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What does the Subsurface mean? (Subsurface is the zone below the land surface, being
composed of unsaturated, and saturated zones.)

(Saturated zone is the zone in which the voids in the soil and rocks are filled with
water at a pressure greater than atmospheric pressure)

(Unsaturated zone is the zone between the land surface and the water table. It also
includes capillary fringe)
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Subsurface contamination

=> Introduction of hazardous foreign materials into the ground by human activities; such
as accidental spills of chemicals or waste materials, leakage of septic tank or
burried(underground) storage tank (UST), improper injection of liquid waste, unmanaged
dump site, land application of agricultural pesticide, operation of landfills (leachate), and
industrial or residual disposals. (FIG. CIN 67)

And those contaminants are categorized as;

(1) 713}3E(organic hazardous compounds; aliphatic, aromatic, and halogenated
hydrocarbons, ex. BTEX, PCBs, solvents, PAHSs, etc.)

(2) F71%& (heavy metal, inorganic compounds; cyanides, sulfates, nitrates, etc.)

=] 238

(3) WAls +=Z(radio active materials; naturally occurring U series(radium, and
finally lead), Strontium, Cesium, Plutonium, etc.)

(4) WA= (bacteria, virus)
ke ool HIE
H71E - Abgre] Agoly AiE sl FaskA ofYsiAE EF THVE

A 7)e - AL (recycle), 2ZF(incineration), ™ ¥ (andfill)
(A7 E FA =] 80%)
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. dioxine ®j&E&EA
< biocon ZEI]ZE method(ATFEW €Y 4-8)
(composting)
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1. ASCE - Geotechnical and Geoenvironmental Engineering

7. Canadian Journal of Geotechnical Engineering

4. Journal of Contaminant Hydrology
5. Environmental Science & Technology

¥ Related Joumals & Sites
2. Water Resources Research
6. Environmental Progress

3. Groundwater



8. Water, air, and soil pollution

9. Groundwater Remediation and Monitoring
10. Water Environmental Research

11. Environmental Geology

12. Journal of Hazardous Material

13. Waste Management Journal

14. www.clu-in.org

15. www.epa.gov

16. www.groundwater.com

- Benzene
Toluene

Ethylbenzene

X m H W ¥

- Xylene

% Case Study - Seymour, IN (Needs Slides) + ZF==|HlF o o 4 5}n]-&

1970-79 : Solvent Recovery, Chemical Plant. Bankrupt in 1979. 98USTs and 50,000
drums of chemicals abandoned.

1983 : All Removed. However, unknown amount of chemicals leaked into subsurface.
1983-85 : EPA remedial investigation. (2. 9&E22] 4, HY, TF/FS A Phase I, 1l
1986 : Feasibility Study for selecting method of remediation

1988-2000 & A| : Remediation Process (P&T, plume stabilization, Bioremediation,
Horizontal SVE), $37M spent so far.

Things we leam from this case :

Remedial Investigation Site Remediation
Preliminar (Cont, Plume delineation) Source control
= e =) .
SI/ DC / HISTORY +Feasibility Study

(+Remediation design) On Site Remediation

Phase 1 Phase 2 Phase 3
No

Closure Verification
L <:| <:| Sampling & Analysis
Monitoring
Yes




# Aok 2 AAY

1. Pump and treat

2. Bioremediation — AFA + Y

3. Bioventing — biomass &4 2] A3

4. Soil washing

5. Thermal desorption

6. SVE : Soil Vapor Extraction

in-situ : = ZF(excavation) §l°] =S A3} (<> ex-situ) : on-site

VOC : Volatile Organic Compound

Key terms relating Contaminated Subsurface

¥ porosity (=€) n : why important?? for coarse granular soils n?T, k?, also Kair

1 (SVE design consideration)

n = V\ V., : Void Volume, V: : Total Volume
t
=1 P e ) .
ZFEH] e = - n o= 7o Vs Solid Volume
G, +Ge W
Yt_li_keYWZVGsEH%]*e*n

poorly graded soils generally having larger n than well graded soils

Soil type n(%)
gravel 24~ 50
sand 26~ 53
silt 34750
clay 34760

Dispersive effort of the electrostatic charge of the clay particles repelling each other

— flocculated structure — higher n

n<

I, in-situ flushing?] 483710 %=

Surfactant — Surface Active Agent



- Anionic (-) — A3 %3
F Nonionic (0) <
L Cationic (+) <24 4 Bx] (VI€AEL F AHULEHAE o] & LIS

o e F=x)
effective porosity, ness @ porosity available for fluid flow considering only interconnected

pores. Then,
n>n,, for general use?? Peyton et al (1986) found that even in clay matrix, water

molecules can pass through all the pore throats, so that the n., = n for fluid flow.

% Specific yield (Sy)

ZZ W+ ( Gravitational Flow)

- '... - . L ]
Saturated soil matrix Gravitational

Drainage cease
At the moisture
Content of soil matrix

x3" Rst5Zd 4, Volume of water that drains due to gravity to the total volume
of the porous media, Sy

* Fine Grained soil yields little water and Coarse Grained soil yields significant amount
of water. why? FGS has more surface area.

— more surface clinging water (pendular water) by surface tension.

— vyields less water.

* Specific retention, Sy
Vv

S, = Vr Volume of water a soil matrix can retain against gravity drainage to
t
the total Vol. of soil matrix.
v,
n = S5 +S, = 7t

Generally, gravity drainage will proceed until the forces of surface tension and



molecular attraction to the soil particles become equal to the force of gravity.
* Aquifers (d=%)

Fig. (CIN 17, SLIDE)
Geological formation that contains sufficient saturated permeable material to vyield
significant quantities of water.

*Unconfined Aquifer(®] 3 2 t<==) : an aquifer with no confining bed below the zone
of saturation and the surface. Water table(free water surface, where atmospheric pressure
applies) exists.

*Confined Aquifer(3] ¢fti<4==) : an aquifer overlain by a confining bed.(=aquitard,
aquiclude). An aquifer that is sandwiched between two impermeable layers.

There will be a potentiometric
—(surface)
piezometric

potentiometric(piezometric) surface - represents the level to which water will rise in
piezometer(or well). water table = potentiometric surface for unconfined aquifer.

3o AMdw

=
10°m3fyro] ™,

T 0.40% 0]

o 25(1998)0 oshd, f-Eueke] Ask o8 e 1326 x
= T ol & MEL FHUET 6.63%, U LT 3.94%, AP
S35ta dE NEFE 28 x 10°mUlyrE ) A F

ofo of

®
s
2,
°,

T =
B R, A7, Ak 434S B4, 29l A

*<=(hydraulic head)

A~

Z<(total head, h) = 9] X5 (elevation head, z) + ¢} 5= (pressure head, y) + <



4= (velocity head)
h =z + plYu + V/2g

p/Yw :
V229 -

g
E’:]_l_._r, Y
PN
1:__[__

F(H BhE 5

I =2

)

g

3] =] = 2 negligible)

h=z+plYo =z2+y

Example : 28] 1<l nle} 22 chambertfol A th&-S Alitale] )
DA-C el FEea
2) B Ao AFF
3) A el s
A He e
5) B Wl el
= ~— A
am N B B
bm o, C ':'. F 3
g 5m
_“_B * A . o.'
m im ol Datum z=0
k3 v
T
E9])

) 2hy =h,=he =3 (m



2) =y, +z, =8-1 + 1 = 8 (m

4)
5)

h g

3 W, =h, —z, =8-8 =0 (m
hy, =9, +2z, = 0+8 = 8 (m
v,

=hy, —z5,z = 81 =7 (m

% Darcy's law (Darcy's law effective for subsurface flow with R < 10)

The flow rate through porous media is proportional to the head loss and inversely
proportional to the length of flow path.

The flow rate is also proportional to the cross-sectional area of the porous media

— Qb
Q = kT A

\hydraulic gradient |
Q = VA, V =Kk

V : discharge velocity , Vs : seepage velocity, actual velocity
Fig. (CIN 18, Slide)

Relationship Vs > V ?

Q = VA = VA,
Ly o= YA _ VA +AL VIV, 4V V+e) _ ¥
Cos A, AL Y e n

A

v

Q = kA k : Coefficient of permeability or hydraulic conductivity [L/T]

k — indication of how well an aquifer can transmit water.
k = fy(fluid, porous media)

) )
water soil
water = fu (i1, ¥w) AR Bk (FAA L)
soil = fn (D, e, Sr, GSD, C)
(I

¥ 3% grain size distribution

k = f(ny,D)

M a1
W= 97 ML T
’Vw — F/LS — M—ZT—Z
D: L



k = LT™! . n = 4 physical variable, 37§ 2] basic dimension

Buckingham x-theorem
n - 3 =1 : dimension group
kK = CyYuwD
)
=24
LT™' = CIML™*T *1" [ML™'T '1% [L]¥
Xy =1, X =l Xz =2

kK = Cwp?
w

Kozeny-Carmen equation. (only available for coarse grained round shape particles)

3
- 2_ e’ Vy
k = CD Tte 1o

Derivation of Kozeny-Carmen Equation (Note#14)

Factors affecting k for sandy soils,

k = (D% --- Hazen equation
rD 1T -k1
Le 1 -k 1 koe® by Casagrande
T r yw P o FAERG

Lou | o] 94 wol, BFATE S

~k ta T
C:1 ~ 15 As particle gets rounder, k 1

) N

rough round & smooth

_ Ko
k 20T - L k C
20C

¥3% S 1 — k1t If we have bubbles, air pockets in the pores, those airs can
cause surface tension to overcome for flow through porous media.

