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Mikroorganizmalarin elektron alicilarina karsi afinitesi asagidaki siraya goredir (Kiene 1991):
NO, >0, >NO;~ >MnO, >FeOH >S0,2- > CO,

TABLE 6.5 Acrobic and Anaerobic End Products* (6)

Through aerobic stabilization Through anaerobic decomposition
in presence of DO in absence of DO

CO;%? < CO, <« C— CH,and CO,
NO3 «~ NO; <~ NH; < N — NH;
SO,? <~ S —H,S
H,O <« H — organic by-products or NH;
PO,* <P

Mikrobiyal reaksiyonlarda elektron alicisi kullaniminin sirasini belirleyen en 6nemli parametrelerin basinda
oksidasyon rediiksiyon potansiyeli (ORP) gelmektedir. ORP, kimyasal bilesenler arasindaki degisebilen
(elektron alis-verisi) elektronlarin dlciisiidiir. Asagidaki Cizelgede ORP’ye bagli olarak gerceklesecek
mikrobiyal reaksiyonlar verilmistir. Buna gore, aerobik sartlarda gergeklesen mikrobiyal reaksiyonlar icin
ortamin ORP’si +50 mV degerinden buylik olmali, anaerobik metan fermentasyonu icin -300 mV’dan kiguk
olmalidir,
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TRANSFORMATION PROCESSES AS A FUNCTION OF THE REDOX POTENTIAL
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TABLO Oksidasyon Reduiksiyon potansiyeli ve solunum (Kaynak: Gerardi, M.H., The Microbiology of Anaerobic
Digesters, Wastewater Microbiology Series, John Wiley & Sons, Inc., Hoboken, 2003, New Jersey).

ORP, mV | Nihai elektron alicisi Solunum

>+50 O, (Hav. tanki) Aerogli—lkzc\)/idgoczlisli—ll(20+ Hiicre

+50~-50 | NO;™ (Denitrifikasyon) Anaegilljllé)y:dg(a)zoﬂl—( ?{kzO + astitler + alkoller + Hiicre
<-30 S0,* (Ikinci gBkeltme ve yogunlastiricr) Anaeéﬁ?é)ﬁé%?aas(%jl&c:gie:gf :;itler+alkoller+ Hicre
<-100 CH,O (Yogunlastirici ve gurittcu) Anae(;(})Ibzi(I; IaN?i Iirgllgzalkfllz ée+a;i2t ie;r:\g Ilt?;iﬁzu
<-300 COL(COL2) Cilriitiii Anaerobik ya da metan fermentasyonu

CH,0O — CO, +CH, + Hucre
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Tablo Dominant Processes Involved in Breakdown of Organic Substrates in Wetlands

Redox Potential Electron Decomposition Microbial
(mV) Acceptor End Products Groups
Aerobic
>+300 O, CO,, H,0 Aerobic fungi and
bacteria
Fermentation
<-100 to +300 Organics Organic acids CO,, H,, Fermenting bacteria
alcohols, amino acids
Facultative
+100 to +300 NO; NO;~ N,O, N,, CO,, H,O Denitrifying bacteria
Mn++ Mn2+, CO,, H,0 Mn** reducers
Fe3+ Fe2+, CO,, H,0 Fe3+ reducers
Obligate anaerobic
<-100 SO,2%- HS-, CO,, H,0O Siilfat indirgeme
<-100 CO,, acetate CH,, CO,, H,0 Metan Uretimi
<-100 Organic acids Acetate, CO,, H, H,-Uretimi
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1000 =

T Oxygen reduction: Aerobic

—}— O, + 4H + 4" —> 2H,0 (£, =+820 mV)

Aerobic Nitrate reduction/denitrification: Anaerobic

— 2NO; +12H +10e” —> N, + 6H,0 (£, = +740 mV)

Anaerobic

l Manganese reduction: Anaerobic

00 ——f— MnO.(s) + HCOZ + 3H™ +2e™ —5 MnCO(s) + 2H,0 (E,= +520 mV)

Iron reduction: Anaerobic
—1 — FeOOH(s) + HCOg +2H + e- —» FeCO, + 2H,0 (E, =—50 mV)

Increasing energy release

Sulfate reduction: Anaerobic
—1— SO +9H +8e —> HS + 4H,O (£, =—220 mV)

Carbon reduction/methane production: Anaerobic
CO,+ 8H +8e™ —>» CH, + 2H,0O (E,=—240 mV)

—500 ——

FIGURE 8.3 Order of successive microbially mediated redox reactions, is from top to bottom, from

higher to lower redox potential. The more positive the redox potential is, the more energy is ) 8
. ‘eleased per electron transferred
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Caution also should be used when adding sodium nitrate, because the release of nitrate ions (NO3-) increases
the oxidation-reduction potential (ORP) of the digester.The ORP of the digester should not be allowed to
increase above —300mV, for example, —250mV, because methane-forming bacteria cannot produce methane at
ORP values greater than =300 mV in a mixed culture
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Decomposition of organic substrates under anaerobic conditions results in the accumulation of reduced
species including methane, sulfides, volatile fatty acids, ferrous iron, manganous manganese, ammonium
nitrogen, and hydrogen. These reduced compounds store substantial amounts of energy released from organic
substrates during anaerobic catabolism.
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From energetic standpoint, oxygen is the most favorable electron acceptor as it releases the greater Gibb’s
free energy change (G°), and hence is favored by microorganisms.

In an environment devoid of oxygen, the next best electron acceptor is NO5~ followed by MnO,, FeOH,
S0,%-, and CO,. Findings, however, suggest that fermentation reactions and reductions of SO,2~ and CO,
may occur almost simultaneously.

