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Summary

Microbial electrolysis cells (MECs) are capable of converting the chemical
energy of organic waste into hydrogen gas. In MECs, an additional voltage is
supplied to the cell and by lowering cathode potential, protons are reduced at
the cathode to produce hydrogen gas. In present study, several experiments
were performed to investigate lower—cathode cost materials for MECs and to
enhance the performance of a scale-up MEC. Firstly, performance of a wire
type cathode with a reduced Pt loading was assessed by comparing with a
disk type cathode that has 7 times larger surface area than that of the wire
type cathode. Secondly, different types of tubular anion exchange membranes
(AMI and EDC) were evaluated for developing a scale-up tubular MEC.
Thirdly, the optimal anion exchange membrane (EDC) was used to make
membrane cathode assembly in a continuous—flow tubular MEC and seawater
was evaluated as a catholyte to replace phosphate buffer solution in the

cathode chamber. The summarized results of this study are as follows.

1. Although the wire type cathode has 1 cm® surface area with sufficiently
low Pt loading (0.02 mg Pt/cm?®), the performance of the MECs equipped
with the wire type cathodes showed similar or better performances than that
of the disk type cathodes (7 cm? 0.5 mg Pt/cm?) at various sodium acetate
concentrations in terms of coulombie efficiency (CE), hydrogen production
rates (Q), cathodic hydrogen recovery (re), and energy recovery (ng).
The result of Electrochemical Impedance Spectroscopy (EIS) showed that
film resistance and polarization resistance of the wire type cathode were
lower than those of the disk type cathode because of thiner catalyst layer

and high current density.



2. In order to find the optimum membrane cathode assembly in the tubular
reactor, the performances of AMI and EDC membranes were evaluated. COD
was completely removed in both reactors but MECs with EDC showed better
performance in terms of CE, Q, re, and ng than MECs with AMI. Also, EIS
results showed the internal resistance of EDC was higher than that of AMI.

3. A continuous—flow tubular MEC was operated with the EDC membrane. At
initial phase, PBS was used as a catholyte solution and after 3 days of the
operation, artificial seawater was supplied to the cathode chamber instead of
PBS. Similar performances were achieved in both conditions in terms of
current density, COD removal, r.s and Q but energy efficiency with PBS
was 8% higher than that with artificial seawater. When using artificial
seawater, calcium and magnesium ions were removed by 59% and 53%,
respectively. This shows that bioelectrochemical system can be used as a
pretreatment step for seawater desalination to prevent inorganic fouling on

reverse osmosis (RO) membrane.
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Table 1. Comparison of representative biohydrogen production technologies

Bio—photolysis

Photo-fermentation

Dark fermentation

Microbial electrolysis cell

Green algae (Scenedesmus

Rhodospirillaceae(Photosynthe

Eschericia coli, Porphyriduim

Representative | obliquus, Chlorella fiisca), tic non-sulur bacteria), curentum, Klebsiella Geobacter sulfirreducens,
organisms Cyanobacteria (Anabaena Chromatiaceae, Chlorobiaceae pneumoniae, Alcaligincs Shewanella onerdensis
cylindrica, A. vaiabilis, ) 3 families Caligincs eutrophus
In the photosyntheti . . . .
the photosynthetic . .. It is dark fermentative Exoelectrogenic microbes
system of algae, water Under light conditions . . .
. . conversion of glucose to Hy, convert organic matter into
converted to oxygen, fermentative bacteria convert . . .
. L. acetic acid and CO,. electrons in anode chamber.
. protons, electrons. And organic acid into H2 and . .
Principle . Hydrogenase is the key Supplying above -0.25 V
Electron transports to the CO2, it is a very complex .
. enzyme catalyzing molecular | voltage to the cell, hydrogen
hydrogenase enzyme that process and influenced by . .. .
A H> formation by combining can be produced in cathode
combines electrons and many factors.
protons and electrons. chamber.
protons.
liberate 100 % of th . . + Oxidation of organi
¢ (Can produce H, from berate 100 %6 of the Produces highest yields Oxidation of organic
; electrosn from the matter and the many
water and sunlight . of H, compared to other .
. organic substrate to . . different sources.
directly. biohydrogen production . .
. generate Hy, and CO», ¢ High H; yields, as
Advantages | ¢ Solar conversion energy . ; . processes. N
. . Using a wide variety of . . Hs-capture efficiencies
increased 10 times as . No need for light which o o
organic substrates such ranged from 67 % to 91 %
compared to trees, crops, . . can produce H, all day .
ots as organic agricultural lon from diverse donor
and industrial wastes. g substrates.
Not spontaneous reaction .
* H, production rate is requiring external ener H, consuming
2D requiring rey homoacetogens reduce ¢ Need for efficient
slower than other input in the form of light. hvdrogen broduction catalvsts at the cathode
Challenges techniques. Strike control of ydrogen p ’ Y ’

Hindered enzyme action
by oxygen.

environmental conditions
is essential for efficient
H> production.

