
Environmental Process EngineeringEnvironmental Process Engineering
Fall Semester, 2009Fall Semester, 2009

�� Lecturer: Lecturer: Jeyong Yoon: Office: 302-813, 

Phone:880-8927,  E-mail: jeyong@snu.ac.kr, 

home page: env.snu.ac.kr, home page: env.snu.ac.kr, 

�� Time: Time: Mon.,WenMon.,Wen.  PM. 2:30.  PM. 2:30--4:00  4:00  Class room: 302-520

�� No textbook, Handout materialsNo textbook, Handout materials

�� Grade: Grade: Attendance: 10% , Homework: 10% 

Exams: 80% [Mid exam & Final exam, 100 pts each] 



Class ScheduleClass Schedule
� Week 1 [9/3]:  Water Pollution Issues, Nature of water pollution

� Week 2 [9/7, 9/9]: Water Quality Parameters

� Week 3 [9/14, 9/16]: Water Quality Parameters

� Week 4 [9/21, 9/23]: Water Treatment Process/Wastewater Treatment Process

� Week 5 [9/28, 9/30]: Particles in Water/Coagulation, Nanoparticle

� Week 6 [10/5, 10/7]: Oxidation Process/Disinfection

� Week 7 [10/12, 10/14]: Chlorination process/disinfection byproducts

� Week 8 [10/19, 10/21]: Advanced Oxidation - Ozone

� Week 9 [10/26, 10/28]: Advanced Oxidation – Photochemistry/UV� Week 9 [10/26, 10/28]: Advanced Oxidation – Photochemistry/UV

� Week 10 [11/2, 11/4]: Advanced Oxidation – Fenton related chemistry

� Week 11 [11/9, 11/11]:  Innovative Environmental Processes 1 - Electrochemical 
disinfection                                       

� Week 12 [11/16, 11/18]: Innovative Environmental Processes 2 - Environmental 
Electrochemistry 

� Week 13 [11/23, 11/25]: Innovative Environmental Processes 3 - Environmental 
Electrochemistry 

� Week 14 [11/30, 12/2]: Innovative Environmental Processes 4 - Biofilm control

� Week 15 [12/7, 12/9]: Innovative Environmental Processes 5- Biofilm control



How is water pollution in the neighborhood of our house? 

http://images.google.co.kr/imgres?imgurl=http://www.scienceall.com/nas/Nsk/image/20080911_Nie5G9ZE.jpg&imgrefurl=http://www.scienceall.com/sa_frontier/knowledge.sca%3Ftodo%3DNskView%26seqno%3D3063&usg=__2BdWuPczOqKeAtkAPhbI_yDdMHg=&h=333&w=500&sz=188&hl=ko&start=22&um=1&tbnid=u_jtkgqCgPTdHM:&tbnh=87&tbnw=130&prev=/images%3Fq%3D%25EC%2588%2598%25EC%25A7%2588%25EC%2598%25A4%25EC%2597%25BC%26ndsp%3D18%26hl%3Dko%26lr%3Dlang_ko%26rlz%3D1G1GGLQ_KOKR315%26sa%3DN%26start%3D18%26um%3D1%26newwindow%3D1
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Beijing Olympic and Algal Bloom (2008)



How is water being polluted? 



Small streams in Han river, Seoul



헌 법

환경정책기본법

자연환경 관리 배출규제 및 관리
상수원 관리 기 타

•자연환경보전
법

•수도법
•먹는물
관리법

•환경 기술개발
및 지원에 관한
법률

대 기 수 질 폐기물 기 타

법
•환경영향평가
법
•독도등도서지
역의 생태계 보
전에 관한 특별
법
•자연공원법
•토양환경보전
법
•습지보전법
•조수보호및 수
렵에 관한 벌률

•대기환경보전
법
•소음• 진동 규
제법
•지하생활 공간
공기질 관리법

•수질환경 보전법
•오수• 분뇨 및 축
산폐수의 처리에
관한 법률
•하수도법
•한강수계상수원
수질개선 및 주민
지원 등에 관한 법
률

•폐기물 관리법
•자원절약과 재활
용 촉진에 관한
법률
•폐기물처리시설
설치 촉진 및 주
변 지역 지원등에
관한 법률
•폐기물의 국가간
이동 및 그 처리
에 관한 법률

•유해화학물질 관
리법
•환경범죄의 단속
에 관한 특별법

관리법 법률
•환경 분쟁 조
정법
•환경개선 특별
회계법
•환경개선 비용
부담법
•환경관리 공단
법
•수도권 매립지
관리공사의 설
립및 운영등에
관한 법률













