  were  detetmlned as  described

previously.G)
  Chemicals  

"Cellulosin

 Aa''  (Ueda Chem. Co.
Ltd,, Osaka)  and  cellulase  

"Onozuka''
 R-10  (Kinki

Yakulto Co. Ltd,, Osaka)  were  thc  cellulolytic  and

hemiceltulolytic enzymes  used  to examine  the  hydrolysis

of  rice  straw  from  horse feces and  kitchen Ieftovers.
All other  chemicals  were  of  commercial  grade.

                 Results

  Dissolution  of  rice  straw  firom horse
feces by  treatment  with  alkali  and

cellulolytic  or  hemicellulolytic enzymes

The  dissolution of  rice  straw  from  horse

feces rese  to 27.5%  with  the  increase in cen-
centration  of  alkali  added  to the  reaction

CarbonNitrogen

Hydrogen

43. 2

 O. 67

 5. 72

43. 2
 2. 8B

 6. 38

Table  1. Composition  ofkitchen  leftovers.

Contents

Cabbage  leaf

Orange  peel
PotatoSoy

 bcan  (dried seed)

Green  tea  grounds
Fi$h bones

Edible  seaweed  (dried)
Wheat  flour

gil100100

 10

 1035202530

Mixed  with  1 t oftap  water  in a  mixer.
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mixture,  as  shown  in Table  3. With alkali

fo11owed by enzymatic  treatment,  dissolution
after  72h  was  15.2% with  1.0%Cellulosin
AC  and  27.4% with  1.0% cellulase  

"Ono-

zuka"  R-10, as  shown  in Table  4.

  Hydrogen  evolution  from  saccharides,

polyalcohols and  organic  acids  by  an-

aerobic  microbes  in fresh  horse  feces

Hydrogen  evolution  from  saccharides,  poly-
alcohols  and  organic  acids  was  examined  by
addition  of  fresh horse feces as  the source  of

anaerobic  microbes  and  incubation at  pH  7.0

and  37eC  for 3 days. The  results  are  listed
in Table 5. Two  hundred mg  of  substrate

was  added  to the  mash,  because about  the

same  amount  of  sugars  was  liberated from the
rice  straw  and  kitchen leftovers in the  methane

fermentation after  treatment  with  alkali  and

cellulolytic  or  hemicellulolytic enzymes.

The  volumes  of  gas evolved  frem mannitol

and  iactate were,  respectively,  80 ml  and  85
ml,  the  highest fbr the  substrates  tested. The

gas evolved  from  saccharides  other  than
arabinose  contained  13-25%  hydrogen, and

that  from polyalcohols contained  between
23%  and  40%  hydrogen. The  gas evolved
from  lactate had  the  highest content  of

hydrogen, 49%.  During  the  3-day incuba-
tions, the  pH  of  the  mash  fe11 from  7.0 te 4.0.
No  evo]utien  of  methane  was  observed,

probably because the  pH  of  the  mash  was

unsuitable  for the  growth of  the methanogenic

bacteria in the native  horse feces. The
main  volatile  fatty acids  accumulated  were

acetic  acld  frem saccharides,  and  butyrSc

Table  3. Dissolution of  rice  straw  by  alkali  treatment.

NaOH
 (%)

Dissolutiona
   (%)

NoneO.

 16O.

 16O.

 32O.

 801.
 603.

 204.
 00

 L7
 6. 0

 2. 25b10.
 215.
 120.

 022.

 827.

 5

Rice straw  was  treated  with  alkali  at  1230C for 20 min,

and  then  total  sugar  centent  was  determined by thc

phenol sulfuric  acid  method,

apcrcentofdissoiution=tP.liagihl"6gf-tht･Sc-5-)kr-{M-ittw-･
× ioo

b A  mixture  of  1 g of  rice  straw  and  1.78 g of  kitchen

 lcftovers was  treatcd  with  O.16%  NaOH.

Table 4. Dissolution of  rice  straw  by  successive

   cellulolytic  or  hernlcellulolytic enzymes.treatment

 with alkali  and

DissDlutien (%)a
Treatment Aclditien

  (%)
Incubation time  (h)

oL76.06.

 06.
 06.