Additional cost to

separate product mixture
of COs and Ho.

+ Not yet been scaled-up
successfully.




Zol7] wel

i+

o

il
il

7F2~9] o

-
T

H, AAts

=

7}

2=
e

1
.

SR

Y=

=
=

o] 100%

oy
iod

il ol | =]

9

g Zo] BAHNME & e} 9D

IL21. +%

Holl A= 771

3 -

1
T

MEC
BES 9]

AL 5 Qo] A=A st of

=
=

EERSISIEEY

PN
T

= 3

ZFolth BES

ki3

A

R

A
o

o

i

A

I
il

EREEE

ol

N

o] el MEC®] 71241

=23)
)

Rozendal

Fig.1&

B
ol

B

B
ol

Do
o

‘ﬂl

g

ol
w

ol

%

ToR

Iy

=
Hol7] wite] F2 o]-g5 ofghr

R

Ao Aok 3t7] o] Zujr}

el
=

0
4r

7 A

Exchange

F(Cation
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Fig. 1. Schematic representation of hydrogen production through

biocatalyzed electrolysis of acetate. Adapted from Rozendal et al.®
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Fig. 2. HPRy (circles), HPRc (squares), H, (triangles) and CH, (asterisks)
concentrations as a function of cathode surface area. Adapted from Rivera et
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Fig. 3. Total gas production in two chamber MECs using

different catholytes. Adapted from Nam et al.*”
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Fig. 4. Cation concentration in artificial seawater and final
solution in the cathode chambers of the closed and open circuit

reactors. Adapted from Nam et al.*?
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. As 2 =4

ML1.1. 957 e & A=

B Ao e] MECE o] AdukS-7](two chamber)® Ejo]t}t. 48] of=2H(4
cm * 4 cm * 4 cme 7HSdE AE 3 cmd 9508 E& A F NE YAR
AAste] 247 S FLATFHE9} st TE R Y. ¥ye 747 3

al
=B A}o]l S Lo]2ws W (Neosepta AMX, Astom, Japan)Co. & E#lslit). 3t
L
-

A
AA=F9] Hafd-2 100mM phosphate buffer solution(PBS)ollom 742~ ¥

8 &S AZA3tY] headspaceE FiL 7FAMS o] £31o] 7l
g2 ol A9l ALZ S Fig. 59| YeER AT
Abstd =S wAEo] K& A AEli= graphite brushE ARE5FTh D33 2]

Aol BAEAAS FEeke] 10 Qo) ARAFL AAF MECHA A 5A7

USA)$} vitamins, minerals 52 Y2 8928 o]83t%92™ sodium acetate?]

TR 04 ~10 g/Le WA 22t A ddd=842 100 mM
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(a) IH,
Power supply

e f | [

H, + 20H
2H,0 + 2¢

¥
2C0, + 8e "+ 8H*

\
C,H,0, + 2H,0

Anode

Cathode

Fig. 5. (a) Generalized schematic diagram of microbial electrolysis cell
(MEC), showing two chambers seperated by an anion exchange membrane
(AEM) with the voltage set using a power supply. (b) Two chamber MECs

used in this research.
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ML.1.2. sFd A=A =

39 H=F2 carbon cloth (Nara cell-tech, Korea)& ©] €3+ disk3 (7 cm?) A=
3} Ti wireE °]-§3 wired(1 cm?) AF& AMEE A ZHzhe] Sdd o= )
=+Z1(10% Pt on vulcan XC-72, Premetek Co., USA)$} Nafion®perfluorinated
resin solution(Aldrich, USA), iso-propyl Alcohol (Daejung chemicals & metals,
Korea)s &3t Zv] <8 E disk¥d= 05 mg/em’E wiredolE= 0.02
mg/cm’E HlE ¥ AxAA AFEaHtHFig. 6). Disk®d A== Ti wire
= A5 HEAA JAA R AR
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(b)