Table Natural abundance and free energy yield of commonly used electron acceptors

Electron acceptor Natural abundance Free energy
(kJ/mol glucose)

Oxygen 300 umol/I —3190
Nitrate Few umol/l —3030
Manganese MnO2 (birnessite) <umol/l to >mmol/I —-3090
Manganese, MnO2 (nsutite) <umol/l to >mmol/I —-3050
Manganese, MnO2 (pyrolusite) <umol/l to >mmol/I —2920
Nitrate Few umol/l —2750

Iron, Fe203 (hematite) <umol/l to >mmol/I -1330
Sulfate <100 gmol/I (freshwater), —380

— 380~28 mmol/l (seawater)
Carbon dioxide Variable — 350
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OPR ile proses kontrolu

ORP olcumu, havalandirma tanklarindaki aerobik sartlarin kontrolliinde CO Glciimiine gore daha guvenilirdir.
Koku anaerobik ortamda ortaya c¢ikar. Kokunun ortaya ¢iktigi ORP degeri, CO konsantrasyonunun sifir oldugu

noktadan cok uzaktadir.

Havalandirma sistemlerinde koku olusumunu kontrol etmek icin, CO Olcumu yerine ORP olcimu daha etkilidir.
ORP-koku iligkisi, ORP-CO iliskisine gore daha keskin ve etkilidir. Pratikte, koku olusumunu etkili sekilde kontrol
eden redoks potansiyeli En>+40 mV, ve rahatsiz edici koku olusum seviyesi (algilama seviyesi) 100 mV olarak
uygulanmaktadir. Bu yizden, otomatik havalandirmali atiksu aritma sistemlerinde Eh degeri 40 mV'un altina

indigi zaman koku olusmaz.

Coztnmius oksijen olcimu yerine redoks potansiyelinin dlcumU havalandirma sistemlerinin enerji giderlerinde

%?75 mertebesinde eneriji tasarrufu saglar.
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SULFAT

)
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— Rato COD/SO; =12 — 100% sulphate conversion;
— Ratio COD/S03 =9 — 75% sulphate conversion;
— Ratio COD/SO;™ =6 — 65% sulphate conversion;
— Ratio COD/S03 =3 — 50% sulphate conversion.

p XC
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Atiksuda stilfatin mevcut olmasi, metabolik reaksiyon silsilesini degistirir. Silfat indirgeyen bakteriler ile
asetojenik ve metanojenik fermantasyon mikroorganizmalari arasinda, kullanilabilir stibstrat bilesenleri baginda
rekabet mevcuttur. Bu rekabetin biyukliguni etkileyen en énemli iki husus (1) pH ve (2) KOI/SO,*
oranidir.

Sulfatin indirgenmesi H,S olusumuna sebep olur. H,S gazi, metanojenik mikroorganizmalari inhibe eden bir
bilesendir. Pratikte, KOI/S0,2- orani 7’den az oldugu zaman inhibisyon gergeklesir. Bu inhibisyon
derecesi pH'tan gok etkilenir. KOI/SO,2 orani 10 ise H,S dnemli 6lclide biyogaz ile birlikte sivi fazi terk eder,
bdylece inhibisyon etkisi azalir. H,S gazi kot kokulu ve korozif bir gaz oldugu igin biyogaz kullanilacaksa
saflastiriimasi icin maliyet hesabi yapilmalidir.

Ayni miktarda organik madde igin, slilfat indirgenmesi metan Uretimini azaltir. 1.5 g SO,*" indirgendigi
zaman 1.0 g KOI tuketilir, dolayisiyla metan Uretimi azalir.

Siilfat ingirgenmesinde tiiketilen KOI asagidaki sekilde hesaplanabilir:
S + 20, = SO

(32 g)+(64 g) =2 (96 q)

1 mol stlfat indigenmesi igin 2 mol O, gereklidir.

96 g SO,2 64 g KOI tiiketir. (1.5 SO,2" =1.0 KOI)
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Henry ve Prasad (2000), Sizinti sularinin anaerobik aritiminda KOI/ SO,2 oraninin aritma performansina
etkisini incelemisler ve su hususlari vurgulamislardir:

(1) siilfat indirgeyen bakterilerle KOI giderimi sizinti suyunun kuvvetliligine baglidrr,

(2) kuvvetli sizinti sulari igin (KOI=15 000 mg/I) KOI/ SO, orani 1.6’dan diisiik oldugunda biyoreaktor
inhibe olmaktadir,

(3) KOI/ SO, orani arttigi zaman metan Ureten bakteriler Ustlin olmaktadir,

(4) kuvvetli sizinti sularinin aritiminda herhangi KOI/ SO,2- oraninda bile siilfat indirgeyen bakteriler
Ustlinliik saglayamamaktadir,

(5) Zayif karakterli (KOI = 1500-3300 mg/l) sizinti sularinin aritiminda KOI1/ S0,2 =1 oldugu zaman silfat
indirgeyen bakteriler Gstlinlik saglar,

(6) Zayif karakterli (KOI = 1500-3300 mg/!) sizinti sularinin aritiminda siilfiir inhibisyonu gézlenmemistir,
(7) KOI/ SO, orani 1~3 arasinda oldugu zaman hem stilfat indirgeyen bakteriler, hem de metan Ureten
bakteriler aktivitelerini stirdtrebilmektedir,

(8) 2.8 kg KOI/m3-giin organik yiik ve KOI/ SO,%=1 oldugu zaman %60 KOI giderimi elde edilmis, organik
yik 6 kg KOI/m3-giine ¢ikarildiginda KOI giderimi %27 olarak gerceklesmistir.

(9) Biyoreaktor sisteminde metanojenler bulunmadi§i zaman tiim KOI giderimi siilfat indirgeyen bakterilerce
gerceklesir, ancak, sistemde metanojenlerin bulunmasi halinde metanojenlerin yerini timiyle sulfat
indirgeyen bakteriler almaz.