Grain Size Distribution for k well g. < poorly g.

_10_



B B
tﬂ/\t:
lab | "
Hazen method (k=cDio?)
k -- | _consolidation (k=cymurw
| pumping test
figld - | PoPng
| | slug test
A5E £5A49
A5 E4AP BEAA NFFAE 23 2o o] 4 FAdME 2L T
Fohe JTE 2AToRA AP AAES B AT T £EAE
AAZA FANEE At £ z2= Fo] dASA HAS A, B AT
NEL AT A5dt A5E Fh%e e 2ol Audn,

BT FFNELE 22 FAFE 2 2HE ¢ Hsin-

77 FFARY dEAA ARFATE gEa"d ekt 22 2dEvex
ERH F502 T 20 & | 2V|FFA S 7)FSA, 2] & AEE T
27 & F t=t; A9 HF FFA hFE 7 FIH

_11_



ARl BY BEFTOL F9 FERRAFE FFAT A5 24T & 9
ool 2Re FEASE BAscl A ARTEZ] WHNGH] Am ol
2E428 I Ax AoolE FEANDE = Fodol FFBE 24 A9
FOoZRE £S5 A HAWUH. AFAH FH 98 Ao ASHES o LA}
Auttt AR B2 A7) A&t AR =2 w7kA AdAH #S
AU FAS AE BS3

ANARFH #ASAZNY FAol A A 2 W FAAE 2@t Asert A3
Agtow EFESIE & 97t & FTotd HEdHE S 2E o, o] A¥S
HAgHer F@sE &3 2o

¢ = k(L) own we Jf% = (Lf Jrhhlhdh

AFAZHH} q 1, r, h, 2D hE AOH, FFAFE BB FolF g
AN ezRY 7 5 Ao

_12_



IS (confined aquifer)®] BT FFAFE dHE37HA &4 #dd ds#s &
A FFAEE A, 2 B=AE AT Zo] o2 WAA g fAF #S
A A 349 (piezometer leve)E #HETdo =W AR F Utk AT FF qE
A&Hoz fud AAYH E28cth 22 dFF 77 HE B4 AgFe=
Eo717] W FAAHY FEFL teH Zo] AT F

¢ = k(-2L) ovrrme Jf% - thlbl%ng/z

FrATE

I
g log —
2

ST i Ch =4y O

Slug Test
Aol A FFAFE The 2-H 2ol st NFTFo et AT 4 U

_13_



=UAE (slug test)ol st F-Ert. @A A stFHol
AZ LAA AFE o dA AIFTUHY £ Hlth o/FA dd AlFF F99%
HeEo2fE AFFor o] EHEC/HA o ZHAL B#E A FTHY F
ARse 7158 o] 72028 ted Zo] FFASFE AL H.(Emst, 1950;
Dunn, Anderson & Kiefer, 1980)

o

40 AV

(20+-L) (2--£) i

k:

ANNA, 1 AFF WAm)
v ABAE & ()] e AFFRS BEREALYm)

N

o] WA A L3} A @9+ mola, kY B+ BHAIF A Tl wet
m/sec T m/mino|th. A|FF S o] &3 FFA S E3A| A
ZFZA Q) kit AF3.

* Diffuse Double Layer and the Structures of Clay Soil

In dry clay. the negative charge is balanced by exchangable cation like G,
Mg?*, Na*, and K" surrounded the particle being held by electrostatic attraction

when water is added to clay, these cations and small number of anions float around

particles. this is referred to as a "Diffuse Double Layer". The cation concentration

decrease with the distance from the surface of particle. (2}=% #16)

¥ Transmissivity

& SolA Bol w9l BT AN U5Fe AFASL vA%ow o Fold
e Fae F5AE: B F FRFAS(ransmissivity, T dw, T4
4o gest 2e AAE A



ol gol 0015 misecolFold Aty A% T F A& A% T2 dF

2 9w,

ol
2

% Flow through Porous Media

When stress is applied to a unit mass of saturated sand aquifer, compressibility of
porous media is expressed by three mechanism by which a volume reduction can be
achieved.

Vol. reduction - (O Rearrangement of soil particles
| (into more closely packed configuration)
F @ Compression of water in pore volume
L @ Compression individual soil particles < ignorable

(D Effective Stress Concept (Karl Terzaghi, 1925)

or (Total Stress, Wt of soil, rock, water) is supported by pore water pressure (P) and
granular skeleton pressure (or effective stress, o) in equilibrium.

or=0 +P

For clay layer confined by sandy layers, any change in or will be totally carried by
AP (" Keay is very low, and water incompressible), thus Aor = AP at entire depth.
Water dissipates (squeezes out), AP | . Then, the stress is carried by soil skeletons,
thus, the effective stress increases. Rearrangement of soil skeletons will cause volume
reduction (Consolidation for the Clay Case).

HE A A Eo] wAU7E FFo] /A4 — MY — soil skeleton ©] 3tF& A
= : consolidation
@ — change of effective stressol] <] &} A3

do; (= 0) = do’ + dP
~P = &
AP = pedh

Compressibility of porous media

—dv IV, ]
o = —CI ARYEY
v, = dv, + dv,
v, = av

(dVs is almost negligible) (dVy, = dVy)

_15_



a = f, (applied stress) < stress history, previous loading history.

MDarcy's law applies to the laminar flow condition in porous media applicable to most

groundwater system

For saturated media,
dVw = dVy, = dVr
= aVrdoy'
For unit volume V1 =1
and do' = -dP = - pgdh
For a unit decline of hydraulic head

dh = -1
dVw = apg

@ compression of water
B = —dV u,/ V. _ d/p
arP ar

p . flud density

B : 4.4 x 10" (Pa' , m?N)

considered as constant

Soil type a(Pa™h

clay 10° ~ 107°

sand 107 ~ 107

gravel 10°% ~ 107
Jointed rock | 10° ~ 107"
sounded rock | 1077 ~ 107"

water B

V, = nV,

w

v, = —pv.dP

w

For a unit volume V1 =1
&P = pgdh o dh = -1
av, = PBmg- @

w

* Specific Storage

The amount of water released from or taken into storage per unit vol

_16_
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per unit change in head

Ss = the sum of two terms given by D+®@
dVw + dVy

@ @

= pgla+nB)[1/L]

* Storage Coefficient, S(Storativity, A 5FAl5)

Vol. of water that a permeable unit will adsorb or expel from storage per unit surface
area per unit change in head.

B5Fo] Azt wel HFshe transient flowe] sjE & o ALEHE i
2 A4Y + dE FHE dBUE Aot w3 ddEnE /R
F7150) 29 19 £571 Ast® o o] UM MEHE $£FL v

For confined aquifer (head may decline but still saturated),
S = b Sy(F=t¢Y) — conf. ag S < 0.005

For unconf. aquifer, S =hS; + Sy, (S = Sy S =0.02~0.3)

l
0

The vol. of water drained from an aquifer as the head is lowered can be expressed as,
Vw =S A Ah

A : surface area overlying the drained aquifer

Ah : average decline in head [L]

Ex. Unconf. aquifer with $=0.13 has an area of 123 mi°. The water table drops 5.23ft
during draught. How much water was lost from storage?

Vw = S A Ah
= 0.13 x 123 x 2.7878 x 10’ x 523 = 2.3 x 10° ft* for unconfined aquifer.

If the same aquifer had been confined with S = 0.0005
Vw = 0.0005 x 123 x 2.7878 x 10’ x 523 = 9.0 x 10° ft* for confined aquifer.