Since 1998, river basin management system (e.g., total maximum daily load 
management system), expansion of infrastructure, reinforcement 
of the emission standard





























수질 및 수생태계 환경기준



Important water quality parameters Important water quality parameters 

1.1. pHpH
2.2. BOD(Biochemical Oxygen Demand)BOD(Biochemical Oxygen Demand)
3.3. COD (Chemical Oxygen Demand)COD (Chemical Oxygen Demand)
4.4. SS (Suspended Solid)SS (Suspended Solid)4.4. SS (Suspended Solid)SS (Suspended Solid)
5.5. DODO
6.6. Total Total coliformcoliform
7.7. Total NitrogenTotal Nitrogen
8.8. Total PhosphorusTotal Phosphorus



하천 – 생활환경기준 (7등급)



호소 - 생활환경기준



BOD(BOD(BBiochemical iochemical OOxygen xygen DDemand)emand)
~ the amount of oxygen required by bacteria while stabilizing decomposable 

organic matter under aerobic conditions

1) organic matter can serve as food for bacteria

2) energy is derived from its oxidation

~ the most important water quality parameter in stream  pollution control 

activities

~ generally discharge criteria ~  20 mg/L

~ high BOD � anaerobic conditions (H S, NH , H , CH )~ high BOD � anaerobic conditions (H2S, NH3, H2, CH4)

~ the samples must be protected from the air to prevent reaeration in analysis

~ limited solubility of oxygen in water;  9 mg/L at  20℃� dilution of samples 

is required

~ the presence of toxic substance � not feasible 

~ essential nutrients required for microbial growth ~ N &P,  trace elements

~ a mixed group of organisms  � seeding



※ Aerobic Decomposition

Organic matter +  O2   → CO2 + H2O + new cells + stable 

products (NO3 , PO4, SO4,…)

※ Anaerobic Decomposition

Organic matter  → CO + H O + New cells + unstable products 

BOD(BOD(BBiochemical iochemical OOxygen xygen DDemand)emand)

Organic matter  → CO2 + H2O + New cells + unstable products 

(H2S, NH3, CH4 ,…)

• CBOD (carbonaceous oxygen demand)

• NBOD (nitrogenous oxygen demand)



The quantitative relationship between carbon content The quantitative relationship between carbon content 
and oxygen consumption and oxygen consumption 

CnHaObNc +                                              nCO2 +                            + cNH3

~ it is possible to interpret BOD data in terms of organic matter which the 

amount of oxygen is used during its oxidation

~ this concept is fundamental to an understanding of the rate at which BOD is 
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~ microbial activity - population numbers, temperature 20℃,  5 days

- 20 days for complete consumption

a reasonably large % of total BOD - 5-day BOD

~ 70-80% of the total BOD

~ minimize interferences from ammonia oxidation



C : the concentration of oxidizable organic matter

(pollutants) 

for BOD consideration

L : the ultimate demand  (mg/L)

C
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∝
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1st order equation 
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The Nature of the BOD reaction 

Lo : the ultimate demand  (mg/L)

e-2.303Kt

= e-kt = 10-Kt

Lt= Lo (10-Kt )       

Meaning? ~ the amount of pollutants (demand) remaining after any time t has elapsed 

is a fraction of L corresponding to 10-Kt  ~  BOD that has not exerted   “

Environmental engineer  ~ interested in the BOD exterted

kL
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kK /303.2=



Then, what is BOD exerted (y = BODt) ?

y = BODt = Lo – L o· 10-Kt =  Lo(1-10-Kt)
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The BOD reaction rate constant k
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TABLE 22TABLE 22--11

BOD measurable with various dilutions of samplesBOD measurable with various dilutions of samples

Using percent mixtures
By direct pipeting into

300-ml bottles

% mixture Range of BOD ml Range of BOD

0.01 20,000-70,000 0.02 30,000-105,000

0.02 10,000-35,000 0.05 12,000-42,000

0.05 4,000-14,000 0.10 6,000-21,000

0.1 2,000-7,000 0.20 3,000-10,5000.1 2,000-7,000 0.20 3,000-10,500

0.2 1,000-3,500 0.50 1,200-4,200

0.5 400-1,400 1.0 600-2,100

1.0 200-700 2.0 300-1,050

2.0 100-350 5.0 120-420

5.0 40-140 10.0 60-210

10.0 20-70 20.0 30-105

20.0 10-35 50.0 12-42

50.0 4-14 100 6-21

100 0-7 300 0-7



TABLE 22TABLE 22--22

Significance of reaction rate constant Significance of reaction rate constant kk upon BODupon BOD

Time

days

Percent of total BOD exerted

k = 0.05 k = 0.10 k = 0.15 k = 0.20 k = 0.25

1 11 21 29 37 44

2 21 37 50 60 68

3 29 50 64 75 82

4 37 60 75 84 90

5 44 68 82 90 94

6 50 75 87 94 97

7 55 80 91 96 98

10 68 90 97 99 99+

20 90 99 99+ 99+ 99+



FIGURE 22-3

Effect of rate constant k on BOD (for a given L value)



FIGURE 22-4

Effect of rate constant k on ultimate BOD (based on assumed 5-day Bod of 200mg/l).