Henry JG, Prasad D., (2000) "Anaerobic treatment of landfill leachate by sulfate reduction” Water Sci
Technol.;41(3):239-46.
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Inorganik yapidaki SO,= ve organik silfir bilesiklerinin S2- ' re (silfiir) indirgenmesi sistemde sulfir
inhibisyonuna sebep olmaktadir. Toplam silfirin  (H,S+HS+S?) inhibisyona sebep oldugu zararl
konsantrasyon 100 mg/It'dir. Ozellikle pH<6.5 ise siilfiir inhibisyonu artmaktadir. Siilfatlarin indirgenmesi mutlak
anaerobik mikroorganizmalar tarafindan gerceklestirilir. Silfatlarin siilfiire indirgenmesini saglayan bakteri tiir(i
vibrio destilfiiricaridir. Bu mikroorganizmalar sulfatlari indirgerken bircok bilesigin hidrojen kaybetmesine neden

olarak kendileri icin lizumlu enerjiyi buradan cikartabilirler.
Atiksuda SO, ve SO5;> bulunmasi durumunda asagidaki biyokimyasal reaksiyonlar meydana gelir.
8H* + 8e+ SO,2= H,S + 2H,0 + 20H-

Burada, 96 gr SO, 64gr KOI'ye esdegerdir. 1.5 gr SO,2 indirgenmesi 1 gr KOI'ye esdegerdir. Teorik olarak
SO,2'In tam indirgenmesi KOI/SO,% oraninin 0.67'yi gectigi durumlarda olusur. Tam siilfat indirgenmesinin

saglanabilmesi daha yiiksek KOI/SO,2 oranlarini gerektirir.
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Anaerobik reaktorde oksitlenmis kiikirt (silfat) bilesikleri mevcut oldugunda S-2'ye indirgenir. Oksitlenmis
kikdrt termodinamik ve kinetik agidan, H, ya da CO,'ye tercih edilir.

Indirgenmis toplam kiikiirt (H,S, HS-, S2) 0.003-0.0006 M seviyesinde toksik etki ortaya koyar.

Table. The standard free energy changes in sulfate-reducing and methanogenic reactions.
(Bioenergy Recovery from Sulfate-Rich Waste Streams p145)

Reaksiyonlar AG° (kJ/reaksiyon)
Sulfate-reducing reactions

4H, + SO,%~ + H* — HS~ + 4H,0 -152.4
CH;COO~ + SO,%~ — HS~ + 2HCO; -47.6
Methanogenic reactions

4H,+ HCO;~ + H* — CH, + 3H,0 -135.6
CH;COO~ + H,0 — CH, + HCO;~ -31.0
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Anaerobik proseslerde siilfat, siilfat indirgeyen bakteriler tarafindan bir elektron alicisi olarak kullanildiginda
elementel kikirde (sulfiirlere; S, HS- ve H,S) indirgenir. Ozellikle SO,2 iceren atik sulari aritan aritma
tesislerinde anaerobik sistemde agiga ¢ikan H,S gazi rahatsiz edici bir koku problemi olusturmakta ve
istenmemektedir.

S +2H,0 < +OH™ +HS™ +H,0 < H,S +20H"

HS ©HS +H"  K,,=9,55x10°  (1x10°-1,096x107)
HS" < S* +H*  K,,=126x10"  (1x107°-1,096x10")

BILEE Bil fer:
O K= M) gm0t (1x10-1,006x107) s
R (> Y ,
2 2) [HS']
1s™ 3) [H,S
(2) Ka,Z:[H H? ]=1,26x1o-12 (1x107° -1,096x107) e
[HS Bilinenler.
“1=[8"1+[HS 1) ¥ [$],
3 D [S*1=[S*]+[HS 1+[H,S] )t
3) Ki»

Y [S%] : -2 degerlikli siilfir bilesenlerinin toplami
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D [8*1=[S* ]+[HS 1+[H,S]
Z[SZ—]:[SZ—]+[H+][S _]+[H+][HS_]

AT K,, =S T_q 55,0+
[HS ] [HS] a [H,S] '
el EET ez
S il NS G\ .
Y Is¥1=[s*1+ + L [HS ]
Ka,z Ka,l
e 1, LHOIS™ T, [HI(H ][s* ]
Ka,z Ka,lKa,Z
rse 1, [HIS™], [H7T[S*)
Ka,z Ka,lKa,Z
_rseplo, X T \ [T NG )
Ka,2 Ka,lKa,Z ’ Ka,2 Ka,lKa,Z
=[S* Ja ve [S*]= 2[8 _], ayrica; » [S*]=1000lsun.
a
[S2]= 100
LIHTHT

Ka,2 Ka,lKa,Z

-

J\

e [H7I[HS]
[HS]="— }

al

) " [H[s%]
hs -] }

a,2

p X
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DS =60

Q) [5°]=——>

+ +72
LIHTH]
Ka,2 Ka,lKa,Z

[H7]

(i) [HS7]= % x [S7]

a,2

[H*] 100
- + +72
Ka,2 l-l-[H ] [H ]
Ka,z Ka,lKa,Z

(i) [H,S] = [::+]

x [HS]

a,l

:[H;][H+] 100

Ka,l Ka,2 1_|_[H+] [H+]2

Ka,z Ka,lKa,Z

N 6 | L NPT R [T [|-|+][HS]}
| [HZS] L Ka,l
e [H+][§2—] 126107 Iits 1= [H+][Sz]}
| [HS ] L Ka,2
i ’ [H +]2
(l) f[st] | [H +]2 i Ka’l[H +]_|_ Ka,lKa’z
T ol Ka,l[H+]
(i1) f[HS‘] ~ [H +]2 " Ka,l[H e KK,
(i) T2 = KaiKa
[S¥] [H +]2 i Ka,l[H +]+ Ka’lKa,z

Chemical kinetics H2S p151

Bu esitlikler icin apsiste pH ve ordinatta stlfdr bilesenleri ) >1
olacak sekilde pH — stlfdir bileseni grafikieri ¢cizilebilir.
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100 o= _ceemmmme———e_ Anaerobik proseslerde optimum
S~ vl HS N PpH 6,5-8 mertebesindedir.
$ AN s AN Koku problemi olan anaerobik
- 80 1 H.g" / N sistemlerde isletme pHin 8%e
% ) 27 N ! NHg* NH.* St \ yaklastirarak, isletme esnasinda
@ . Y / K “_8 987 (3 5?' o) Y ortaya cikan koku azaltiabillr.
Z % 60 i L pH 8’ kadar NHy-N'nun %907
T » ‘{ W S = pK, ,=6,895 (35 °C) }f /yonlasmis formdadir.
J o \ e -
< ET 10 A ’ PK;,=11,90 (35°C) a Yiksek NHy-N iceren atiksularda
E - / \\ NH, / / NH;-N'nun iyonlasmamis formu
%’"’ I \\ | / olan NH; toksik iken, iyonlasmis
= 20 - / \ / formu HN,* daha az toksiktir
- '\ /s pH 7,5%te H,S fraksiyonu %19
. A -ty iken pH 8'de %.7dir.
) F————— T — S T e pH 8'e yaklastikca stilfiiriin
S 6 7 8 9 10 11 12 kokuya sebep olan H,S
pH fraksiyonu da azalir.