(g5 161, <A 5.4)
a) oJ® $HUFF FR 15me] THFHEZ0 FAUTh
F r,m L8 Umlolehd iy AR FEde 4ede A

3}
3

ol

E39 993
g}

o
2
2 =

_17_
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b) IS Hrel 2Y FIFEFE 0melth HEEHY FLLH

olo

0 d5Eel FFAE Bol FIFFFA om ARHAGL T A GEFHY A
3 =

d) HEZ9 AHEEFo] a=14x10° m’/kN o]z hFEZ9 FA 7t 8molH H3E

n=0.3, $5 44 K=5x10" cm/seCOlE}i g o FEFAFd AFATE Ao g

(o] W B9 ¢2AF(=R)E 44 x 107 m/kNo=Z 714)

e) P53 Aeks LA AR 98 FE5$9 F7hUl 0umieldt & ) R xst
< WEEY Ao g HaFE ALbeto et

ol
o

a) AeHL& FAL] FoBE
0 = Il
=(1.8) (15)= 27 t/m’
b) FESETY ASH, TF5Lde AA NN
0’ =
=27 - 20 = 7/m?
c) FH=F 10m A 3}A]
u= u, - Au=20-10 = 10t/m’
0'= 27 - (20 - 10) = 17t/m°
0= o'+ u=17 + 10 = 27t/m’
wet Aege ZvE WEsh gt
d) F¢FAS At
T=Kb=5x10° (%)@ = 4 x 10° misec

AFAT ALt

29 W% p= 1t/m’, g = 9.8m/sec’
S=pgh(a +3)
=(1)(9.8)(8){1.4x10°+(0.3)(4.4x107)}
=78.4{1.4x10° + 1.32x107}

[

L3S HIY HE

0 - u,

=1.1 x 107
e) =2 dAd o3 AeFS sz 34
S= a-+hb-Ao’

1.4 (10®) - (8) - (9.8 x10)
0.011m = 1.1cm o]t}

_18_



*|sotropic / Homogeneous — value (X,y,z) = const

l
Property independent of

independent of position

direction of measurement

at a point

B vEdA

L=
(=]

(Drawing Needed) ¥ A|$9] 1]

ol

o E&xlo] A

&

21

S H| 5% (anisotropy)©]

A

7F g2 o]

k]

(b) ¥l 54, »FA

(EVIR L

kx # kz, ky(A) # k(B)

k.(A) # k. (B)

k. k,(A)=k,(B)
=k, (B)

k:(A)

kx

=K

ol
=

FekaL

S

B+ @ (nonhomogeneity)

FAlE v d ol

9/]
Aol

.io

el H

AT ol HAHE

b %o
T
M= o
TN
= A
T T
= A
Wk
~ o
blo o
o M
x M
B =
KM
m B
A °
T B
T X
G
T o
_zﬁo %
Ell 1)
a8
TN
o
0 ‘Dr‘._
W=
T o5
R
N
"X
N
= T
=8
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o
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]
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k= velmz o Aol mp thal A& visku P
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&
I
I

* For Vertical and Horizontal Flow, the k values are determined as;

(Homework)
D Vertical flow (Q = const) ® Horizontal flow (i = const)
b = 2bi Q=Q + Q2 + Q3

Ah = >2Ahi

b Lo
k., = - > k h
v _bi k, = ———

> 5 b

Example : Two observation wells 1700m apart have been constructed in a confined
aquifer with variable hydraulic conductivity in the x-direction. The flow rate is 0.008
m*h per unit width of the confined aquifer. Well 1 is drilled in Soil A with hydraulic
conductivity 13 m/d, and Well 2 is drilled in Soil C with hydraulic conductivity 9 m/d.
The soil zone B is between the wells, 600 m from Well 1 and 300 m from Well 2.
The Potentiometric surface is 6 m above the upper confining unit in Well 1 and 2.5 m
above the upper confining unit in Well 2. Evaluate the hydraulic conductivity of Soil B.
The thickness of the aquifer is 18m.

(Homework)Sol)

_21_



Well 1 Well 2

el 7\
Soil A Soil B Soil C
13m/d 5 ? o
- e —
| ! 2.5m
y
18m W3S
A
Q= kIJA :kvM 4
h
Q-h 0.008x<1700 -
VI (6—2.5)x18x1 - o2tomh
B h
kV_ ﬂ + ﬁ + ﬂ
k/l kE kC
B 1700
0-216 =550 500 . 300

0542 © k, ' 0.375

k;=0.134 m/h =3.20 m/d
*Direction / Gradient of GW Flow (Slides Needed)
* Steady State flow and Transient flow

Steady state occurs when at any point in a flow field the magnitude and direction of
the flow velocity are constant with time. Otherwise — transient flow

ov
(W #0)

If Ah constant, flow net will not change with time.

—%k remains constant with time.

_22_



In Steady state condition, velocity may vary from point to point, but it won't very with

time at any given point. (Derivation Needed)

Flow net instantly changes with time

Vv is not constant with time

Important for well hydraulics, ground water
applications.

* SS saturated Flow
Homogeneous / Isotropic unit vol.
(Drawing Needed)

Conservation of mass
Min-Mout = changes in storage/time

=0
+ Darcy's law, &, = k, = k,
__0J _ _90d _ _9d_ -
aX(pvx) aX(pvy) aX(pvz) 0
I
0°h 0°h | 3°h
+ T+
o o a2~ °

For ss conf. / unconf. condition (Drawing Needed)

h=h(x,y,z)

recharge,

and many Geotechnical

The solution is the hydraulic head at any point in the flow domain.

In 2-D, — equivalent to the graphical flow net

* Determination of Pressure Head / Effective Stress/ Flow Rater Unit Width.

* Transient condition

(D Confined Aquifer

_23_



For unit volume of soil element, Mi, - Mo + 0

__ 0 _ 0 __d _ 0
8)(( pv,) 5,)/( pv,) aZ( pv,) at( pn)
__( GVX_ avy_ 6VZ) _7175( )
B 0x oy oz T ot P
_1 on ap
_p(p ot at)
__0dn
ot
_c_0h
=5 ot
_0_ 0h 0 (,_oh 0 (, _oh _0h
8X(kX ax> + ay(ky ay> * 82< : 82> St
k.= k, = k,
0% , _9%h , _9%h _ S _oh S = Sp
0x° 0x° ox° k ot T = b
2, _ S 0h
Vih = T ot

This is the governing equation for transient flow for confined aquifer. Solution gives h
= h(x,y,z), hydraulic head at any point at any time in flow domain.

© Unconfined aquifer

Saturated thickness can change with time.
The general flow eq. for 2-D unconfined eq. is known as the "Boussinesq eg."

If drawdown =< 10% of the original thickness

0*h . 9% _ S oh

5= 5 ox oy kb ot

V

basically, the same form as confined transient flow
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* Head and Flow rate

(D Confined aquifer (SS condition)

};’u

Head will decrease linearly as,
L : hi-ho = X : hi-hy
K xy) = ]7]—(/71—/72)%
Q = ik (bw)

dh

I = —

d

@ Unconfined aquifer (SS condition)
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11

L 4

Dupuit's Assumption
@ Flow line is assumed horizontal,

Equipotential line is vertical (Water table is slightly inclined)

@ Slope of Water table = Hydraulic gradient

Flow rate (b # constant)

Darcy's law ¢ = —ih

YN
S
[T
N o

L hy
joqu = 5/7 —kh db

i = Ea-r) = Lap-m)

Q
|

_k g2 e
2L(bo h3)
Called as 'Dupuit's equation'

Head at point X (from Dupuit's parabola)

_26_
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[ _—
J() —k ax J/y“hd]
/]Z_hz .
e SR Ry SR

From Dupuit's equation,

— 71( 2 _ 12
Q - 2L(b0 b[,)

Bo= B - %(ﬁi — 1)

X o

(head at X)

Keep work on Dupuit's equation with Recharge (Example 2.3 on CJN pp 32.)

* Well in a Uniform Flow Field

A typical problem in well mechanics involves the case of a well pumping from a
uniform flow field (See Below, CJN pp.45). A vertical section and plan view indicate
the sloping piezometric surface and the resulting flow net.

The GW divide between the region that flows to the well and region flowing by the
well can be found from

ZTckbiy)

—{(Ztan( 0

Eq @O comes from the superposition of radial and 1-D flow field solution, where i is
the original piezometric slope gradient. It can be shown that

as x —> Yy, = & 2}?[)1.
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Stagnation
point

and stagnation point (no flow) occurs at

_ « -0
X = T Tonkbi ay =0 ®

Equations (2) and (3) may be applied to unconfined aquifers for cases of small
drawdowns (less than 10% of original thickness), when b is replaced by ho (average
original saturated aquifer thickness). An important application of the well in a uniform
flow field involves the evaluation of pollution sources and impacts on downgradient
well fields and the potential for pumping and capturing a plume as it migrates
downgradient.

* Transient well hydraulics

Generally, it takes a long time to reach steady state in the field. Transient state well
hydraulics are more frequently applied in the field.

@ Theis Method (CIN pp. 49-54)

For confined aquifer pumped at a constant rate
Governing eq.

0°h 0%h _ S, oh
ox* oy’ k ot

)
>

+

|

|

1
<l
S|

In polar coordinates,
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Boundary Condition
h=hy, fort=20
h — hyg, asr — o for t=0

Assuming that the well is a mathematical sink of constant strength with the B.C.,
g= ety - 9

m7 ), u = (W
S' : drawdown
Q : discharge at the well
w(u) : well function
_ 'S
47t
2 3
—_— — J— — u u — sseses
wu) = 0.5772 In u + u 5.1 T 3.3

We obtain T, S by only one observation well and a relatively short pumping period.

Assumptions for Theis Solution

(1) Aquifer is homogeneous and isotropic, having uniform thickness and infinite extent.
(2) Prior to pumping, the piezometric surface is horizontal.

(3) Pumping rate is constant.

(4) Flow is horizontal withing the aquifer.

(5) Storage within the well can be neglected.

(6) Water removed from storage responds instantaneously with a declining head.

In field, seldom completely satisfied, but still most useful and accurate method.

)

S = 4T[TW(U)
I AT

t S

----> graphically solution

wluw  u
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---> type curve

overlapped over
rle S

Find position of well-matching by Trial and error.

@ Cooper-Jacob Method
(Need Writing)
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*Organic Compounds (OC)

= Compounds containing Carbon.
exception : C0O,, CO%~, CN~

C forms four covalent bonds capable of bonding to other atoms, =, = bonds.