Fig. 6. Two types of cathodes used in this research. (a) Disk type cathode

and (b) wire type cathode.
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III.2. HSY 27| A 2d=U
2.1, w718y ¢ A=

ATy Wrl= dEdg o A

°] 20 cm) 7FHl Fal W F

S 71(two chamber) FHolth Fi= 320w o we sFAd=59F Abstd
FE ZH7F 1000 mLeF 500 mL= 3t¥a dEHHdoez 3 = 273 500

Lot 500 mL= 3ttt A58+ 7h 271E & F dES

A 9-A ¢kl headspace FRIL FEA o2 & w= gashags HWIE A3
=

1

3

ALo 7 8 ulE gas flowmeter®Z 724 <
of 725 AT A EAES ARXIS Fig. 79 YERH A

A3l A =8 carbon felt (%71 6.33 mm, Alfa Aesar, USA)S A7 3 cm?l ¢
=z Belg ZES Aldste] Abgstdith e or & we 13719
diskE Eleba EES A2 A&FolA = 23705 A2 A3 dol Da}
FAE e dFEHAE JEF3 1000 Q MFColA A kA 1zl & Aol A}
3ttt 71224 50 mM bicarbonate buffer solution®] 15 g/L  sodium

K

o

acetate (Sigma Aldrich, USA)$} vitamins, minerals 5 22 895 120 °Col
A 15#3E ol EHA F ARRSEITE S8 NS A oR & u=
100 mM PBSE AFg&ga %02 8 mj= 100 mM PBSE AFEZE A3ttt
7} Q1F8]<4=(Sigma, USA)E & &3t} Table 20 z} d=oHo] M-S AA st

[}

b= =S 10 QO] oA FE Abolo] Fal EAHo R Atk
a3 FAAAAS 98] AU T (Keithly Series 2230, Keithly Instruments

Inc., USA)E o] &ste] F A= Atelo] 09 Vo AtE F7t= A7ks 53l
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electrode
assembly

Current ¢

Fig. 7. (a) General schematic representation of tubular MEC, (b) tubular
MEC used in batch mode and (c) tubular MEC used in a continuous—flow

mode.
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Table 2. Characteristics of the anolyte and catholyte

Catholyte

Anolyte .

Parametor 100 mM Artificial

PBS seawater
pH 85 7.0 7.6
Conductivity (mS/cm) 6.6 11.9 515
COD (mg/L) 1128 ND ND
Mg*" (mg/L) ND ND 1174
Ca®" (mg/L) ND ND 249

ND (not detected)
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IM.3.1. A7 ZYE

Multimeter (Keithly 2700, Keithly Instruments Inc., USA)$} WF3-7]S A4
skl ARt =3 A S7Ee] AgHd 74 A= deE EUE S
Multimeter= 737 ¢F A&t dlo]E 7} 5wt o] 7| E5H =5 s3lh
F AT A9E Ag/AgCl 714 =(RE-1B, Als Co., Japan) Alo]e] #H<to =z

il

FE59 pHY A=EE pH/HEE71E(SevenExcellence™, Mettler Toledo,
Switzerland)2 743ttt & acetate T AA A ZvE 1 I (HPLC,
Agilent 1200 series, Agilent Technologies, USA)Z =439 tt. =84 944
H Polaris CI8-AS AF&star &2l 20 mM NaH.PO,¢t Acetonitriles
99:19] H]& 2 1 mL/mine® ZHFUc LC ¥4 Ao F=34= 045 um pore
size filterol A& % 100v] 38Xttt Acetate®] ¥=+ t& ATEH 47
Hlw3t7] 98] COD s=2 $Akste] vpebioh
stdd=eor ajgE ARRE us dlg W trbel2o AlAES &7 Sl
o]BAS  AFgstgdon  oleaEwnE T Y (Jon  chromatography;  IC,
ICS-1600, Thermo Scientific, USA)E ©]&3}A . Fol& FHEAlol &= Dionex
IonPac (CG12A, Thermo Fisher Scientific, USA)ZA = 3} 0.4 M methanesulfonic
acide ggldoz o]g3t. S0l FHEAYE Dionex IonPac (AS14,
Thermo Fisher scientific, USA)Z &3} 35 mM sodium carbonate, 1.0 mM

sodium bicarbonateE &z]f o2 o] &3} )