Nitrification Nitrification 

� 2NH3 + 3O2 2NO2
- + 2H+ + 2H2O

� 2NO2
- + O2 2NO3

-

Nitrosomonas 

Nitrobacter



Nitrifying bacteria  do not exert an appreciable demand for oxygen until about 8 to 10 days

have elasped in regular BOD test. 

- serious error into BOD measurement 

- BOD5 � the basis for 5-day incubation period chosen

-in untreated domestic wastewater/the effluent from biological treatment units 

- inhibiting agent  (2-chloro 6-(trichloro methyl )pyridine , TCMP) 

- How about algal growth? � 정확한 BOD 측정의 어려움







P

DOfDOi
BOD

−
=5

5-day BOD Test; BOD5

: The total amount of oxygen consumed by microorganisms during  the 

first five days of biodegradation at 20 C  

waterdilutionpluswastewaterofvolume

wastewaterofvolume
fractiondilutiontheP ==

DOi =the initial dissolved oxygen (DO) of the diluted wastewater

DOf= the final DO of the diluted wastewater, 5 days later



Rate of Biochemical OxidationsRate of Biochemical Oxidations

BOD reaction   rate constant ~ 0.1day-1 at 20℃

polluted river waters and domestic wastes in the United States and England.

the analysis of industrial wastes  � the use of synthetic dilution waters

� K values considerably in excess of 0.10 day-1

an appreciable variation for different waste materials 

K values for effluents from biological waste treatment

~ significantly lower than that of the raw waters.~ significantly lower than that of the raw waters.

Table 22.2  Figure 22-3  & Figure 22-4

=> ① the nature of the organic matter

② the ability of the  microrganism present to utilize the organic matter



~ varies greatly in chemical character and availability to micro organism

~ readily available

~ must await nydrolytic action and diffusion

~ colloidal and coarse suspension

~ the most important factor in controlling the rate of the reaction

glucose    K ~ high

more complex material K ~ low

(lignin)(lignin)

lag period ~ particularly those containing organic compounds of synthetic

origin

seeding ; a properly acclimated seed  is needed, ~ lack of proper enzyme 

system



Discrepancy between L values and theoretical oxygen Discrepancy between L values and theoretical oxygen 
demand values. demand values. 

total BOD = theoretical oxygen demand (?)

(L)

C6H12O6 + 6O2 � 6CO2 + 6H2O

180         192

If glucose 300 mg/L  � BOD 320mg/L 예상

실제 250~285   20 day

85% of the theoretical amount

(part of organic matter is converted to cell tissue)

(Living bacteria serve as food material)

(a non biodegradable matter)



Discrepancy between observed rates and 1st order rates.Discrepancy between observed rates and 1st order rates.

Carbonaceous BOD � two phases (Fig 2-22)

~ the secondary action of protozoa

1~2 days ~ rapid consumption by bacteria

of soluble organic material

30~50% is oxidized

the remainder is converted to bacterial cellsthe remainder is converted to bacterial cells



plateau ~ a reduced rate of oxidation occurs

~ endogenous respiration phase of bacterial metabiolism

-> BOD data 

-> However, do not invalidate the use of “first-order” kinetics

within a day or two a secondary rise in the rate of oxidation occurs and within a day or two a secondary rise in the rate of oxidation occurs and 

is attributed to a rise in the population of protozoa.



Application of BOD data Application of BOD data 

~ application in environmental engineering pratice

~ water criteria

~ Stream pollution control



Chemical Oxygen Demand; Chemical Oxygen Demand; CCODcrODcr

~ a measure of the oxygen equivalent of the organic matter content of a sample that is 
susceptible to oxidation by a strong chemical oxidant.

물속의 유기물이 정해진 농도의 산화제에 의해 산화될 때 소모되는 산소의 양

~  dichromate reflux method

95~100% of the theoretical value

~ pyridine ~ pyridine 

~ volatile organic acids.

~ Ammonia(?)