Diverse physical/chemical properties C - H, O, P, S, N, ClI, etc.

Transport Behavior Affected.

% Physico-chemical properties of OC
(D Name, MW. (molecular weight), Structure (formula)
@ melting point, boiling point (1 atm 7]<%)
— A]Fol A gas, liquid, solid state 2% — Remediation Method Selection

¥ 2 basic structureEs 73X OCE= MWeo| <57}eH4== Boiling Point7} A %It}

Boiling Point
Alkane, C,Han+2 # of C .

(T at latm)
Butane (C4Hio) 4 0
Pentane (CsHi2) 5 36
Hexane (CgHig) 6 69
Heptane(C7Hig) 7 98
Octane(CgHisg) 8 126
Nonane(CoHzp) 9 151
Decane(Clong) 10 174

@ Specific gravity

Gs = (Wt. of a given volume of substance at typically 20C) / (Wt. of same volume of

water at 4C)

If Gs <1 : Floater, LNAPLs (BTEX, etc.)

Gs >1 : Sinker, DNAPLs (TCE, PCE, etc.)

Remediation Method Selection

@ Water Soluble

_31_
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Completely soluble - insoluble

miscible - A=A As}EH oz H7} &0
(degraded decompose)

More soluble materials have a greater potential of mobility in the environment, moving
along GW, easily decomposed. (Natural Attenuation applicable)

unit : mg dissolved / L of distilled water

example : benzene 1780mg/L, Ethylbenzene 150mg/L, Anthracene 0.073mg/L,
generally as the number of benzene ring increases, water solubility decreases.

® Kow (Octanol-Water partition coefficient)
L— hydrophobicity

Measure of the degree to which an organic substance will preferentially dissolve in water or an

organic solvent.

ocC
NI Coct

oct
oct
> stir >
water
\» Cwater
— C oct
K o - C water
benzene : Kow = 139 logKow = 2.13
DDT Kow = 10°%° logKow = 6.19
Bio-accumulation
I(OW
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As Ko increases, Natural Organic material ol o 5 z¥t},
— o] Ast

— Al %

CRC handbook
Merck Index

® Henry's (law) constant
H = =

C,

Px : Partial pressure of gas in equilibrium (atm)
Cx : Equilibrium concentration of the gas in solution (mol/m® water)

As H_ increases, the greater the rate of volatilization from soil or water. Soil Vapor
Extraction, Steam Injection, Air Sparging, etc. applicable.

B Vapor Pressure
Measure of the tendency of a substance to pass from a solid or a liquid to a vapor

state. Pressure of the gas in equilibrium with liquid or the solid at a given temperature.
As vapor pressure increases, more volatile of the substance.

*Classification of Organic Compounds

C &1 2% with H, O, N, P, S, Cl, Br etc.

F71%9) 592 skeigel glov] 8ol sha(hydrophobic) WE 2 FalHol worl &
NEAY 2Ae AFAY AdHoz J4E Aol Jevk S FA % wael o] @
Sof At}

Co HE 7|EAZE o] F& A& 352 (hydrocarbon)
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Aliphatic HC (A%< : no benzene
ring
(straight chain, branched chain, ring
HC chain)
Aromatic HC (%%=) @ contains
| _benzene ring (aromatic chain)

Aliphatic HC

Alkane : Single bond, C - C ; saturated HC
Alkene : double bond, C = C ; unsaturated HC
Alkyne : triple blond, C = C ; unsaturated HC

Alkanes
CnHansz @ straight chain and branched chain structures (Environmentally, straight
chains are more easily broken and degraded than branched chains)

¥3}erslrEAs A9 alkanes B 2@ (paraffing) 2 WEHAIA ersla=igl d
hAlZ oz B (neryolw AL Ftf, ARHE YA dHERA ol B
dol A ¢l =Holt} (3H87 pp651)
Methane 7Hd b gslbr A, o SE XY frlHVIES E7144 A
g o, HFE AdEZ doAJEHEF 7t LFGY + ). 371l 5-15%
o] vigto] ¥guw 2Zut Jpedt wWgke FQ 227} (greenhouse gas)e] 3t
U ASd9 Hesis A9 A (heat balance)?} 2>H3to] JES 1]
=

|

H—(‘:—H

H

Ethane
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Propane

L]

Butane C,H, T Mol o] A A7} EA. (n-butane, isobutane)

N

Pentane
/\/\

Hexane C,H,,

NN

Heptane C,H,

Octane CoH

Nonane C,H,,

/\/\/\/\
Decane C,,H,,
75709] o] AAA EA. ©aFTE Sl wet o] dAA e L St
Structure isomers(©]”d A A]) : same formula, different structure —=4Jo] E&+3

example CsHi, (3 isomers are possible)

NN pentane
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/\( 2- methylbutane

2,2-Dimethylpropane

- Alkane W™ (Nomenclature) (2% slides)
IUPAC(International Union of Pure and Applied Chemistry)

A chemical name has three parts on the IUPAC system

PREFIX - PARENT - SUFFIX

/ ! N

where are how many what functional
substituents & carbons in main groups are
functional groups? chain? present?

As we cover different functional groups in later chapters, IUPAC rules will be given.

For now, let's see how to name branched-chain alkanes.

(D base name - longest chain alkane
@ Any branch from straight chain is named as alkyl group

ex. Methyl CH, -
Ethyl CH,CH, —
Propyl CH.CH,CH, —
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Propyl
@ Location of functional group is indicated by numbering the carbon atoms in the

longest chain, with end carbon closest to the position of the first functional group being
carbon #1

2-methyl-4-ethyl-heptane

[
w
~

@ AN D - CH

m*2m

cyclopropane cyclobutane

5 Steps to naming branched alkanes :

Stepl - Find the parent hydrocarbon - the longest carbon chain. If 2 different chains of
equal length are present, select the one with the most branch points.

3-ethyl-2-methyl hexane

1 chain®] 4|7} 25 w branch point’} H B2 AL €3

Step2 - Number the atoms in the main chain beginning at the end nearer the first
branch point. If 2 branch points are the same distance from each end, begin numbering
at the end nearer the 2nd branch point.

3-ethyl-4.7-dimethyl nonane
% WA pranch7} WA Jo= Zo=

swe A,
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Step3 - Identify and number the substisuents. If there are 2 substituents on the same
carbon, assign them both the same number.

/372< 2.2-dimethyl butane
4 1 Te M uk

Step4 - Write out the name as a single word using hyphens to separate the different
prefixes and using commas to separate numbers. If 2 or more different substituents are
present, cite them in alphabetical order. If 2 or more identical substituents are present,
use one of the prefixes di-, tri-, tetra-, etc. Don't use these prefixes for alphabetizing
purposes, however.

4
6
3 5
2
1
3-ethyl-2-methyl hexane 3-ethyl-4.7-dimethyl nonane
3 2 .
/7< 2.2-dimethyl butane
4 1

Step5 - needed when a substituent has a sub-branch - name the complex substituents -
begin numbering at the point of attachment to the main chain.

2.3-dimethyl-6(2-methyl propyl) decane 2-methyl-5(1.2-dimethyl propyl) nonane

cycloalkane
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cyclopentane cyclohexane cycloheptane cyclooctane
cycloalkane
1.
1 3
A/\/\
5 4
methylcyclopentane 1-cyclopropyl butane
2.

a)
1
6 2
" 3 1.3-dimethyl cyclohexane
b)
4 5

1-ethyl-2-methyl cyclopentane

gr Halogens are treated exactly like alkyl groups

1-bromo-2-methylcyclobutane
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1-bromo-3-ethyl-5methyl cyclohexane

(1-methylpropyl) cyclobutane

1-chloro-3-ethyl-2-methyl-cyclopentane

* Alkene
CnH2n, double, unsaturated, olefin
(-ene, ylene)

SAA AxHM AL E27F E2 v (polymer)gt EE¢-+=
= & &WHS-(polymerization)S &3 LwEAME A ST} ethylene

stz 7l 99491 ClZ 23+ chlorinated alkene©. % B} =t

Ee] w & EARA A & EallHe= B¢ 54
o] %= 4 9l EH4olt}l. PCE(Perchloroethylene, or Tetrachloroethylene)”} | A&
o 93}l x| FolA] ¥&¥W TCE-DCEZ #A VC(Vinylchloride, C2H3CI)Z u}-#] @
A faolo] fEl¥oe] yth VCi PCEXRT HAo] R Avh (AN ®
12-26) VCi= PVCY| Alzxol AME5 ™, 2% A9 A HA 256 EA ==
717 oA &3] AZHU 3uro] Asle] 7] oA EAE Ao 7t MCLLS 2
ug/Lo] o},

alkenes= T= A-FAA
A FAE o] F=
kel

5O ethened] 247

o]_ét q]/go] 7013}31

The carbon atoms in the straight chain are numbered straight at the end nearest the
double bond.
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1-butane 2-butane
Cl H
NIV cl
/C:C\ /C:C
H H H Cl
(one side)
cis-1,2dichloroethane trans-1,2dichloroethane

*Alkynes (oA E = A <L)

ESPERsE A o] 28 oA AAAbolo] A AFS s

i
Ft

H-C=C-H (ethyne, i & 2l)

A FAR] TAE ALY dod|A EE

dutd oz ¥ 3}3}5HE (saturated HC)ol W3t B 3}3}gHE (unsaturated HC, 9]
% =2 AT E)L A5HY] AFEE bAEY st AFA o g
kst

Aliphatic HC - Aromaticoll H]3] X% wre|golo] o8] FAtAA oA Eaj7} 2

Aot wetA HIFE SFE Hsteq A6 m A= FEFo] Fh

El3l=4= 3714 %7 (aerobic condition)oll A BHel| ]l ]alo] AbstEt) o] b3}
o] A 19AE =8 AEdHZ dhgow W] BAUAE FAste] dmeR

At} o]Z w7} 4F3}(omega oxidation)2kal ST},

s
Z

13

=

riet olo

2CH3CH,CH; + O, — 2CH3;CH,CH,OH (¥ = &)

oF olg @AY AFNSE AN ©@FaE olusleie Bw AsAY|H, o
4ol A oA e Aerh.

