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Theoretical Estimation of Stoichiometry for Biodegradation
of Hazardous Organic Compounds

Seung Han Woo and Jong Moon Park*
School of Environmental Science and Engineering, POSTECH

ABSTRACT

Theoretical estimation of overall stoichiometry for the microbial degradation of hazardous organic compounds is
described. Half-reaction method based on microbial energetics was used in the theoretical estimation. In addition to the
half-reaction method, other theoretical methods such as intermediate formation, oxygenation reaction, and estimation of
the standard free energy of formation by group contribution theory were also applied. As a case study, the application of
these methods was demonstrated for the estimation of microbial kinetics in the biodegradation of phenanthrene which was
chosen as a model hazardous organic compound along with glucose and hexadecane. The cell yield, oxygen requirement,
nitrogen requirement, and mineralization ratio could be estimated from the overall stoichiometry. It is believed that these
theoretical estimation methods are useful tools for practical design and assessment of bioremediation of soil and
groundwater contaminated with hazardous organic compounds.
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Fig. 1. Electron and energy flows for biodegradation of an electron-
donor substrate. (a) complete mineralization, (b) intermediate formation,
(c) oxygenation reaction. (a) and (b) are the figures from ref. 9.
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reaction.
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Fig. 3. Simplified biodegradation pathways for glucose (a), hexadecane (b), and phenanthrene (c). Phenanthrene pathway represents two-
step biodegradation of phenanthrene (C,) via 1-hydroxy-2-naphthoate (C,).
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Table 1. Electron donor reactions and electron flows
Case Half reaction H R' T o AGS”
CeH\,06+ 12H,0 = 6H2CO3+ 24H* + 24¢”
A 6 + 12 0 24 24 0 39.29
2—4H2C03+H +e = C6Hl206+2 —H,0 (r)
C16H34+ 46H20 + 02: 16H2CO3 + 94H+ 94e”
B 16 1 46 0 98 94 4 30.81
94H2CO3+H +e 94C16 14 94H20+ 02 ()
C]4H]0+ 30H20 + 602= 14H2C03 + 42H++ 42e
C 14 30 6 0 66 42 24 85.52
42H2CO3+H +e 24CMH10 4217'2O+ 0, (r)
|4H[0+ 202+ 8H20= C11H703_+ 3H2C03+ 13H++ 126—
Cl 3 13+ 2 8 46 20 12 8 90.83
12C“H 05+ H2C03+12H +e' = 12C14H10+1202+ =H,0 (r)
Cl H;0y” + 40, + 22H20 =TH,COs+29H" + 30e”
C2 29 22 0 46 30 16 83.51
H O,+ + —H
30 CO, 30H e= C“H O3+ 3002+30 1,0 (r)
(r) represents a standard half reaction as a reduction form with one electron equivalent.
The prime () in H, R, T, and O represents the number of each electron equivalent based one mole donor substrate.
All free energies are in kl/electron equivalent.
Table 2. Estimation of the free energy of formation for phenanthrene and 1-hydroxy-2-naphthoate from contribution of groups
Compound Groun or correction Number of Contribution Total contribution
P P © occurrences (kJ/mol) (kJ/mol)
Origin® | -98.65 —98.65
Correction for 1 16.72 16.72
hydrocarbon
Cistlio -CH=* 10 35.11 35.11
>C=° 4 10.45 41.8
Total 310.99
Origin® 1 —98.65 —-98.65
-CH=" 6 35.11 210.67
>C=° 2 1045 20.9
CiH,05” >C= 2 6.27 12.54
-OH°® 1 -132.92 -132.92
-COO- 1 -300.96 -300.96
Total —288.42
2A contribution that must be added to every compound.
®Participating in a benzene ring.
Pammpatmg in two fused benzene rings.
The formal double bond and a formal single bond participating in a benzene ring.
°Attached to benzene ring.
sle) BE WIARAIRSE 0]83)e] Table 19] Case oI5} o] 2} uks] HSol vhal IS EF WAL
Cl1 ¥kl tjal 283t s JehlH ok ot od=] 3k Table 19 WehA v} %‘E}.
AGZ (reaction)=ZAG; (products)—z GZ (reaction)
234 FE3
_(310.99  2x0 , 8x(~237) 34 TERIS S
T2 12 1o Table 191 VEbA 57}11 W}Hﬁxﬂ %8 2z} o