p X




oK. =0.00018+ 212292 Distribution between the forms of ammonia
v T+273.15
* pH<8§ Practically all the ammonia is in the form of NH;*
* pH=95 Approximately 50% NH; and 50% NH4™"
* pH =11 Practically all the ammonia in the form of NH;
%NH, —100—&
o 14100 PH+pK) In this way 1t can be seen that, in the usual range of pH, near neutrality, the am-

monia present is practically in the 1onised form. This has important environmental
consequences, because free ammonia 1s toxic to fish even in low concentrations.
The temperature of the liquid also influences this distribution. At a temperature
of 25°C, the proportion of free ammonia relative to the total ammonia is approxi-
mately the double compared with a temperature of 15°C.

The following equation allows the calculation of the proportion of free ammonia
within total ammonia as a function of temperature and pH (Emerson et al, 1975):

Free NH;

Total ammonia

(%) = [1 +1 {]L‘r.uuu13+[1?29.*}2;{T+2?3_1u}]—PH]—l % 100

(2.6)
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Su ortamindaki -2 degerlikli silfur bilesenlerinin dagilimi pH'a bagli olarak asagidaki reaksiyona goéredir.

S +2H,0 < +OH +HS +H,0 < H,S +20H"

pH'In dlismesi reaksiyonun sola dogru gerceklesmesine sebep olur ve H,S gazi kokar.

pH’in yikselmesiyle reaksiyon saga dogru gerceklesir ve -2 degerlikli silfir bilesikleri iyonik bilesenlere
doénlsir (HS., S%).

Sicakligin diismesi halinde denge H,S gazi olusumu ydniindedir ve tlim pH degerlerinde H,S gazi artma egilimi
gosterir.

Su kutlelerinde H,S gazi kokusu siilfat indirgeyen bakterilerin mevcut oldugunu gdosterir.

Sulfir bilesikleri pH'a bagli olarak degismektedir. H,S kontroli icin pH'In 8-9 mertebesinde kontrol edilmesi
gerekir. pH 9'da ortamda H,S gaz yerine S? bulunmaktadir.

H,S gazi olusumunu tetikleyen faktorler;
® Sulfat>60 mg/l
" ORP<200 mV
" pH<6

Koku kontroli igin klor dozu 10-50 mg/l mertebesindedir. 1 mg H,S oksitlemek igin 2,89 mg klor gerekir.
Ancak, anaerobik reaktorlere klor dozlanamaz.
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Example (Bioenergy Recovery from Sulfate-Rich Waste Streams p147)

A UASB reactor of 20 m? is employed to treat wastewater from a distillery plant. The COD loading rate is
30 kg/m3-day. The wastewater contains 2 g/L sulfate. Assume the biogas contains 60% (by volume)
methane gas. Compare the biogas production rate with and without sulfate.

Solution
(a) Maximum biogas production rate without sulfate:
= Reactor volume = 20 m3
= COD loading rate = 30 kg/m3-day
= COD load = 30 x 20 = 600 kg COD/day
= At STP, 1 kg COD produces 0.35 m3 CH,
= Maximum CH, produced = 0.35 x 600 = 210 m3/day
» Biogas production rate = 210/0.6 = 350 m3/day
(b) Biogas production in presence of sulfate:
= 1 g sulfate consumes 0.667 g COD; thus total COD consumed in sulfate reduction= 2x 0.667 = 1.334 ¢
COD consumed in sulfate reduction=1.334 kg COD/m3x20 m3/day=26.68 kg COD/day
COD available for methane production = 600 — 26.68 = 573.32 kg COD/day
Methane produced at STP = 573.32 x 0.35 = 200.7m3/day
Biogas production = 200.7/0.6 = 334.5 m3/day
Note: The sulfate reduction resulted in a nearly 4.5% decrease in biogas production rate.
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Example ((Kaynak: A.C. van Haandel and J.G.M. van der Lubbe (2012), Handbook of Biological Wastewater
Treatment Design and Optimisation of Activated Sludge Systems, IWA Publishing Alliance House, 12 Caxton
Street, London SW1H 0QS, UK, p493, p500)

A municipal UASB treats a wastewater containing 600 mg COD/L and 50 mg sulphate/L. The COD

removal efficiency is 65%. Estimate the fraction of the COD demand in the anaerobic effluent that is due

to the presence of sulphides. Furthermore, indicate the effect on COD removal efficiency should the

influent sulphate concentration increase to 100 mg/L.

Solution

The initial COD/S04 ratio is 600/50 = 12 and it may thus be expected that sufficient biodegradable COD is
available for complete reduction of the sulphate. Therefore, 100% sulphate reduction is assumed, although in
practice the conversion may be less. Knowing that the molecular weight of sulphate is 96 g, with a sulphur
content of 32/96 = 0.33 g S/ g SO42-, then the effluent sulphide concentration is equal to 0.33 * 50 = 16.67
mg S /L. From Eq. (HS~ + 20, —» SO%~ + H* yada H,S + 20, — SO%~ + 2H™) it can be observed that by
definition the COD of 1 mg of hydrogen sulphide-S is equal to two mg of O2. Thus the effluent sulphide COD
concentration = 16.67 * 2 = 33.3 mg COD /L. This represents a fraction of 33.3/((1-0.65) * 600) = 33.3/210 =
15.9% of the COD in the anaerobic effluent.
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Solution

If the sulphate concentration increases to 100 mg/L, while the inlet COD concentration remains unchanged, the
ratio COD/SO4 will decrease to a value of 6. In this case 65% conversion is assumed, or 0.65 - 100 * 0.33 =
21.7 mg S /L, corresponding to a COD value of 43.3 mg /L. The effluent COD concentration increases by 43.3-
33.3 = 10 mg /L from 210 to 220 mg COD /L, of which the sulphide fraction comprises 43.3/220 = 19.7%. As
a result of the increase of the inorganic H2S-COD concentration in the effluent, the COD removal in the
anaerobic reactor decreases to from 65% to 63.3%.