~ always CODcr >  BODs 

~ Advantage vs. Disadvantage ;   COD Analysis

Open reflux method ~ popular

Closed reflux method ~ economical



화학적화학적 산소요구량산소요구량 (COD)(COD)

� 물속에 있는 유기물을 강한 산화제를 이용하여 산화 가능한 유기물을

화학적으로 산화시킨 후 소모된 산소 요구량 산정

유기물 + Cr2O7
2- + H+

Cr3+ + CO2 + H2O

� 물속에 있는 유기물을 강한 산화제를 이용하여 산화 가능한 유기물을

화학적으로 산화시킨 후 소모된 산소 요구량 산정

유기물 + Cr2O7
2- + H+

Cr3+ + CO2 + H2O

� 미생물의 성장에 유해한 독성물질이 함유되어 있는 산업폐수나 도시하수 중

유기물의 측정에 사용됨

� 일반적으로 COD > BOD : 생물학적으로 산화되는 화합물보다 화학적으로

산화되는 화합물이 더 많기 때문

� 3시간 정도에 측정이 가능해 BOD가 5일인 것에 비해 유용한 경우가 많다.

� 미생물의 성장에 유해한 독성물질이 함유되어 있는 산업폐수나 도시하수 중

유기물의 측정에 사용됨

� 일반적으로 COD > BOD : 생물학적으로 산화되는 화합물보다 화학적으로

산화되는 화합물이 더 많기 때문

� 3시간 정도에 측정이 가능해 BOD가 5일인 것에 비해 유용한 경우가 많다.



K2Cr2O7

Organic decompostion by Potassium Chromate

C6H12O6 + 4 K2Cr2O7 + 16 H2SO4 � 4 Cr2(SO4)3 + 4 K2SO4 + 6 CO2 + 22 H2O

oxidant

(Measurement of Excess Oxidizing Agent)

FAS (Ferrous Ammonium Sulfate)에 의한 중크롬산의 환원
Fe(NH4)2(SO4)2·6H2O

Cr O 2- + 14H+ + 6Fe2+ --� 2Cr3+ + 6Fe3+ + 7H OCr2O7
2- + 14H+ + 6Fe2+ --� 2Cr3+ + 6Fe3+ + 7H2O

reductant

CH2O + O2 � CO2 + H2O

C6H12O6 + 6O2 � 6CO2 + 6H2O

p.547

CnHaObNc + dCr2O7
2- + (8d + c)H+ nCO2 +                        H2O

+ cNH4
+ + 2dCr3+

d = (2n/3 + a/6 + b/3 + c/2 )

2

38 cda −+

∆



IndicatorIndicator

~ a very marked change in ORP occurs at titration

~ Ferroin (ferrous 1, 10-phenanthroline)

~ a very sharp brown color change



Alternative Procedure for Low COD samplesAlternative Procedure for Low COD samples

~ accurate and precise for 50 mg/L or greater

for more dilute samples � preferred for a  diluted dichromate solution

~ maintain the volume of conc H2SO4 to volume of sample plus dichromate 

solution (1:1)

if it is smaller,if it is smaller,

if it is larger,



Methods to Reduce Haz Waste GenerationMethods to Reduce Haz Waste Generation

~ COD test generate a large volume of liquid haz waste

~ spent sol’m must be stored, packaged, and disposed into approved haz waste storage 
sites.

~ close-reflux method

(smaller sample and reagent volumes)

~ Use lower ferrous ammonium sulfate titrant

~ colorimetric method rather than volumetric titration

Cr(Ⅳ)(orange) ---� Cr(Ⅲ) Blue

10









40

N

Open Method Closed Method

Sample 양 50 10

K2Cr2O7 10 5

H2SO4 30 15

FAS 0.25 0.025

“페로인”
녹색 -> 적갈색



Interference by chloride (Cl-)

Cr2O7
2- + 14H+ + 6e- → 2Cr3+ + 7H2O    E° = 1.33V

Cl2(aq) + 2e- → 2Cl- E° = 1.39V

6Cl- → 3Cl2(aq) + 6e- E° = -1.39V

6Cl- + Cr2O7
2- + 14H+ → 3Cl2 + 2Cr3+ + 7H2O    E° = -0.06V

E<0     E = E° - ℓnQ
nF

RT

RT3.2E° =              log Q             T =  273 + 100 (100℃)

≒ 0.012 log Q               R = 1.98Cal deg-1 mol-1

F = 23060 Cal vol-1

Q = 10-5 n = 6

Q =                                      = 10-5

[H+] = H2SO4 27 mL × 36N × ≒ 15.68M

[Cr2O7
2-] = (0.25eq/L) × 10mL × (mole/3eq)(             ) = 0.0134M

nF

RT3.2
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평형점에서 75% 의 중크롬산이 남는다고 가정하면

[Cr2O7
2-]= 0.0134 × 0.75M = 0.01M            [Cr3+] = 0.01 × 2M

≒ 311562

* 중크롬산보다 환원전위가 큰 물질은 환원형

"     낮은 "       산화형으로.