 06.
 06.0

24 48 72

NoneNaOHbCellulosin

 ACc

Cellulase `"Onozuka"
 R-10e

O. 16O.

 18O.51.0O.5LO

 1. 76.0

 9. 9ILOIL117.

 721.5

 1.7

 6.6ILO12.

 412,621.524.

 7

 1. 76,
 612.

 014.
 915.
 225.

 027.4

a
 The  perccntage  of  sugar  materials  found in the supernatant  after

 treatment  to the total wcight  of  rice  straw  (200 mg).
b Treated with  O.16%  NaOH  at  1230C for 20min,  cooled  to room  tem-

 peraturc, and  then  incubated at  300C,
c
 After treatment  with  O.16%  NaOH  at  1230C for 20 min]  45 ml  ofthc

 reaction  mixture  was  coolcd  and  adjusted  to pH  4.5 with  6N  HCI,

 thcn  cnzymc  was  added,  and  the  mixturc  was  incubated at  300C.
 The  amounts  of  enzyme  ftdded  are  expressed  as  pcrcentages  of  the  total

 wcight  ofrice  straw  in the  mixture.
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and  valeric  acids  from pelyalcoho]s and

gluconate.
  Hydrogen  and  methane  fermentation
of  riee  straw  and  kitchen leftovers
Sequential fermentations of  rice  straw  from

horse feces and  kitchen leftovers were  investi-

gated with  anaerobic  Tnicrobes  in fresh horse

feces and  methanogens  in the acclimated

sludge  over  a  peried of  l6 days. Sugar

materials  solubilized  by pretreatment  of  these

materials  with  O.16%  NaOH  at  l230C for
20 min  amounted  to  2.25%, aRd  those  released

by  the  enzymatic  hydrolysis (O.18% Cellulosin
AC)  at  pH  4.5 and  30eC for 3 days amounted
to 12%, as  shown  in Tables 3 and  4, Alkali
treatrnent  with  O.16%  NaOH  was  chosen  for
the  sequential  fermentations, because higher
concentrations  on  neutralization  with  HCI

gave eoncentrations  of  sodium  chloride  that

were  inhibitory to the fermentation. Cellulo-

sin  AC  was  chosen  instead of  Cellulase
"Onozuka''

 R-1O for enzymatic  pretreatment,
because although  it gave a  smaller  degree of

hydrolysis, the  amounts  of  hydrogen and

methane  formed by the fermentation were

greater. Its concentration  was  limited to

O.l8%  based on  economic  considerations  of

application  of  the  pretreatment to a  larger

scale  fermentation.

  Hydrogen fermentation was  first carried

out  by the  addition  of  2.0g  of  fresh herse
feces CO.5g dry weight)  and  incubation for
4days  at  pH  7.0 in the  presence of  the

additional  nitrogen  souree  of  100mg  urea.

As shown  in Tabre 6, the  hydrogen content

of  the gas cvolved  was  23%  at  2 days, and  the

total volume  of  gas evolved  was  338 ml  after

4 days.

  After the 4-day  hydrogen fermentation, the

pH  of  the mash  was  adjusted  to 7.0 by the

Table  5. Gas  evolution  and  cornposition  of  volatile  fatty acids  in the  mash  containing

   saccharides,  polyalcohols and  organic  acids  by anaerobic  microbes  in h6rsc feces.

              Gas  Gas  composition

s.bstratc
 
added

 
ev?tsviC)d'

 
-(Hl2i)

 
-'''9%O-)i'

Volati e aci

  (mglml)
AA  PAIBABAVAc

Saccharides

 Glucose

 Maltose

 Galactose
 Arabinose

 Lactose
 Rhamnose

Polyalcohols

 Inositol

 Sorbitol
 Mannitol

 Dulcito!

 Glycerol

Organic acids
 Lactate

 Gluconate

1061061020

IO50BO2825

8545

251317421516

o40342336

4924

7587835885M

10060667764

5176

O. 34O.

 63O.85O.

 02O.
 77O.

 76

4. 54O,

 15O.

 17O.

 18O.
 40

O. 21O.

 34

O. 07O.

 15O.
 12O.

 02O.
 11O.

 78

3. 26O.

 I6O.

 22O.

 17O.
 02

e. 32O.

 17

 NdNNNNO.

 02

NNNO.

 02N

NN

o. oso.

 oaNO.

 02O.