Note: The sulfate reduction resulted in a nearly 4.5% decrease in biogas production rate.
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THERMODYNAMIC
ASPECTS

) X
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Anaerobik ayrisma, kompleks biyokimyasal reaksiyonlar sayesinde gerceklesir ve sistemin termodinamik
durumuna gore yonetilir. Oksidasyon-reduksiyon reaksiyonlari mikroorganizmalarin anlik enerji ihtiyaclarini
karsilamaya ya da enerji depolamalarina imkan tanur.

e S I [Omd}
nF Red

Burada,
E,:normal hidrojen elektroduna gore sistemin potansiyeli,
E,: Spesifik bir sabit, (volt),
R: Universal gaz sabiti,
T: mutlak sicaklk (°K),
F: Faraday sabiti,
n: Oksidasyon-rediiksiyon reaksiyonunda transfer olan elektron sayisi

Oksidantlarin rediiktantlara orani arttiginda, baska bir ifade ile sistemde oksitleyicilerin orani arttiginda,
potansiyel degerin pozitifligi artar, bu oran azaldiginda potansiyel negatif olur. Buradan, oksitleyici bir bilesen
olan oksijen, pozitif potansiyel ortaya koyar; hidrojen ise indirgeyicidir ve potansiyelin negatif olmasina sebep
olur.
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Table Some important oxi-reduction reactions in anaerobic digestion

Oksidasyon reaksiyonu AG° Nr
(Elektron vericileri) (kJ/mol)
Propiyonate=>»Acetate CH5;CH,COO"+3H,0 = CH;COO +HCO;+H*+3H, 76.1 1
Butyrate = Acetate CH5;CH,CH,COO +2H,0 = 2CH;COO-+H*+2H, 48.1 2
Ethanol = Acetate CH5;CH,OH+H,0O = CH;COO +H*+2H, 9.6 3
Lactate =» Acetate CH;CHOHCOO"+2H,0 = CH;COO + HCO5+H*+2H, -4.2 4

Rediiksiyon reaksiyonlari
Elektron alicilan

Bicarbonate=>»Acetate 2HCO5;+ 4H, + H* = CH;CO0 +4H,0 -104.6 5
Bicarbonate=»Methane HCO;+ 4H, + H* = CH,+3H,0 -135.6 6
Sulfate =»Sulfide SO, 2+ 4H,+ H* ®HS+4H,0 -151.9 7
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Table Some important oxi-reduction reactions in anaerobic digestion

Oksidasyon reaksiyonu AG° Nr
(Elektron vericileri) (kJ/mol)
Methanol=>»Methane 4CH;0OH = 3CH, + CO, + 2H,0 -319| 1
Methanol=»Methane CH;OH + H, & CH, + H,0 -113| 2
Acetate=>»Methane CH5;COO + H,O = CH, + HCO; 31| 3
(acetotrophic reaction)

e CH3'CH3 Ethane
e CH3'CH2'OH Ethanol (ethyl alcohol)
e CH3'CHO Ethanal (acetaldehyde)

e CH3-CO'OH Ethanoic (acetic acid)
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Metan Ureten bakteriler zorunlu anaerobiktir ve metabolik fonksiyonlari ancak oldukca indirgen ortamlarda
faaliyet gosterebilir. Buradan, anaerobik ayrisma icin oksidasyon-redliksiyon potansiyelinin disik olmasi
gerekir. pH 6~7 mertebesinde iken ORP’nin -300 ~ -360 mV mertebesinden daha disuk olmasi gerekir. ORP -
220 mV oldugu zaman metan iiretimi durur. ORP degerinin ylikselmesi anaerobik bakterilere inhibisyon
etkisi gosterir.

Thermodynamic aspects

Some of the conversion reactions of the products from fermentative bacteria into acetate, hydrogen and carbon
dioxide are illustrated in Table. The last column of the table shows the variation of standard free energy (pH equal
to 7 and pressure of 1 atm), considering a temperature of 25 °C and the liquid being pure water. All the
compounds present in the solution show a 1 mole/kg activity.

In accordance with the examples presented in Table, it can be clearly noticed that propionate, butyrate and
ethanol (reactions 1,2 and 3) are not degraded under the assumed standard conditions, as the
thermodynamic aspects are unfavourable (AG°> 0), However, should the hydrogen concentration be low,
the reactions can move to the right (product side). In practice, this is achieved by the continuous removal
of H, from the medium, by means of electron acceptor reactions (e.g. reactions 5, 6 and 7). In a
methanogenic digester operating in an appropriate manner, the partial H, pressure does not exceed 10
atm, and usually this pressure is close to 10-¢ atm. Under these conditions of low partial hydrogen
pressure, propionate, butyrate and ethanol start to degrade and release free energy to the medium.
These low partial pressures can only be maintained if the hydrogen formed is quickly and effectively removed, by
the hvdrogen-consuming microorganisms.

N
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Tablo Bazi Anaerobik Biyoreaksiyonlarin Serbest Enerji Degerleri (1).

Oksidasyon Reaksiyonlari
propiyonat — asetat
butirat — asetat
etanol — asetat
laktat — asetat
laktat — propiyonat
laktat — butirat
asetat - metan
glikoz — asetat
glikoz — etanol
glikoz — laktat
glikoz — propiyonat

Reaksiyon

CH;CH,COO" + 3H,0 —» CH;CO0O" + H* + HCO5 + 3H,
CH;CH,CH,COO" + 2H,0 —-»2CH;CO0O" + H* + 2H,
CH;CH,OH + H,0 —-»CH;COO" + H* + 2H,

CHCHOHCOO™ + 2H,0 —»CH;COO- + HCO5 + H* + 2H,
3CHCHOHCOO- —2CH;CH,COO" + CH;COO" + H* + HCO5
2CHCHOHCOO" + 2H,0 —CH5CH,CH,COO" + 2HCO; + 2H,
CH;COO" + H,0 — HCO; + CH,

CeH,0¢ + 4H,0 —-2CH;COO" + 2HCO;5™ + 4H* + 4H,
CcH,06 + 2H,0 —-2CH5CH,0OH + 2HCO;™ + 2H*

CcH{,0¢ — 2CHCHOHCOO™ + 2H*

CcH1,06 + 2H, -2CH;CH,COO™ + 2H,0 + 2H*

AGY, kj
+76,1
+48,1

+9,6
4,2
-165,0
-56,0
-31,0
-206,0
-226,0
-198,0
-358,0
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Table 4 - Stoichiometry and energetics of main reactions

involved in the anaerobic treatment of FT wastewater.