_(—288.42 L 3X(=622.4) 13><(I§9.96) N 0)

12
=90.83 kJ/e—eq

12

(16)

2 ol8slo] A, IAKAAE A s A
AREREL T & Atk o] W, A8H 2} 445
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Table 3. Key parameters and calculated values for glucose, hexadecane, and phenanthrene biodegradation

Parameter Case A Case B Case C Case Cl Case C2
AGS 39.29 30.81 85.52 90.83 83.51
AG,” 39.29 26.35 35.75 3575 35.75
AGS -117.92 —-109.35 -164.22 -169.54 -162.26
AGH 29.25 46.97 31.38 31.38 31.38

m -1 1 1 1 1
K 0.6 0.6 0.6 0.6 0.6
A 0413 0.716 0.318 0.308 0.323
o 0 4/98=0.041 24/66=0.364 8/66=0.121 16/46=0.348
T 24/24=1.0 94/98=0.959 42/66=0.636 12/66=0.182 30/46=0.652
H 0 0 0 46/66=0.697 0
i 0.707 0.559 0.483 0.139 0.493
A 0.293 0.400 0.154 0.043 0.159
Table 4. Overall stoichiometry for glucose, hexadecane, and phenanthrene biodegradation
Case Overall Stoichiometry
A CoH 104+ 0.849NH, + 1.7550,= 0.849CsH,0oN + 2.55H,0 + 1.755H,CO5 + 0.849H"
B CroHaa+ 2.739NH, + 10.80,=2.739CsH,0,N + 9.22H,0 + 2.304H,CO; + 2.739H"
C CruH o+ 1.593NH," + 8.5360, + 4.222H,0,= 1.593CsH70,N + 6.036FH,CO; + 1.593H"
Cl CraH o+ 0.459NH," + 2.7070,+ 0.6,H,0 = 0.459CsH;0,N + 0.70TH,COs + 1 459H + C H705”
C2 CiH,05 + 1.134NH," + 5.8290,+ 3.598H,0 = 1.134CsH,O,N + 5.329H,CO5 + 0.134H"

o 1 AT/E Table 391 ABIATE A7 T
oo} fo2 Al (120 Hdshd Table 49} 22 F2ubg
Al g g 7 A

Table 4°1A BT mie} o] F3HA AEE LT
Case CIT} Case C2& TSI Case C9F Y3 A&
AL 4= Ut o]9} o) TehA kgl thek R
=g i3 ARE 7 GAS 1Hsk] VIRE v
magsled F88 =77 2 4 Utk Table 5ol
Zohgale) 7t Wk AGERE oy 7HA] 85k
Aelakant. oleidt HolH2RE] Ao, A
fek A A SR, FU1sks Sl AEE
< & 9lrk 35Re] 712 tisl wAE 482 vl
™ glucose, hexadecane, phenanthreneel] thall Z42t 0.53,

oo

fo o o
i ng r_«llg g.‘\!

O
-

Table 5. True yield values for glucose, hexadecane, and phenanthrene
biodegradation

Parameter| Case A | Case B | Case C | Case Cl | Case C2
Ve 053 1.37 1.01 0.29 0.69
Yo 0.3t 1.53 1.54 0.49 1.00

Ycous 043 045 1.49 0.17 1.25
Fnin 0.29 0.14 0.43 0.24 0.48

The units are Yy, in g cells/g substrate, Y, in g O./g substrate,
Yeos in g CO»-C/g substrate, and f,,;, (mineralization ratio) in g
CO,-C/g substrate-C.
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