 04O.
 58

O. 21L611.

 45O.

 861.06

O. 23O.
 99

NNNNNO.

 47

NQ
 06O.
 84O.

 11O.
 24

e. 32O.

 84

a Tcn  ml  of  a mash  of  1 g of  herse feces afid  2oo mg  oi  subslr'ate  wEg  incubated

 in a  rOO-ml syringe  at  37aC  for 3 days.
b
 After 3 days incubation, the  mash  was  acidificd,  and  volatile  acids  were  ex-

 tracted  into ethyl  ether  and  analyzed  by gas chromategraphy.
C AA,  acetic  acid;  PA,  propionic acid;  IBA,  isobutyric acid;  BA,  butyric acid;

 VA, valcric  acid.

d
 N, negligible.
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addition  of  5N  NaOH  in small  portiens,
and  rnethane  fermentation was  initiated by
the  addltion  of  15 ml  of  the  acclimated  sludge.

The  methane  content  of  the  gas evolved  was

53%  at  5 days, increasing to 82%  at  l2 days,
as  shown  in Table 6. The  volume  of  gas
evelved  in the  fo11owing 12 days on  addition

of  15 ml  of  acclimated  sludge  was  604 ml.

  The  total volume  ofgas  evolved  was  942 ml

in the sequential  hydrogen and  methane

fermentatlons covering  l6 days; the volume

percentage  of  methane  in the gas was  36.6%,

and  those  of  carbon  dioxide and  hydrogen

were  55.7e/. and  7.7%, respectively.  The

compositions  of  the supernatant  ef  the  mash

before and  after  the  fermentation are  sum-

marized  in Table 6. The  COD  of  the

supernatant  of  the mash  decreased from  the

initiai 8,400 to 5,400ppm  after  4 days of

hydrogen  fermentation and  to 528ppm  at

theendofthemethanefermentation.  Organ-
ic substances  in the  supernatant  of  the  mash

decreased from 915mg  in total at  first to

427 mg  at  the end  of  methane  fermentation.
Total sugar  contents  and  the amounts  of

nitrogen  in thc  supernatant  of  the mash

decreased from 203 mg  to 4,4mg  and  from

51.6 mg  to 2.4 mg  at  the end  of  the  fermenta-

tion, respectively.

  In the  experiment  for comparison  of  the

gas evolution  from  the  substrates  pretreated
with  alkali,  and  cellulolytic  and  hemicellulo-
lytic enzymes  with  the results  for the  sub-

strates  without  both  pretreatments, 17e ml  of

gas containing  28ef!. of  hydrogen in volume

percentage was  evolved  in 4 days, and  263 ml

ofgas  containing  63%  of  methane  in volume

percentage was  evolved  in 12 days in sequen-

tia] fermentation. When  the substrates  were

pretreated with  both alkali  and  enzyme,  the

eMciency  of  the  fermentation was  lmproved
about  2-fold in terms  of  gas evolution.

  A  small  amount  of  acetic  acid  was

accumulated  in the mash  in the hydrogen

ferrnentation, while  larger amounts  of  acetic,

propionic, butyric and  valeric  acids  NsTere

accumulated  in the  methane  fermentatien.

After 5 days ef  methane  fermentation, the

amounts  of  acids  accumulated  were  maximal,

Oi  et al. [J. Ferment, Technel.,

    and  thereafter  decreased gradually. Pro-

    pionic and  isobutyric acid  accumulated  again

    in the  mash  after  8 days of  incubatien, as

    shown  in Table  6.

                  Discussion

      CTostridium thermecetlum was  examined  fbr

    the  ability  to ferment various  sugars

    by  monitoring  hydrogen and  carbon  dioxide

    formation,ii) Recently, it has･ been  shown

    that  hydrogen  was  continuously  produced
    from glucose by immobilized  whole  cells  of

    C7ostrium btitvn'cum fbr at  Ieast 20 days.5)