Reaction AG®’ (kJ/mol)
(35°C, pH =7)?

Alcohols anaerobic oxidation

Methanol + 2H,0 — HCO3 + H™ + 3H, +19.41
Ethanol + H,O — Acetate" + H™ + 2H, +7.42
Propanol + H,O — Propionate™ + H" + 2H, +9.84
Butanol + H,O — Butyrate” + H" + 2H, +14.45
Pentanol + H,O — Pentanoate™ + H™ + 2H, +11.82

VFAs anaerobic oxidation

Propionate™ + 3H,0 — Acetate™ + HCO3 + +72.66
H" +3H,

Butyrate™ + 2H,0 — 2 Acetate” + H" + 2H, +45.36

Pentanoate  + 2H,0 — Acetate™ + +45.42
Propionate™ + H' + 2H,

Methane formation

H, + 1/4HCOj3 + 1/4H" — 1/4CH, + 3/4H,0 ~33.01

Acetate” + H,0 — CH, + HCO3 -32.17

Methanol — 3/4 CH; + 1/4 HCO3 + 1/4 H™ + —79.61
1/4H,0

Prof. Dr. Ahmet GUNAY, Balikesir Universitesi, Miihendislik Fakiiltesi, Cevre Miih. Bol. Cagis/Balikesir, agunay@balikesir.edu.tr, ahmetgunay2@gmail.com




-6,5 -4,5 -2,5 -0,5
0 T - 2 T =

o Anaerobic

'ﬁ* ox 'S:t,‘&" of Acetoclastic
—~T methanogenesis
©a -30-
Ev
- £ o
=~ 0O -60- Anaerobic
Q) l°n oxidation of H ‘

ydrogenotrophic

<™ alcohols methanogenesis

et

©

~ =901 Methylotrophic

methanogenesis
-120 -
~— Ethanol to H2 —— Propanol to H2 ~—— Butanol to H2 ~—Pentanol to H2
‘Propionate to H2  — Butyrate to H2 Pentanoate to H2  ===H2 to methane
—Acetate to CH4 = -Methanol to CH4
High-rate anaerobic treatment of Fischer—Tropsch wastewater ) 36

Prof. Dr. Ahmet GUNAY, Balikesir Universitesi, Miihendislik Fakiiltesi, Cevre Miih. Bol. Cagis/Balikesir, agunay@balikesir.edu.tr, ahmetgunay2@gmail.com




Fermantasyon reaksiyonlarinda harici bir elektron alicisina ihtiyac yoktur ve molekiil igerisinde
elektronlar yeniden dizilir. Diger bir ifade ile, molekiiliin goreceli olarak indirgen olan kismi
elektron alicisi gibi, ve goreceli olarak oksitlenmis kismi elektron vericisi gibi davranarak, molekiil
icerisindeki elektronlar yeniden dizilir. Sonucta, biyoreaksiyon sonucu aciga cikan driinlerden en az biri
orijinal substrata gore daha fazla oksitlenirken digeri indirgenmistir. Bir kimyasal bilesenin fermente
olabilmesi icin asiri oksitlenmis ya da indirgenmis olmamasi gerekir. Molekiilden eneriji aciga ¢cikmasi
icin molekulin bir kismi elektron alirken, bir kismi da elektron vermelidir.

Fermentasyon reaksiyonunun urtnleri mikroorganizma tipine, substrat bilesenine ve baslangictaki elektron
alicisina gore degisir. Fermentasyon urtnleri;

»Asetik asit,

=| aktik asit,

=Formik asit, H, ve CO,,

=Etanol ve CO,,

=2,3 butandiol ve CO,,

=Propiyonik asit ve CO,,

»Btrik asit,

»Aseton, bitanol, isoproponolve CO,,
*CH, ve CO,
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Buna, asetik asitten metan Uretimi ya da glikozdan alkol Gretimi ornek olarak gosterilebilir,

CH,COOH 9 CH, + CO, AG°=-75.7 kJ
C.H,,0, & 2CH,CH,OHCH, +2CO,  AG°=-57,0 kcal/mol
C.H,,0, + 60, & 6H,0 + 6CO, AG°=-686 kcal/mol

Asetik asit molekiiliiniin metil grubundaki karbonun oksidasyon basamagi -3 iken, karboksil
grubundaki karbonun oksidasyon basamagi +3'tiir. Asetik asit molekiliindeki karbonlardan, metil
grubundaki karbonun -3, karboksil grubundaki karbonun +3 degerlikte olmasindan dolayi, molekilin ortalama
oksidasyon basamag: sifir (0) olur. Ancak, reaksiyon Uriinlerinde metandaki karbonun oksidasyon basamagi -4 ve
karbondioksitteki karbonun oksidasyon basamag ise +4'tir. Bu durumda karboksil grubundaki karbon elektron
vericisi, ve metil grubundaki karbon ise elektron alicisidir. Boylece, bu redoks reaksiyonu harici bir elektron
alicisina intiyagc duymaksizin gerceklesebilir.

Fermantasyon, karbon kaynaginin kismi oksidasyonu oldugu icin, aerobik solunuma goére karbon kaynagindaki
enerjinin oldukca duslik bir kismi aciga cikar. Mesela, asetik asit molekilinin tam oksidasyonu;

CH;COOH + 20, & 2H,0 +2CO, AG°=-893.7 kJ
Seklindedir.
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Fermantasyon, karbon kaynaginin kismi oksidasyonu oldugu igin, aerobik solunuma gére karbon kaynagindaki
enerjinin oldukca dislik bir kismi aciga cikar. Mesela, asetik asit molekilinin tam oksidasyonu;

CH;COOH + 20, ® 2H,0 +2CO, AG°=-893.7 kJ
Seklindedir.