CH3;CH,CH3; + 50, — 3CO, + 4H,0
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S shell 383 o] AYIEal W (bioremediation)©] T}

(e @l oh
HC + O, — More Bacteria
+ N, P, K + H,0 + 0,1

Bioremediation

*Aromatic Compounds

— containing benzene ring (Generally, aliphatic compounds are more easily degraded
than aromatic compounds, which means aliphatics are less toxic to environment.) =]l
A ARG W EAd. BelEEe FAEE wet dEAN A eRr 8
ol F3 BEd T2USS AR/} Zan

carcinogenic!

bicarboxylic acid

OH
C COOH
“on «_ COOH

7
Q
e

aerobic deg.
Al o] 278 o) AZd=H A
Naphtalene Polycyclic nuclear Aromatic Hydrocarbon (PAH)

47§ o]t extremely- carcinogenic (ex. benzopyrene #1513 57 MCL 0.2 ug/L)

PAHE of~ZE FEl=2, 9 T Q2 A~ E(creosote) 2} #e 29 AA A
T2 QAT oY dTtRolE AT AAAM ARER S
(hydrophobicity)e] =7] wjitol] A|st4 oA A5 &atA] got A
a SR B4 ol o]gk o] HlAY o] FUMEFE Wk o] A

ool ol% Hal7t oHAT

o

-
o

In
e
1

A rlo
T o, ™
Z 5 b

4 — 4 1
™ ¥ o &

>
kJ
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1 & anthracene™} phenanthrene (©]7d 2 A))

o
1l

(BTEX)

ted A,

3]

USTS] 2o o

Ht 2% $Hr, MCL 5ug/L)

3

Benzene (4 Uil

o

Ho

1 15% &-F, MCL 1mg/L)

3

3

Toluene (A el

34t 2% &, MCL 700ug/L)

Dz

Ethylbenzene (21 ol

g 10mg/L)

&

J

2 %

I 10% $Hr, MCL °]/d

3

3

Xylene (dimethybenzene) (2711l

p-Xylene

m-Xylene

0-Xylene

(ortho-)

(para-)

(meta-)
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BTEX &4

o] & kIR, M.P.(C) B.P.(T) i
(20C/4C=)
benzene CsHs 5.5 80.1 0.879
toluene CeHsCHj3 -95.0 110.8 0.866
ethylbenzene CgH5CoHs -93.9 136.2 0.867
o-xylene CeH4(CHj3)o -29.0 144.0 0.875
m-xylene CeH4(CH3)o -53.6 138.8 0.864
p-xylene CeH4(CHj3)s 13.2 138.5 0.861

=#] E.Wertheim and H.Jeskey, 'Introductory Organic Chemistry' 3rd ed. McGraw-Hill,

New York, 1956.

Wk B3l 0] d A 3}3HE(chlorinated aromatic compound)> EH7 ol vl LA Q@

ARl g AW A43}gE(chlorinated aliphatic compound)¥} wFzH7EX] = A E| A

of gt eyt Zvh WAl J 43S (chlorinated  benzenes)¥} T 3F wloldd

(polychlorinated byphenyl, PBCs)®] + 7147} 71 T 83k 3ot

WAl gF45E

AN A g 7 o] FAT AAE

2 FRsHA AR EHE TP ekEelth ANS AasdEd nvA R m g et
1

ofe] w5} 4

(

3
?
X
2 o
2ot o

w7 o8 252 Asts 49l phenyl olgt= §olE& AMESTE U 1
d3 ol F e WAyt Agstal Clol=el o8 X3kd =25 PCB
Polychlorinated Biphenyl ©|2}1l St} o] = ks ©Fsl4=4 9] 4 4-3}3hE (chlorinated
aromatic hydrocarbon)®] dEo]ar, AFAA A A 3l A (recalcitrant) ©] o

—OTO

cl Cl
Cl

Dichloro-diphenyl-trichloroethyne

_44_



= DDT
209%2] PCB7} EAslH(°]= congener, 55 A2F She}), H| 23k Ao A4UAE
M EFEA TS carochlordl Bt F7I¢to] whan, fANGE 2 g d 3}
=, Wgriek 4719 ddf, ZFaAl(plasticizer), &, FviAl, s o &
AFE-3HT) Kowdk©] ZL3L(hydrophobic), o]l whe} A )| 54 (bioaccumulation)©] ZF=of,
EPA7]E2 % PCBoll thate] 0.5ug/l otk AadxE W2 A& 7148 vAd+E
ol oste] BafEm, A ﬁ%% 714 v elste] HalEch e Wk
E7b g =@y WEe] Ao dragor 7w
*Halogenated Hydrocarbons (HH)
Aliphatic HHs and Aromatic HHs are characterized by the presence of one or more
halogen atoms (F, CI, Br, etc.). (CIN pp.86)
HHs are very hard to treat, recalcitrant to decompose. Typically, they are denser

%

than water ; if spilled on the ground in quantities great enough to overcome the
residual saturation, the pure phase may migrate vertically downward through an aquifer.
MR 2e7] MgAs g 2 =ASel A AEHE el WEHe A
3t 999 &= 292l TCE, PCES] MCL &3] 0.5pug/L ©]t}.

3}8t2] CHCI=CHCIS 713 2718} o'l 7] s}o] A 2 A (geometric isomer)2}l &}
= EHE g9 oAAAANS el E 3eE o] d o]t} cis-1,2-dichloroethenecl]
e da9x50] 28 Zo glom, Wb trans-1,2-dichloroethenedl] A= F A AR E
o] A= W&ol )tk

ek R dAR-X)S G2 PCLY REgo =2 Axdd
3ROH + PCl; — P(OH); + 3RCI
a) 3CH3CH,CH,OH + PCl; — P(OH); + 3C3H/Cl (n-943}>2 ==, n-propyl chloride)

4
%2,
)

CFC(chIoroquorocarbons)

CF.Cl, ((28) + hv (RF&] A Bl el 4*#]) — Cl- + CF,Cl-
Cl- + 05 — ClO- (34 Afeitl ) + O,
ClO- +0 —~>Cl- + 0O,

O+ 03 > 0 + 0y
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Q.

R

CFC+=

ArprzE G

=

ol

o Az} AES A ek

Alcohols

or9

=
=2-L1=

ro

CHs4 + 1/202 — CHsOH (HIE

o
o
S

o-Dichlorobenzene
(1,2-dichlorobenzene)

Name Structure Uses and Other Sources
Trichloromethane Cl Liquid used in manufacture of
(chloroform) | anesthetics, pharmaceuticals,
a— T —d fluorocarbon refrigerants and
H plastics. Used as solvent and
insecticide. Formed from methane
when chlorinating drinking water.
Vinyl chloride H H Gas used in the manufacture of
(chloroethene) C=C/ polyvinyl chloride. End product of
\ microbial degradation of
H cl chiorinated ethenes.
Chloroethane H H Liquid used to manufacture tetraethyl
| | lead. Degradation product of
H _(I:_T_CI chlorinated ethanes.
H H
1,2-Dichloroethane H H Liquid used to manufacture vinyl
| | chloride. Degradation product of
a— Cl - ? —d trichloroethane.
H H
Trichloroethene cl Cl Solvent used in dry cleaning and metal
(Trichloroethylene) \ degreasing. Organic synthesis.
C=C .
/ Degradation product of
Cl H tetrachloroethene.
Tetrachloroethene cl Cl Solvent used in dry cleaning and metal
(perchloroethene) C— C/ degreasing. Used to remove soot
(perchloroethylene) - from industrial boilers. Used in
Cl Cl manufacture of paint removers and
printing inks.
1,2-Dibromo-3-chloropropane Br Br Soil fumigant to kill nematodes.
(DBCP) | | H Intermediate in organic synthesis.

Chemical intermediate. Solvent.
Fumigant and insecticide. Used for
industrial odor control. Found in
sewage from odor control chemicals
used in toilets.

FIGURE 7.4  Organic halides found in hazardous waste.

et

Etot =4O

Xt

fol

rx
ol
0=

=

M0

2I2=E)

A AAH =

An alcohol has one or more hydroxyl group, —OH, substituted for hydrogen

atoms

on an

aliphatic HC

(R-OH,

- 46

R : aliphatic backbone)

CH3—OH



(Methanol).