IM1.3.3. 7}2= 4]

to
e
1>
(L
iei)
s
mf
e

W% 7hs BEE 50 mL AR SAsgon

2
Iy

>
ot
2
>
rr
N
[>
[>

%A (uFlow, Bioprocess control, Sweden)Z ©]-&3t3it}. 7}
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ZAe Jt=a=zvtEad 9 (Gas chromatography; GC, GC-2014, Shimadzu,
Japan)& o] &3 = ZHS HS-Q 80/100 3.0m 2.0 mmID 1/8 in OD <}
Molesieve 5A 80/100 2 m 2 mm ID (Restel, USA)E At-g&3stdct. 54 7~

L aEE okzeg Agag

BES®] UlF-A &S Hrtshs W2 ofe] 7EX7F AN d7)se A dud s
#3439 (Electrochemical Impedance Spectroscopy, EIS)2 Hl1 4 A3H= =4
Mot} o] ¥ e A A F(working electrode)oll Al A& AT o] Fup4-S W3l

ANA A48 A9 YdudAE =233 Nyquist plotg o] &3t}
EIS2 dIdx=E FAs7] 8 A543 A (Potentiostat; nstat, Ivium
Technologies, Netherlands)E ©]&3t9 k. 4] HES-7]o) A diskE 3} wired <

FAATY PIULE L W A3

)

i

o] & AHA A=A aAsHA

!
&

1 FAeA. AF7E 224 ¢ OCV(Open Circuit Voltage) g eloll Al 7 &2
10 mVZ, F71% 100 kHzolA 1 Hz7kA W3AZ v 5713 2 (equivalent
circuit)¥= Liang 579 =#& Fuaiglvh 245 Azgl el 18gsglov

A AT B

[e)
RIS WY

|

Aol A d F(counter electrode) ¥ 7lEHATF A A
(biotic graphite brush)oll AZ3IG T =AY AdIH2E fittingd W= Z view
(Scribner associates Inc., USA)S o] &3}
eI B A5 HEAe] dvld s He = 100 mM PBSel o]
AL 97F =1 SAAZ o A= JFAE AMI= HEE clamp®, EDC

= Ti clamp®} Ti mesh® HAAZ sto] 72z A3t A8 AL 100 mM

i

PBS o HAF7F 323 &= OCV AHolA HZE& 10 mVE, 715 100
kHzol M 1 Hz7bA] RBtA o 57132+ Lee 579 =88 Fusgic) 34
= Alagl AolA HdAstlon A= SAdST Add=sS Abstd=
(abiotic graphite rod)°ll 7] =2 Ag/AgCl (RE-1B, Als Co., Japan)¥} 14
At 4" JdADAE fittingd W= Z view Z2IHE o] &5kt

Table 3o & Aol AP ZANS 3] Aelstad
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Table 3. Summary of analytical items and their

analytical methods used in this study

Category

Item

Analytical methods

Electrical analysis

Cell voltage

Keithly 2700 multimeter

Electrode potential

Keithly 2700 multimeter, refernce electrode: Ag/AgCl

Chemical analysis

pH

Conductivity

SevenExcellence™

Dissolved acetate
concentration

HPLC (Agilent 1200 series)

Ton

IC (ICS-1600)

Gas analysis

Gas volume

Batch mode: 50 mL syringe

Continuous mode: Gas flow meter (uFlow)

Gas component

GC (GC-2014)

Impedance analysis

EIS (Electrochemical
Impedance Spectroscopy)

Potentiostat (nstat), Z view program
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ko] sk
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Fig. 8. Current densities average at various sodium acetate concentrations.
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At A oA n B 93] acetate’t AIHAEA B £ dE = UE A
TE &9 pHolth 2(6) 2 (7S B acetate’} At3tE o] HArt wrEoi4
m Fhol o] BAEI SR FATFATE BAE wf Fakstol o] HAE
th wEbA] Abshie] pHE SrolA Al =i #eFe] pHy E=olX A #Hr}. Fig.
10 &4 er g 4z AolA FdT9 =9 pHE HEA Zo
o Initial An AFsPd =899 fla pHE 7he7led 794 ol
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Table 5. Fitting parameters for the spectra of MECs with disk and wire

type cathodes (unit: ohm)