Bu ylzden, asetik asitten metan Uretiminde (CH;COOH =»CH, ), asetik asit molekulintin tamami biyokimyasal
reaksiyona girdiginde, icerisindeki potansiyel kimyasal enerjinin sadece %8,5" i aciga cikar. Unutulmamalidir ki,
bu hesap asetik asitin tamaminin katabolik reaksiyonda kullaniimasi hali icindir, anabolizma icin tiketilecek bir
miktar asetik asit ihmal edilmistir.

Asetik asitin anaerobik fermantasyonu (CH;COOH =»CH,) ve tam oksitlenmesi (CH;COOH + 20,=»...) halindeki
enerji farki CH,'dadir ve bu kimyasal enerji metanin yanmasiyla

CH, + 20,9 2H,0 + CO, AG°=-818.0 kJ

Reaksiyonuna gore aciga cikar.
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Calculation of the enthalpy of reactions:

1. O T Lo e+ ()
AH, (KJ mol) -110.62 0 1393.77
AH,, = -393.77 — (-110.62) = -283.15 kJ mol- CO
2. H2 + 1/202 —> HzO
0 0 -242.00
AH, = -242.00 — 0 = -242.00 kJ mol-t H,
3. CH, + 20\ co,CD 2H,0
-74.86 0 -393.77 -242.00
AH, = [-393.77 + 2(-242.00)] — (-74.86) = -802.91 kJ mol-! CH,
4, C2H6 + 31/202 - 2C02 + 3H20
-84.74 0 -393.77 -242.00

AH, = [2(-393.77) + 3(-242.00)] — (-84.74) = -1428.8 kJ mol! C,H,

p X
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a. CHay(g)+20(g) »> COxg)+2H,O() AH=?

Utilizing Hess’s law:

Reactants — Standard State Elements AH=AH,+ AH,=75+0=75kl
Standard State Elements — Products AH=AH.+ AH;=-394 —572=-966 k]

Reactants — Products AH=75-966=-891k]

p X
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Asetik asitin metan fermantasyonu (CH;COOH =»CH,) oncesi igin gerekli olan oksidant ihtiyaci ile metana
donustimunden (CH, + 20,=»...) sonra metanin oksitlenmesi icin gerekli oksidant ihtiyaci aynidir. Cunku
fermantasyon esnasinda organik madde oksitlenmemistir. Metanin oksidasyonunda (CH, + 20,=»...), 16 g

metan igin 64 g KOI'ye ihtiyag vardir (4 g KOI/g CH,). Bu durumda, herhangi bir organik atiktan 1g CH,
uretildiginde 4 g KOI harcanmistir/tiiketilmistir.

OZETLE,
CH,COOH = CH, + CO, AG°=  -75.7 kJ
CH, + 20, =2 2H,0 + CO, AG°= -818.0 kJ
CH;COOH + 20, & 2H,0 +2CO0, AG°= -893.7 kJ
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OZET
9%8.5'lik enerji farki nasil hesaplanir?

= Biyokimyasal reaksiyonlarda elektron

Reaksiyon AG°, k] : ) A} :

_ alicisi olan bilesenin formu indirgendikce
Anae: CH;COOH = CH, + CO, TSyl (0,>NO5;> MnO, > FeOH >SO42'

>CO0,) aciga ¢ikan serbest eneriji azalr,
Ael s @ €H; + 20, 2 2H,0 + CO, -818,0 mikrobiyal donusum (mikroorganizma
64 g KOI olusumu-camur Uretimi) de duser.
CH;COOH + 20, % 2H,0 + 2CO, -893,7 = Asetik asitin anaerobik fermantasyonu ile
64 g KOI KOI degismez.

= Asetik asitin anaerobik fermantasyonunda, molekiil icerisindeki kimyasal enerjinin sadece %8,5’i aciga
cikar, kalan kimyasal enerji metandadir.

= Anaerobik fermantasyon ile agiga cikan enerji az oldugundan mikrobiyal aktivite/cogalma dustiktir. Bu
yluzden anaerobik reaktorlerde camur Uretimi dusukttr ve reaktorde yuksek konsantrasyonlarda
mikroorganizma bulunmasi istenir.

= Biyokimyasal reaksiyonlarda elektron alicisi olan bilesenin formu indirgendikce
(0,>NO;> MnO, > FeOH >S0,2->CO0,) aciga cikan serbest enerji azalir, mikrobiyal dénisim de diser.
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OZET

=Biyokimyasal reaksiyonlarda ortamin ORP degeri ne kadar pozitif ise birim elektron transferi basina aciga cikan
enerji de o kadar yuksektir (0,>NO3;> MnO, > FeOH >S0,2->CO0,).

=Mesela reaktore nitrat ilavesi ortamin ORP degerini yikseltir.
*C;cH3,+19,6 NO;+3,6 H*=16 HCO;+9,8 N,+10,8 H,O0 AG"=-983 kJ/mol N,
*C,cH3,+12,25 SO,2=16 HCO;+12,25 HS" + 3,75 H* AG = -61 kJ/mol HS-
*C,Hs,+11,25 H,0 212,25 CH,+3,75 HCO; + 3,75 H* AG = -33 kJ/mol CH,
AG ":Standart olmayan sartlar ve pH 7

=Solunum harici elektron alicisi gerektirir:
— Aerobik solunumda elektron alicisi: O,
— Anaerobik solunumda: NO5-, SO,%-, CO,

=Fermentasyonda harici elektron alicisi gerekmez, fermente olan molekil hem elektron alicisi, hem de elektron
vericisidir.
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Table 16.6 Stoichiometric values of COD and TOC per unit mass for different pure organic compounds C,H.O,Ng4, the COD/TOC values
and the mean carbon oxidation state for these compounds and the estimated CH, % in the biogas