    In the  case  of  fresh horse feces, hydrogen was

    evolved  for 4 days in the mash,  and  1.6

    mmol  hydrogen was  evolved  from 2.78g

    ef  substrates  consisting  of  1.0 g of  rice  straw

    from  horse feces and  l.78g of  kitchen left-

    overs.  The  imrnobilized O.1 g of  whole  cells

    of  Ct. butyricum produced  60 gemol of  hydrogen

    from  l8rng  glucose on  18h  incubation at

    37℃ . With  fresh horse feces, I.6mmol  of

    hydrogen was  evolved  from about  1.25g

    (6.94 mmol)  of  sugar  materials  contained  in

    the  substrates.  Thus  a  69-fold larger

    ameunt  of  sugar  materials  was  empleyed

    with  the  fresh horse feces and  a'26.6-fold

    larger amount  of  hydrogen was  evolved

    than  with  O.1 g of  wet  cells of  Cl. butyricum

    from the  substrates  in S days. The  anaerobic

    rnicrebes  in horse feces could  utilize  various

    sugars  and  polyalcohols. Mannitol, lactate

    and  gluconate were  specially  good  substrates

    fbr hydrogen evolution,  as  shown  in Table 5.

    With  mannitol,  1.2 mmol  of  hydrogen was

    evolved  froin 1.1 mmol  of  substrate  on  3 days

    incubation with  1 g of  the fresh horse feces.

    If O.I g of  anaerobic  microbes  was  contained

    in the  fresh horse feces, the  ability  ofhydrogen

    evolution  by horse feces would  be in the same

    range  as  that ofthe  native  cells  of  Cl. butyricesm,

    About 25%  of  the horses stabled  at  Osaka

    City University evacuated  feces which  could

    be used  for the  test of  hydrogen  evolution.

      Twelve  %  ofsugar  materials  was  solubilized

    from  rice  straw  from  horse feces and  kitchen

    leftovers by  the  sequential  treatment  with

    alkali  and  enzyme,  i.e., 144mg  of  sugar

    materials  were  liberated. The  degree of
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dissolution found  in the  experiments  was  of

the  same  degree as  that  of  other  materials

reported  previously.6,') That  of  bagasse,
for example,  was  l4%,  and  that  of  coflbe

grounds  was  10%,  If sugars  are  added  to

thc fermentation mash  in larger amounts

than  200 mg,  it might  be expected  that  larger
amounts  of  hydrogen would  be evolved  than

that  reported  here. However,  it is generally
recognized  that  hydrogen and  methane

fermentatiens are  governed  by a  balance
among  the metabQlites  produced  by anaerobic

microbes,

  The  fermentative processes of  hydrogen
and  methane  were  well  separated  by the

sequential  addition  of  the  fresh horse feces
and  the acclimated  methane  sludge.  The

total volume  of  gas evolved  in the  sequential

fermentations was  1.5 times  larger than  when

fresh horse feces and  the acclimated  sludge

were  added  simultaneously.  Also, the gas
evolution  per g of  substrates  was  approx-

imately double that  when  alkali  and  enzyme

pretreatment was  omitted.

  The  total  volume  of  gas evelved  was  942 ml

in the  sequential  hydrogen  and  rnethane

fermentations covering  16 days; the percent-
age  of  methane  in the  gas was  36,6% and

that  of  carbon  dioxide was  55.791.. The
amounts  of  methane  and  carbon  dioxide in
the  gas evolved  were  15.4mmol  and  23.4
mmol,  respectively.  The  total weight  of

carbon  in the  methane  and  carbon  dioxide
evolved  was  calculated  to be O.46 g. On  the

other  hand,  the  total weight  of  carbon  in the
rice  straw  and  kitchen leftovers used  in the

fermentation was  calculated  to  be 1.20g

from  the  data shown  in Table 2. Thus  the

conversion  rate  of  carbon  in the substrates

to  gaseous compounds  was  calculated  to be
38,3%.  The  gas evolved  per g of  substr'ate

Hydrogen  and  Methane  from  Rice Straw

                from bagasse and

                                  515

                ¢ oflbe  grounds  amounted,

respectively,  to  200ml, of  which  68%  was

methane,  and  335ml,  of  which  58%  was

methane.5;7)  In the case  of  rice  straw  and

kitchen leftovers, the  gas evolved  in the

sequential  fermentations amounted  to 942  ml,

of  which  36.6%  was  methane,  but this was

with  use  of  l.Og of  rice straw  and  l.78g
of  kitchen leftovers, Thus  the  amount  of

methane  formed was,  respectively,  slightly

or  fairly smaller  than  that  from  bagasse and
coflbe  grounds.
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