R1 (Ohmic R2 (Film R3 (Polarization
cathode . . .
resistance) resistance) resistance)
Disk 52 450 66
Wire 66 37 26
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Fig. 13. (a) The equivalent circuit used to fit EIS data in this study. (R;
resistance, C; capacitive parameter, CPE; constant phase element) (b) Nyquist
plots and their fitted data of two MECs; circles and triangles denote disk

type cathode-MEC and wire type cathode-MEC, respectively.
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Table 6. Coulmbic efficiency (CE), cathodic hydrogen recovery (re) and

energy efficiency (ng) using AMI and EDC membrane cathode assemblies

Membrane o . .
cathode assembly CE (%) Tear (%6) ng (%)

AMI 71 51 124

EDC 93 30 198
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Table 7. Fitting parameters for the spectra of AMI and EDC membrane

cathode assemblies (unit: ohm)

R1(ohmic R2 (Film R3 (Polarization
Membrane type . . )
resistance) resistnace) resistance)
AMI 0.448 1.141 2.03
EDC 0.166 0.374 0.920
EDC_mesh 0.028 0.115 0.056

_55_



VAVA T-\/\/' —
c1 Cc2
i I_

CPE
L
£
b) .
0.5
04 S
e
0.3 _,f_\." e
159 02
0.1 g? g
—_ 0.0
E ol 0
e
2 1.0+
N
— fit_AMI
pef 0000 gy GERGes  sdmT gsiiis fit EDC
& ——— fit_EDC_mesh
& o AMI
s EDC
v EDC_mesh
0.0 T T
0 1 2 3

Z' (ohm)

Fig. 19. (a) The equivalent circuit used to fit the EIS data in this study.
(R; resistance, C; capacitive parameter, CPE; constant phase element, W,
warburg impedance) (b) Nyquist plots and their fitted data of the MECs
using AMI and EDC membrane cathode assemblies and EDC membrane

cathode assembly with Ti mesh current collector.

_56_



= Fig. 209 YehiAH

—_L
A= A

ol

0
AZHo 2 100 mM PBS

==
fius

<)

Hhero 2 EDC

=

A7 2

7}

=5

=

e A

3]

A

—_
fils)

g ol=

1

A wsks

=

3T

PBSH T A5 =7}

Fe

o
Jul

>
[}

ks

™
=~

ol
o
el
00
3

FAA - m] Y&l
247} -10 mV$ - 046 mVE 2

1o

)

SHAl A ¥ A oH(Fig. 20b).
- 57 -

g

]



<——100mM PBS

100

Artificial seawater

(@)
80 -
E
}’ 60
k7]
c
()
©
T 40
@
5
(@)
20 -
0 T T T T T
0 2 4 6 8 10
Time (days)
<——100mM PBS Avrtificial seawater

Potential (V)

—O— Anode
++O- Cathode

Time (days)

Fig. 20. Continuous—flow tubular MEC (a) current density and (b) electrode

potentials.

_58_



X0 =
A e
o M o o W oo T
w LT S-S R
ﬂ o %_% @o ¢ s ® ulm A 5 % o i Mﬁ o 3 P
o o N Ho W i N m- C) p P < BOE
0 o O 2 5 — I T 2 (A QT W
Mﬂ%mﬂojq@gw@ A
) y = TS H mw o oF MM o g oy o 2= ﬂmﬂ
il . e X < < e X
oo W b E i o £ W I i
%T%ﬂﬂxiLa’o T g SRR
A H 3 o o X T oo o o} o . Y
rux o B o A S o ow O o N ook T
R = R
5 ! ) T X @E J) oy . kT
I %ari%ﬂch% ﬂ%ﬁ%mﬂ%
djo T R i < o 1y T =T N 3 ™ B
o a ™ B OF = iy b T Wy Ho o & o
< 9 < JJJ i ~ ) © R —_ Lm MW oF ol % o o hA.
g E o T Nz Mog w3 % o N o o 2
o TH o % L M % mw © by I A
O NS = )l { T o= X o
o oF My o g g M ~— N o T+ l T S N
wo o o E o F £ o o N ° T W ﬂ B
o = ~ ) . o M
— [\ T e
owﬂﬂQﬂwﬂwmﬂw @ﬂg@d/mmﬂe#
%W%H?Hpc_hﬁﬂél %%Eomvﬁ_ﬁ
9 %W g e AL 0% e E ome P Lo J
mq%m%w%ﬂawwﬁfmgs_u@%wﬁﬂ
T T A 2 o Lo Y s o N ow
imzmﬂm%%%ﬂa% = g = 5 o5
o ‘.L| O*H —_ O#E :i lO ol.ﬂ ‘DV
o AR il lo N = i —_ Ao - W =
7o L * % NG o u X e A S o
i P X E T .zwﬁﬁiﬂ%w%ﬂa
T oM mooggiln%mo_%ﬂxﬂ%g
o ) o~ 7 d 0g E 2 ® T o Ei =K = B0l
) T FT A o ,|1_ %o o T~ - A " = N =
_ NI N oo e N = Ir & & TR
=) a8 oI U o) 0 Njo T 1o ,|» i =
5 B oo - B B A o Yor o Ho o R
AL_Zng;%wﬁa@omzo&%
N Ho = mu TS {+ T
ot n,% ‘_t EU