Compound n a b d gCOD/ ¢gTOC/ COD/ TOC C-ox. state CH4 %
g C,H,OpNy g C,H,OpNy
Methane 1 4 0 0 4 0.75 533 -4 100
Ethane 2 6 0 0 3.73 0.8 4.67 -3 87.5
Methanol 1 4 1 0 15 0.38 4 -2 75
Ethanol 2 6 1 0 2.09 0.52 4 -2 75
Cyclohexane 6 12 0 0 3.43 0.86 4 -2 75
Ethylene 2 4 0 0 3.43 0.86 4 -2 75
Palmitic acid 16 32 2 0 343 0.75 3.83 -1.75 72
Acetone 3 6 1 0 2.21 0.62 3.56 -1.33 67
Ethylene glycol 2 6 2 0 1.29 0.39 3.33 -1 62.5
Benzene 6 6 0 0 3.08 0.92 333 -1 62.5
Betaine 5 11 2 1 1.64" 0.51 8.2 -0.8 60
Glycerine 3 8 3 0 1.22 0.39 3.11 -0.67 58
Phenol 6 6 1 0 2.38 0.77 3.11 -0.67 58
Lysine 6 14 2 2 153 0.49 374 -0.67 58
Phenyl alanine 9 11 2 1 1.94 0.65 2.96 -0.44 56
Insuline 254 377 75 65 1.45 0.53 292 -0.08 51
Glucose 6 12 6 0 1.07 0.4 2.67 0 50
Lacitc acid 3 6 3 0 1.07 0.4 2.67 0 50
Acetic acid 2 4 2 0 1.07 0.4 2.67 0 50
Citric acid 6 8 7 0 0.75 0.38 2 1 37.5
Glycine 2 5 2 1 0.64 0.32 2 1 37.5
Formic acid 1 2 2 0 0.35 0.26 1.33 2 25
Oxalic acid 2 2 -+ 0 0.18 0.27 0.67 3 12.5
Carbondioxide 10 2 0 0 0.27 0 4 0 ) 46

‘ated COD. Theoretical: with standardised bi-chromate COD test no COD will be measured
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When hydrogen is available, most of the remaining methane is formed from the reduction of carbon dioxide.
CO, acts as an acceptor of the hydrogen atoms removed from the organic compounds by the enzymes. Since
carbon dioxide is always present in excess in an anaerobic reactor, its reduction to methane is not the limiting
factor in the process. The methane formation from the reduction of the carbon dioxide is shown below:

CO,+4H, = CH,+2H,0
(microbial groupe: hydrogenotrophic methanogenic organisms)

The overall composition of the biogas produced during anaerobic digestion varies according to the
environmental conditions prevailing in the reactor. The composition changes quickly during the initial start-up
of the system and also when the digestion process is inhibited. For reactors operating in a stable manner the
composition of the biogas produced is reasonably uniform. However, the carbon dioxide/methane ratio can vary
substantially, depending on the characteristics of the organic compound to be degraded. In the anaerobic
treatment of domestic sewage, typical methane and carbon dioxide fractions present in the biogas are 70 to
80% and 20 to 30%, respectively.

The methane produced in anaerobic digestion processes is quickly separated from the liquid phase due to its
low solubility in water. This results in a high degree of degradation of the liquid wastes, once this gas
leaves the reactor to the gaseous phase. On the other hand, carbon dioxide is much more soluble in water
than methane, and leaves the reactor partly as gas and partly dissolved in the liquid effluent.
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Solunum Reaksiyonlari
HCO, — asetat | HCO, + 4H, + H* - CH,COO" + 4H,0 -104,6
HCO, — metan | HCO, + 4H, + H* — CH, + 3H,0 -135,6
‘ SO,2 + 4H, + H* — HS" + 4H,0 -151,9
sulfat = silfid | o' coo- + 50,2 + HF — 2HCO, + HiS 59,9
Jitrat _s amonvak | NOs.*+ 4Hz + 2H" = NH,* + 3H,0 -599,6
Y& | CH,CO0 + NO" + H* + H,0 — 2HCO, + NH,* -511,4
nitrat — azot gaz1 | 2NO; + 5H, + 2H* - N, + 6H,0 -1120,5
Tahle 23. Selected substrates and energy yvields by methanogens.
Reactions MG (k]imol)
(B) 4HCOO™ +2H' — CHy + CO; +2HCO; ™ —127
C) CH,COO™ + H;O — CHy + 2HCOS ™ —28
(D) 4CH30H — 3CH4 + COz 4+ 2H20 —103
(E) 4CHaNH; + 2H;0 + 4H' — 3CH  + CO; + NH* —102
(F) (CH3),8 + H;O — 1.5CHy + 0.5CO; + H;8 —74

Sesrce; Orermland (1988). Reprinted with permission.

p X

‘ Prof. Dr. Ahmet GUNAY, Balikesir Universitesi, Miihendislik Fakiiltesi, Cevre Miih. Bl. Cagis/Balikesir, agunay@balikesir.edu.tr, ahmetgunay2@gmail.com



8 |
TABLO Su ortamlarindaki farkl elektron alicilari icin glikoz oksidasyonu-ORP-enerii iliskisi

No Oksidasyon-rediiksiyon reaksiyonlari kJ/mol-Glikoz ORP*, mV
1 Aerobik oksidasyon

CH,,0¢ + 60,2 6CO, + 6H,0 2 877 400-700
2 Denitrifikasyon

5C,H;,0¢ + 24NO5~ + 24H* = 30CO, + 12N, + 42H,0 2721 250
3 Mangan Indirgenmesi

C,H,,0, + 12Mn0O, + 24H+ = 6CO, + 12Mn?* + 18H,0 2 027 225
4 Demir Indirgenmesi

CH,,0, + 24Fe(OH), + 48H* = 60, + 24Fe?* + 66H,0 441 120
5  Siilfat Indirgenmesi

CH,,0, + 350,%~ = 6CO, + 35% + 6H,0 -492-382 -220
6 Etanol fermantasyonu

CH,,0 = 2CO, + 2CH,CH,OH -244 ~-100
/ Metan Fermantasyonu

C¢H,,0, 2 3CO, + 3CH, ? -250 ~ -400

Biogeochemistry of Wetlands: Science and Applications sh 460 oksidasyon reduksiyon potansiyeli (ORP)

1_Environmental Biotechnology-Principles and Applications Bruce E Rittmann Perry L McCarty, p 133.
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