Alcohols are named by finding the longest HC chain that includes the
carbon atom to which -OH is attached. That becomes the base name, to
-0l is added. The position of the C to which —OH is attached is
If there are two —OH groups, then suffix —diol

which suffix,
indicated by a numerical prefix.
is used.

Alcohols are miscible with water and hence have a potential for significant

Many are also readily biodegraded. O|d=2 S|4

A Zolistth =S M8=2 23 Ol &SHEAQ|
FHISHOIERE HEOl EMole X222 LM ULH &Rt

e HAROH, Ests20A2 OtEIINEZE 3 2 E

mobility in groundwater.
_._jdoﬂ/d %i}ﬂ Ol D=2

o]

O HEIIIL &totels HeZ LM UL

Propanol

1,2-Propanediol
(propylene glycol)

Name Structure Uses and Sources
Methanol H Solvent. May be added to gasoline.
(wood alcohol) | Manufacture of formaldehyde and
H— (|: —H methyl halides.
OH
Ethanol H H Preparation of distilled spirits.
{grain alcohol) | | Solvent. Manufacture of acetaldehyde,
{ethylalcohol) H— T - (l: —H acetic acid, ethyl ether, etc,
H OH Preparation of lacquers, perfumes,
cosmetics, over-the-counter medicines.
Degradation of ethyl acetate in
excess of water.
Ethylene glycol H H Antifreeze {engine coolent} compound.
(1,2-ethanediol) | | Manufacture of polyester fiber and
H— (l: - <|: —H film. Deicing compound for airplanes
OH OH at gate. Solvent base.

Released from fermentation of whisky
and during sewage treatment and
decomposition of organic matter.

Solvent in printing, used in nail polish,

brake fluid, lacquers, cleaners,
polishes.

Solvent used in paints, inks, and
coatings. Antifreeze formulations.

2-Methy-2-butanol PI'I CH;H H Solvent.
[0 ¥
ERRE
H OHH H
t-Butanol H CH H Manufacture of flotation agents, flavors,
(2-methyl-2-propanol) | 11 and perfumes. Solvent. Paint removers.
H— (I: - <|: - T —H Octane booster in gasoline. Lacquer.
H OHH Solvent for pharmaceuticals.
4-Methyl-2-pentanol }ii lii T T T Solvent.
RN
H OHH CHH

FIGURE 7.5 Alcohols found in hazardous waste.
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Ethers

Ethers have an oxygen atom bonded between two Cs. (C-0-C,
CH3—O-CH>CH3z — ethyl-methyl ether)
naming two HCs followed by the word ether.
H HIZE. OHIZ= ME2sE AstE 129 22X &Z2uU, =0 &

=0
SAa 22| (floatation)Lt JI20 (IS (decantation)2 2 AHS HI 2= 01l Al

I
AT

Two cyclical ethers ; persistent contaminant in GW.

/ O \ eX. . . . ey

‘ ‘ 1.4-Dioxane ; miscible w/water, great mobility,
extremely resistant to biodegradation.

Lo

EPA designated toxic waste.

Hazards (1) high degree of flammability, (2) formation of unstable
peroxides(—0O-0-) which can explode.

Aldehydes and Ketones

ghotolEs xRS (R-0OH)2 tetdd =010,  HEES  OINED=S
(R-CHOH-R")2 &t3h & S0IC
Both contain the carbonyl group, R R
C=0 C=0
/
H aldehydes R ketones

Aldehyde has at least one H bonded to C ; naming the HC and adding
the suffix —al.

HELDSS 4LtetolE ZSL0O6H01EIF M=

ZS20ot0IEE S401 A0, OlE=0 2 2ot AL, 1,500 mg/LOIGtH
Z ot D=0 2t 2ot Jtsoli, =15 dd==2 OlMetEAl =5 HHE
Ct.

HELDI=SS LtototH OLMEZOIGH0IED =T
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H CHs

AN AN
CcC=0 CcC=0
H/ methanal H'/ ethanal
(Formaldehyde) (Acetaldehyde)

HE2 OIXNL D2 AtgtMH =
ketones have carbonyl group bonded to two HCs ; naming the HC and
ending w/ the suffix —one. OLANIES Jt& 2t&8H HEOIMH, Ol0lAZ2E AD=2

O &30l 2o o =0

CH3CH2CH2 CH'%
cC=0 cC=0
CHs 2-Pentanone CH; Propanone(acetone)

)

2OGtoIER HE2 el OIS0 2AStH K[Il4Horganic acid)22 &l Atst
FIttE OAl Old4=0 2ot 2= 0 =E2L=2 OlMstEA? =8 =il
tHacid)= RISt S0l It & LotEH, 2

= Us Mg =2 LSS0t HS
==

Carboxylic Acids

O
IS 25 R-COOHE IJHAILD U2B, 0= I
S carboxyldlct] EE2C}. R - C - OH

Carboxylic acids have the carboxyl group,

HIlZ2 HE&Ee 452 = e =22

named by taking the stem name and adding —oic acid.

O

I
CH; - C - OH . ethanoic acid (=acetic acid), no health threats

Carboxylic acids are weak acids and do not strongly dissociate in water.
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Esters

Result of the combination of a carboxylic acid w/ an alcohol.

SolststtidE &t I12 Bts22 dE8EHsE S0l ofetlt.

The functional group is :

@)
[
R -C - OR
K Ry
carboxylic acid alcohol

Named by the alcohol group by the name of the carboxylic acid w/ —ate.
Ethanol + Formic acid = ethyl formate

O H H

I \ \
H-C-0-C-C-H

\ !

H H

Applications and uses for solvents for polymers, flavoring agents.

Toxicity increases w/ an increase in alkyl chain length.

F———————
] cl? !
b
! C—O-+CH,
|
(@
i Cc—O--CcH,
! Il '
A B - N
{a)
o
It
C—O—CH,—CH,
C—O—CH,—CH,
I
o
(b)
1
) C—O—CH,—CH,—CH,—CH,
ﬁ——o—CHZ—-«:H,—CH,—CH3
o
(<)
i
C—O—CH,—CH,— CH,—CH,
C—O—CH,
It
o
(d}

FIGURE 7.6 Structure of some phthalates. {a) Dimethyl phthalate; (b) diethyl phthalate; (c) di-n-butyl
phthalate; (d) butyl benzyl phthalate.

Phenols
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Phenols are based on a hydroxyl radical bonded to @

iAol ZEol0ESA =M. 28 Sd22. 229 922w z10 500
mo/LtKl= S0l SHHEI2IOoH0 2ote a2t =4 Fe 0l 2og = U=
ez BeE. gJlddHe Edl JtsotH OtcHet 22 =2diUdE =S AKX

=

CH,
n 3H2 OX|dat|on + HZO -
Hydrolysis

carboxylic acid
saturated to cyclohe><ene—T |— oxidized to Keton

common GW contaminant(most of US superfund sites), due to its use in
many industrial process

Cresol ; a methyl group attached to benzene ring of phenol
(hydroxytoluene, methyl phenol) &0 H=2Ct 2otLI AFE0 e S4
SSICH, AHEBES SMe UEHZE AE2E = creosotell =AZ20ICH AdS

FIb ANUAs SEH== =S8 Mot A2 SIS0t

Phenols are weakly acidic(pH 6.0)

3 major classes of phenolic compounds of commercial apply(?)
@ alkyl phenols (cresol)

@ chlorophenols (pentachlorophenol)

3 nitrophenolw (2,4-Dinitrophenol)

highly toxic (EPA priority pollutants) but most of phenols are biodegraded
nature

Some phenols found in hazardous waste
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OH
Phenol
CH, CH, CH,
OH
OH
OH
o-Cresol m-Cresol p-Cresol
OH OH OH
a cl d cl
d
cl cl
cl ad
m-Chlorophenol 2,4,6-Trichlorophenol Pentachlorophenol
OH OH OH
NO, @N@ ON © CH,
NO, NO,
2-Nitrophenol 2,4-Dinitrophenol 4,6-Dinitro-o-cresol

FIGURE 7.7  Structure of phenols.

Organic Compounds Containing Nitrogen

ex) TNT (2,4,6-trinitrotoluene)
Explosive, soil contaminant in the areas of waste disposal from
manufacture of munition and explosive. =200l CHst LHAO] HlWE 2 &

=0l LCt.

1 Amines ; base molecule is ammonia and one or more hydrogen atom is

replaced by a HC group.
Basic structure

Aliphatic Aromatic
T— NH, CH,
|
CH, H,C— N — H
(aniline) Dimethylamine

(2 Amides
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Acrylamide

® Nitriles ; have a cynide group (C=N)

ex) Atrizine
widely used herbicide quickly degraded in nature

1o M JHXl S&=20l HHEAC EASISES0ILE, Ol stddcz =26t
Z20l= isocyanatedt QUL LBIAIS R-N=C=0Z HAIEL[}. SgE8AEC=2
Ol 2 &l Ct. methylisocyanate, CH3—N=C=0= 2I& 2E2| ®L|Z2 II0tHt0lE
SEEYZ 1,0008 0l&0l 51, =& HO| F&Yst ADE W =EO0ICH =
0l HA TIIEENME 222 %= UL

[a]

N%N THa
CNNH J%N/"_ NH— (I:H
CH,

Atrazine structure

c OH

N )\ N (]:HJ N )\ N TH
H5C2—NHJ§N/”—NH—(I:H —_— H5C2—NHJ§NJ—NH—CH
|
CH, CH,
Chemical hydrolysis to hydroxyatrazine

3

a a

N)\N ":H: N/kN CH,
H5C2—NH—‘kNJ—NH—(IIH — HZN—KNJ—NH—CIH
CH, éHa

Microbial dealkylation to
2-chloro-4-omino-6-isopropylamino-s-triazine

FIGURE 7.8  Structure of atrizine and metabolic pathways leading to degradation.