[ ]
[ ]2

2

−Cl

Cl

"     낮은 "       산화형으로.



6O2 : 4K2Cr2O7

K2Cr2O7 : 6Fe2+ ≡ 6FAS

O2 :      K2Cr2O7

Calculation Calculation 

COD  as mg O2/L = 

A : mL FAS used for blank

B : mL FAS used for sample

M : FAS의 molarity

FAS titrant – 0.25M

( )
samplemL

MBA

50

8000××−

6

1

24

1
4 =×

4

1

6

1

1
K2Cr2O7 : Fe2+

= (A-B)·M × × 32 ×

= 

NV = N′V′

N = 
V

VN ′′

6

1









mL

L

50

1000

4

1

( )
samplemL

MBA

50

8000⋅⋅−



Open Reflux acid Open Reflux acid 

� principle  ~ by a boiling mixture of chromic and sulfuric acid

~ 2h reflux time

~ titrate with FAS FeSO4(NH4)2 SO4·6H2O

� Titration – ferroin indicator

1.485g 1.10 phenanthroline monohydrate 695 mg FeSO4

-> 100mL

take end point blue green to reddish brown



Interferences and LimitationsInterferences and Limitations

Volatile straight-chain aliphatic compounds

� volatiles organics are present in the vapor phase

� add Ag2SO4 (“as a catalyst”)

Ag+이 용존하면KMnO4용액과 반응하여 오차!!

However, Ag2SO4 + Cl-

Br- precipitate

I-

� HgSO4를 첨가!!!(Cl-와 complexation)

AgX

AgCl

AgBr

AgI

� HgSO4를 첨가!!!(Cl-와 complexation)

� NO2
- exerts a COD 1.1 mg O2/mg NO2

- - N

=   

NO2
- +             ---> NO3

-

46   :   16 

add 10mg sulfamic acid for each mg NO2
- - N

-Fe2+ , S2-, manganous manganese

~ 방해물질

14

16 2
2

1
O

NO2-N

2
2

1
O



CODMn

원리 : 산성조건(황산)에서 과망간산칼륨(KMnO4)를 이용하여 유기물을 분해, 소
비된 과망간산칼륨으로 부터 이에 상응하는 산소의 양을 측정.

산성용액

MnO4
- + 8H+ + 5e ⇄ Mn2+ + 4H2O

2MnO4
- + 5C2O4

2- + 16H+ ⇄ 2Mn2+ +10CO2 + 8H2O⇄

과잉의 C2O4
2-를 과망간산칼륨의 표준용액으로 역적정

COO-

|

COO-

②
처음가한 KMnO4

④
KMnO4로 역적정

검수
①

수산나트륨
③



계산방법계산방법

(0.025 × 8)

COD(mg/L) = (b-a) · f ·           · 0.2

a ; 바탕시험 적정에 소비된 0.025N         KMnO4 (㎖)

b ; 시료의 적정에 소비된 "                    (㎖)

f ; 0.025N KMnO 역가

V

1000









40

1

f ; 0.025N KMnO4 역가

V ; 시료의 양

NV = N′V′           = 0.125 N

= 0.025 N

8

1

40

1



((주의사항주의사항) ) 

① 30분 가열반응 후 과망간산 칼륨이 양 50~70% 남도록

Cf. CODcr과 비교!

② 염소이온에 대한 황산은 당량은 0.9g

200mg        Ag2SO4

Cl- Ag2SO4

200mg200mg

MW 35.5

312

2Cl- + Ag2SO4 → 2AgCl + SO4
2-

③ 적정시 온도의 유지(60~80%)

KMnO4의 용액자기분해

④ 무색 → 엷은 홍색



C6H12O6 + 6H2O → 6CO2 + 24H+ + 24e- × 5

MnO4
- + 8H+ + 5e- → Mn2+ + 4H2O × 24

5C6H12O6 + 30H2O → 30CO2 + 120H+ + 120e-

24MnO4
- + 192H+ + 120e- → 24Mn2+ + 96H2O

5 C6H12O6 + 24MnO4
- + 30H2O + 192H+5 C6H12O6 + 24MnO4 + 30H2O + 192H

→ 30CO2 + 96H2O + 24Mn2+ + 120H+

-24 + 192 = +48 + 120

168 = 168
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