]

S
&

w
o it

|

o
=
Rl

o] 2u=
S 2 w7} %] A A Eo] °

- 59 -

3k
il

A 59

1
o

ol & Aol7k gl th(Fig. 23
710l A A )

o

[



al

Fof AAS 7] wiol 2t

315
X ©

2 A 7= vadlsre] akstel =y 4

oV
el

4 Atk Table 85 X

X
=

|++ekaL

sk g o

hin

_60_



<~ 100mM PBS Artificial seawater
14 60
4 pH_An
1 pH_Ca
12 4 —@— Cond_An o
-+O-- Cond_Ca Oneenene Ovvvennn... e S O - %0
_ — A S LR O
10 - T i - B - r n —
.- L0 §
%)
8 - E
T _ _ . M _ _ i =
a 1 o 0 s
6 3]
>
©
20 &
4 4 @)
5 | | - 10
,__-——-.————4—.—\__. [ | — .
0 T T T T T T T T T O
1 2 3 4 5 6 7 8 9
Time (days)

Fig. 21. Final pHs (Bar) and conductivity (Scatter/line) of anolyte and

catholyte from the continuous-flow tubular MEC.
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Table 8. Ion concentration in effluents from the continuous-flow tubular

MEC with artificial seawater

Anolyte Na'(mg/L) Mg*' (mg/L) Ca* (mg/L) Cl (mg/L)
Initial 1438 0 0 265

3" day 1446 0 0 581

4™ day 1453 0 0 762

51 day 1459 0 0 848

6" day 1470 0 0 913

7" day 1449 0 0 899

8" day 1428 0 0 807

9" day 1629 0 0 887

Catholyte Na'(mg/L) Mg? (mg/L) Ca® (mg/L) Cl (mg/L)
Initial 10868 1175 249 23845
3" day 10216 314 12 18417
4™ day 11738 542 100 22089
5" day 10774 543 99 20440
6" day 10609 569 94 20223
7" day 10695 612 105 20635
8" day 10995 663 130 21354
9" day 11198 653 126 21614
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Fig. 22. Removal efficiencies of calcium and magnesium ions (Bar) and

COD removal (Scatter/line) of the continuous—flow tubular MEC.

2nd day 39 day 9ih day

Fig. 23. Precipitates formation in the cathode chamber.
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<——100mM PBS Artificial seawater

25

20 A

Gas production rate (mL/h)

0 2 4 6 8 10
Time (days)

Fig. 24. Gas production rates of the continuous—flow tubular MEC.

Table 9. Gas composition of the continuous—flow tubular MEC

Gas
Hydrogen Methane Carbon dioxide
Catholyte
PBS 99.96 0.03 0.00
Artificial
99.98 0.01 0.00
seawater
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Table 10. Cathodic hydrogen recovery (r..), hydrogen production rate (Q) and energy recovery (ng) in tubular MECs

Substrate/catholyte/HRT COD removal (%) Teat (%) Q (m*m? - day) ng (%) Ref. No.
Sodium acetate/PBS/6:24 18 93 0.80 272 This
. e . . study
Sodium acetae/Artificial seawater/6:24 18 92 0.73 252
Acetate/PBS /9:- 30 47 0.2 - 54
Domestic wastewater/10 80 - 0.03 - 55
Sodium acetate/fed-betch 31 &9 2.36 152 56
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