Organic Compounds Containing Sulfer and Phosphorus

organosulfer - - - offensive odor
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Methyl mercaptan

Many pesticides includes sulfer, phosphorus or both in their composition.

GW contamination source materials. 0|= 262

Of ASLRULH RIIGLH =42

oo

Kot==0A 4652

S8 AFHOZ ALE0| HstE.

Name Structure Use
Captan (“) Fungicide used on foliage
C
\
@i N—§—Cdl,
/
C
I
(o]
Disulfone S Systemic insecticide used on
CH3CHZO\ I plants
P—8§—CH,CH,—S—CH,CH,
CH,CH,0
Aldicarb CH, H O H Systemic insecticide and
l l . ” | nematicide
H3C—S—T—C=—N—O—C——N—CH3
CH,
Endosulfan fo) Insecticide
cl \
/S =0
e} o
Malathion o] Insecticide
[ I
[CHO)P—S— (lIH — C— OC,H,
CH,—C—OCH,
I
Parathion S Insecticide and acaricide
CQHSO\ I
p P—O NO,
CH0
Asulam (”) ﬁ Herbicide
H2N—©7" —NH—C—OCH,
[¢]

FIGURE 7.9 Structure and uses of organosulfur and organophosphorus pesticides.

Degradation of Organic Compounds
L> "the process of an organic molecule becoming smaller

by chemical or biological means"

=ye]
[=2an

- The ultimate product of degradation of a HC is methane or CO, and water
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- Branched—-chain HCs are more resistant to microbial degradation than

normal alkanes.
OH bicarboxylic acid
[::] 0, [::T/ 0, Ei::COOH
\OH =~~~ COOH
. _
Aromatic HC ; aerobic deg.

Phenol can undergo anaerobic degradation

COOH

dati CH,
+ 3H2 OXI ation + HZO .
Hydrolysis

carboxylic acid
saturated to cyclohe><ene—T |— oxidized to Keton

During the process, the Nitrate(M(NO3s)x, M : metal) is reduced
nitrogen.
DOT
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c—c—d

ooT)

Dichloro-diphenyl-frichloroethane

L Ven veista to ey .
+ Damnge *o N Targetml WiL?

' Bannegl B U.SA .

cl

l
c

|
Cl—c—d
!
H
Dichloro-diphenyl-dichloroethane

Still a4 Toxren ag DOT

Dichloro-diphenyl-ethane

O’O-\

Dichloro-diphenyl-ethanol

Dichloro-diphenyl-acetic acid

\

FIGURE 7.14 Metabolic pathway for the degradation of dichloro-diphenyl-trichloroethane (DDT).

Somption and Chemical reaction

I:Kl

Adsorption

== sorption

Absorption

S 2=
- T

A+B < AB ( — direction : adsorption, <« direction : desorption)
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A : sorbate(chemical compound), B : sorbent(soil)
partitioning ~ -------- Contaminant  distribution  between  solution and  solid
phase

* Sorption Mechanism

@ Hydrogen bonding

Intermolecular bond between molecules in which hydrogen is bonded to a strongly
electro-negative elements(O, F, N). Example : Boiling point of water(H20) has higher
than those of H,S, H,Se, H,Te.

Y

Clay surface

@ Van der Waals force.
Weak electrostatic force b/w atoms, ions, and molecules that are caused by electron
fluctuations that produce instantaneous dipoles.

=4 fr1ed s

o o v o S O O

Van der waals force.
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@ Hydrophobic Sorption(AT4 &3
Natural Organic Matter(NOM) adsorbs hydrophobic organic compounds correlated with
Kow, foc , S(solubility of the compound)

S<10°M, fo. > 1% (Karickhoff(1985))

@ lon Exchange
Alcohols(OH-), Amines(-N=) , and Carbonyls(-CO).
— positively charged in the soil matrix
— adsorbed on clay minerals.

® Coordination(or Chelation)
lons or group of nonionic polar organic compounds that are coordinated or attached to

a central metallic atom (Mg®* A", Si*") of a clay matrix.

Preferentially coordinate with molecules containing oxygen as a electron donor such as
carbonate(COs”), hydroxide(OH")

metal(e—accetor. Lewis acid)

/ ////\ \\\\\\
O
\\\\ ///

S ’//

organic compounds.
(e—doner, Lewis base)

covalent
bonding

Generally, for charged compounds, opposites attract, for uncharged compounds, likes
interact with likes.
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*Factors Affecting Sorption

(1) Contaminant Characteristics

- Water Solubility (High S, Low Adsorption)

- Charged character

- Octanol-water partition coefficient (The more hydrophobic the contaminant is, the more
likely it is to partition onto soils and to have low S.)

(2) Soil Characteristics

- Mineralogy (silt, clay, and sand)
- Permeability

- Organic carbon content

- Surface charge

- Surface area

(3) Fluid Media Characteristics
- pH (ex. pentachlorophenol pH<4.7 uncharged, pH=4.7 anion)
- Salt content

*Adsomption Isotherm

The  constant-temperature  equilibrium relationship  b/w  the  quantity  of
sorbate(contaminant) per unit of sorbent(soil), S, and the equilibrium concentration of
sorbate in solution, Ce, is called "adsorption isotherm." Sorption isotherm can be linear,
concave, convex, or complex combination of all the shapes.

A

(mg/Kg)

Ny,
7z

Ce(mg/L)

The most common relationship is the = Freundlich Isotherm equation
S = Kce™
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and can be linearized as,

K, 1/n :

: Freundlich constants.

logS = 10g[(+%10g€e

logS

logk

logCe

K relates to the capacity of sorbent for sorbate, and 1/n is a function of the strength
of adsorption (The smaller the 1/n, the stronger the adsorption bond is.)

When 1/n=1, the equation can be S=KyC., where Ky is the distribution coefficient.

contaminat saturoed
1 no longer appcs

Kd : distribution coeff.

Ce

* For obtaining F.I., a number of solutions containing various contaminants of the
contaminant are well mixed with the solid, and the amount of contaminant removed is
determined.
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(AR ]

G
anf/L( Ce:om 057

oy O
4

1

Retardation Factor

_ Vew _ Py
o= VCOHLR_ 1+HKd

pp, n @ from Lab (ZH7}, &
Kd : F. I

w

Kd

Ce

@ Field sampling

salid s s
/\A %m\. Ce)» HE Ue)

several Kd > avg. Kd

@ Kow # °]&
Kow : octanol-water partition coefficient (Coct / Cwater) (37 3}3} pp.310)

Kf/ = 7 OLK oc
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foc : organic carbon content in soil(Lab) (mass organics / mass dry soil)

)
3

foc < 0.0005 ¢!

= [e)
© W AdA 2

soil type foc
fine sand 0.0002
lake sediment 0.001
silty sand 0.01
clay HE 0.01 o]
* 7 3w X 0.0270.04

Koc : organic carbon partition coefficient

(mg cont./Kg organic carbon) / (mg cont./L solution)

Koc has directly relationship with Kow (CJN Table 7.2 P.174)

Koc = fn (Kow)

logK, = 0.544logK,, +1.377

( Kenaga & Goring (1978) )

© W (foc 7} 0.0005 ©]7<Q1 Aol AHEE = U

Kow from lab — Koc from regression — foc from lab — Kd = foc:Koc = R

@ Lab test

i) Batch test (32 Al9)

contaminant concentration
in water

contominant concentration
in sail §

ii) column test (F=4*13)
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I

| .

| organic
| compound
|

|

R = Vgw / Vcont. = Vcl / Veont. = 1 + py/n Kd

@ Field experiment
Same concept with lab column test (break through test)

concenl tration
tracer meosurement

H/ organic

® Plume Movement

R = Xcl / Xcont.

center of the weight

® Solubility S
S has direct relationship with Koc (CIJN Table. 7. 2)
Koc = fn (S)

S — literature.
S — Koc — Kd = foccKoc = R
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KOC

(e A)

bool 2

S

Z=2A3} DDTY] A

=
=2

ted =t

5]

of W AAAFR)S Bl

1
;o#

o)

g

2 Kg/L, foc = 0.01, n = 0.2

ST oy =

il

N

N

o
i

28

Kd = foccKoc = R = 1 + py/n Kd <

(1979)

Karickhoff %

511_

of o

0.63(Kow) (2

o 4 o))

Koc
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Contaminant Transport Mechanism (Z3}t] W] o]%)

Aol e A=A o)Fo] FFS F= oh
« Auke] =R A e Z7 (hydrogeological condition)
« SH9=H AAY 54 (F7138F8E) (Characteristic of organic compounds)

Main Process

D Advection F%
@ Diffusion Shak
@ Dispersion  AAF
@ Adsorption =%

(© Biodegradation AJ -l
® Chemical reaction 3}8Hn+-<

D Advection :
Movement of contaminants along with flowing GW at the Seepage velocity. (average
linear velocity). in porous media

;Kpﬁndw {dsperson
+ifusion + advecton)

Advectionol] 93t S FE A o] Fg
Mass flux (F)

F= v, nC A ) 1)
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advection transport Eq.
0C _ oC

ot Vo T 2)

@ Diffusion (&4}
« Contaminant spreading due to concentration gradients.
higher C ------ > lower C

=0

TN

ffn

» Governing Process for low velocity flow like in clay media
« Diffusiondl] 9]¢t @ 1E4 9] o] &5 (Fick;s first law)

oC
F = _Ddﬁ """ (3)

D, . Diffusion coeff. ( L%/ T)
effective diffusion coeff. 0" = wD, e (5)
Dz Ak e 24 (A EA4) e

. n L, .
w : tortuosity coeff. = g T = 7 tortuosity
7 porocity
¥
n
T2

001 < w <05
1 1

well graded uniform

D, 1X1077 ~ 2x1077 m%s at 25T
5C o]dlo]l™ 50% Zk AXE A&
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* For System where concentration are change with times, Fick's Second law applies

2 b
S =, 2f [Mmzé/T) e @
_ X ) =
C()(,t) = Coerfc( 2@) """ (6) . Z\_]] (4)‘q OH

(Only diffusion)

C : the concentration at distance X form the source at times ¢ since diffusion
begines.
C . : initial concentration

o

ex) D, = 1x10"7 ni/s, w = 05
D= 5<107"° m¥s
Source
f————>
5m

Find C/ C, at 5m after 100yrs of diffusion

sol)
_ 5
c/ C, = ef ( =
2( 5x10,,%3.15.<10
= eafe(1.99)
= 0.005

@ Dispersion AAk
1. Cause by heterogeneous in mediun
creates variations in flow velocity
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flow path

Vs

i

why?
@D pore size
@ path length
@ Friction in pores
!
Cause mixing of contaminants with GW — dilution
Called "Mechanical dispersion”

< flow path®} < W3k (longitudinal dispersion = ®3&})
apv, < (transverse dispersion )

(‘a : dispersivity [L] )

Hydrodynamic Dispersion

D, = av, + D
Dy=aw, + I

D, > D,
/o’
to | Difison

Conirol

-
10 dwcion

‘dpersion contnl

_I | 1 |
omi nmw o 181 Perclt#
advection - v.d
diffusion - D

Perclet # : defines the ratio if transport by advection to rate of transport by diffusion

Flux by diagram

F+ a0 95 (myn e (8)

_68_



% Types of Source
Instantaneous / Slug Source : Short period of time, A]7Foll W& masse] H3}= §lth

Continuous Source : Long period of time, mass change with time

C/Co C/Co

H e
Y
[
[
1y
i,
B
A
e
t L

diff+disp = advec.

Advection - Dispersion Eq. 3529 X|sUlol A o] o] W4
(Differsion 7+ A)

O

Assumptions
(D Homogeneous / isotropic

@ Steady-state flow

(@ Darcy's law applicable

@ Saturated

(® Contaminant uniformly dissloved

® Contaminant conservative (nonreaction)
(@ Water incompressible

Law of Mass conservation
In -Out = net chang

(accumulation)
F (Transport by Advection)
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nCv, dA [ MT]

F (Transport by Dispersion)

nD,SC a1 (M7 (D, = av, + D)
- X
F.= nCv, - nD,2¢
F,= nCv, — nDy%
3C

Total amount of contaminant entering the element
Fdvdz + F,dzdx + Fdxdy

Total amount of contaminant leaving the element

F, IF, oF,
(Fo+ —50)dde + (F, + —5)ddz + (F, + —52)dsdy
In- Out
oF, oF, oF, B .
- > I + dxdvdz = the rate of mass change in element
_ , de
= n atdxdydz
. O0F, 0F, o, _ 4C
Tox T oy T oz T T
0°%C 0°C 2°C oC aC 9Cl _ &
Dy ox’ D 0y + D 07 [VS“' ax Ve oy TV 82] - a
(3D Ad-Disp Eq.)
: 0°C 2°C _ oC oC _ &
0 LS + oS [ ] = &£
. 0°C _ oc _ &
For 1-D : D; Pye [P d

1-D (Plane source)
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2-D 3-D (Point source)

Line Source

--> Laplace formation

[e5)
S
(e5)
o
8l

i) continuous source
ii) slug source

1) continuous source

Breakthough

jé\Advec/Disp
05 i
—only advection
y :
b
Axt) _ 1 ( X—stf) ( Ve ( X+V5Xf”
= = s ) 4 — — =
C. 5 erfc 5 \/7\1 exp P. erfc 5 @

1-D Continuous Source
adv. Disp. eq.



axo _ 1 X—stf)]
¢, 2 L\,
x = 30an C,= lnglL v, = 10" %als
ex)
D, = 0.018car/s t = 45min (27000 sec) C=7?
ex2)
FIG

Co=-1000mg/L  1-D condition

a=7.5m (a.=10ap)

n=0.1

i=0.04m/m

k=2.15m/day
c=100mg/L & o] t=?

2) Instantaneous Source(slug)

| inflow

—~ 3 Advection anly
/

C/ CD




1-D slug source

udv-Dsp.
. B M (k=1 0°
eg. soil C= (. 0" exp ( —aDs )
ex3) M=10 mg/cm’ D,=10"cm’/s V&=10"cm/s t=10,000 sec
x=1m c=8.92 mg/cm®
iii) adsorption effects causes " Retardation" =] A

( Accumulation of dissolved substances on solid particles)

AN,

1.0 ¢

V.

A conservative

retardation

Vs

cont

ex) R=1 conservative
R=2" 1000
HE (27 10)



g o

Hydrogen-bondig
Natural organic matter

% (NOM) 0.5~ 4% L Kow

Van-der Vaals force
Chemical bonding
Chelation

Frendlich Isotherm Eq.

\
‘ adsorption
| equilibrium
|

S= K, C"

g= mass _of cont. absorbed ( ng)
dry mass of soil particles Ko

Ce=equilibrium concentration in solution (”—zg)

sol.

soil

K, : distribution coeff. (depends on hydrophobicity of cont. of organic compounds
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and NOM in soil)
n : experimently drived coeff.

FIC.

Adsorption

S= K, C. Freundlich lsocherm eq.

1-D Ad-Disp. eq.

2°C oC Py 3S _  oC
Dy oX Var 0X n ot 00X
)
S 2 term
where) p, . bulk density
n : porosity
Py 35S __dS oC

n ot Prdc ot

Freundlich isotherm coeff n=1, linear isotherm

ﬁ =

dc Ky

_ Py 0C

n Ky ot

9% oCc _, 1+p, oC _ ,0C

Dy oX2™ Ver aX_( n Ky ot =R ot

Py View

R=1+—tK,=
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D, 9% Vo 9C _ acC
R 9X2 R 00X ot

C
2

C(xt) =% erfc( Rx— V_t)] continuous source

adsorption= 317+ advection-disp. eq

iv) Biological decay (Radioactive Material)

First-order decay

exponential function

% ==\C where) A\ : first order decay const.
c, ~ C
o~ t
g Y
=5 SO 1224
0°C_, 0C_,~__0C
D,\' aXZ VS‘X aX 7\‘6 t

—(X-1,0

> C(X,l‘):[\/meXD(TI)] X< exp(—N) : slug source
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ex) 1kg "'Cs (half life 33yr) (P.132 6-1, (b))

A

Y

100m
90 day

=
A}

_ In2 _ -5 -1
= 33365 = 5.7565X10 " °day

~ | —
ol

2
. (100,90) = 106 —2&/10m"

41<6.45
2-D
(1) For slug source
i) -Ac7t §h= A5
B A —'()Y—'L;Sf)z B )2
Cxnt) = Cppom e l—p; 1Dt
2) -Ac7t = A5
A v
= : -N o+
QR0 = Cpop, ™ PN T iy ]

ex) Source
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»

100' t = 100 day

A

V.= 1fday , A=0.05day""' , D
C,A=100g1t ,

=D,=10""ft"/day ,

X

1)7A%:C=795.841t*

1) C=5.441"
¥ The dimensions of the plume are reflect to

x W&o H7] 1 30,
o,=(2D.0)" : Gaussian Distribution
Standard deviation

y el 27 1 30

V

o,=(2D,0"

* 30, , 30, represent two standard deviation away from the mean within which

99.7% of the contaminant mass is contained

(2) Continuous source (2-D)
VZ

C()Q VS‘(X X LZ LZ 1/2
27f(pry)l/2 eXD( 2DX )KO[ 4DX( DX+D”> :

C(x,y,t>0) =

Q : L¥T : rate at which C, is being injected.

Ko : modified bessel function ( = (%)‘Wexp(%) )
_ Z‘DY — 2 &
B = A \/ (X+DX}/2)r
L, 2B
|4

SX
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