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Abstract

The evnviromental behaviors of actinide and heavy metal ions depend on their
speciation. Especialy, the binding of these ions to natural colloids such as natural organic
materials (NOMs) and metal (hydr)oxides (OXs) are of great importance in soil and aquatic
systems. Therefore, for the reliable risk assessment and the remediation of the contaminated
environment it is necessary to develop chemical thermodynamica models that can predict the
speciation of metal ions in the presence of natura colloids. The binding behavior of metal
ions to natural colloids is complicated because of their heterogeneous nature and the
interaction between different natural colloids (ex. the adsorption of NOM on OXs) which
change the site density available for metal ions and the electrostatic potential in solid/water
interfacial region. In the previous report, we explained how the metal binding to
heterogeneous surfaces can be modeled and showed the modeling results of the copper
binding to humic acid by the NICA-Donnan model. This report concentrates on two topic: (i)
the modeling of the copper binding to goethite, one of representative metal (hydr)oxides, by
the CD-MUSIC model and (ii) the influence of the adsorption of humic acid on goethite upon
the proton binding to their mixture. The recent progress in the modeling of the ternary system

(metal ions/ NOMg OXs) isalso introduced at the end of the report.

Thiswork was performed by The University of Tokyo under contract with Japan Nuclear
Cycle Developmetn Institute.

JNC Liaison: Barrier Performance Group, Waster 1solation Research Division, Waste
Management and Fuel Cycle Center, Tokai Works.

* The University of Tokyo
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Cu(Il) Cu(ID) 2
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K, K,
FeO™ +2H" =FeOH’ + H" = FeOH} (2-5)
2pK logk, —logk, 2~4
(2-5) 2 H AlogkK pH
2pK
2
1
K, Ky
[(FeOH),]” +2H" =[(FeOH,)(FeOH)]’ + H* =[(FeOH,),]" (2-6)
IpK 2pK

28] (2-6) 2

Alogk 2 ~ 4
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[24]
EXAFS Spadini  [14]
Cd(Il) EXAFS Cd(II)
Cd-Fe Cd(II)
Corner linkage, 23 Edge linkage
2.4 Venema [17]
[(FeOH),Cd]" [[(FeOH),Fe,OH]Cd]"
Cd(II) CD-MUSIC
Cu(Il) EXAFS Parkman  [29]
Persson  [30] Parkman [29] Cu-Fe Cu(Il)
Edge linkage FeOH"* Fe;0"* 2.4 (a)
Corner linkages
(a) Monodentate (b) Bidentate
R
LAY
2.3 Cd* corner linkage  (a) monodentate, (b) bidentate.
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Edge linkages
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5 Y4
Y4
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pH 5 Cu(ID) 2.3 (a) pH 8

EXFAS

Cu-Fe Cu-Cu
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Stern [31] DDL W4
o Gouy-Chapman
S 2xkTgy¢, sinh 2V _ _ 4n,ze sinh 2
ze 2kT K 2kT
Boltzmann
W=y
kT
1M
: " ion pair [32]
[33]
H,O O
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d Stern 2.5

18

(2-7)

(2-8)

[3, 7]



INC TJ8400 2003-064
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distribution 1
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Stern C 0 d
Stern 2 C
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1 1 1
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d;
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1-d Cs 5 F/m’ 0-1
C (2-9)
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Pauling
f 0
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0 1
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2.6
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K —K e_AGcl/RT
24
2.4.1 /pH
3 0.093 0.013 0.002 M KNOs3
2.7 /pH Venema
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[17]
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&~ 150
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go 100 1
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51
& 507
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10
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RMSE 2.2 Stern 0.79
F/m* Venema 0.85 F/m* [17] Rietra 0.91 F/m* [34]
Bourikas  [35]
TiO, Simplified MUSIC-SGC
C C
Stern d
2.8 Simplified
MUSIC-SGC Vs
Wd pH
pH
-60 mV/pH ws pH
Nernst pseudo-Nernstian [31] Wd
2.2 Simplified MUSIC-SGC

logK. 3, logKs, 9.24

N; (sites/nm?), FeOH V 3.45

Ns (sites/nmz), FeO; 2.70

logK .= log KNo; @ -1

C (F/m®) 0.79

R 0.9964

(1) 1 3
(2)
(3) R =1-3(5,-3) /3 (»-7)
Vi ¥, ¥,
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300

2501

200 1

150
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100 1

50t

-50 - .
4 5 6 7 8 9 10
pH
2.8 vs @ W A
wa O U A 00 =0.093M HLl=
0.013M AA =0.002M KNO;
2.4.2 Cu(ID)
Cu(II) 2.9 pH
pH 2 2 Cu(II)
pH4  [Cu(ID)]ais.
Cu2+
pH Robertson  [36]
Venema [17]
Cd2+
Cd(In) pH 5 pH 6 10°®

24
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5 Max. éite denéity = 6.'15 sites'/nm2
NE pH6|- o mm Wm COW = wo
Byt
:‘“ e o
= -7 . o %00
3 .
2 3
]
=y pH 4 o
—_— _8 P
-9 - - - - -
6 5 4 3
log [Cu(ID)] dis (mol/L)
2.9 Cu(II) pH4 @ O
m O 0.lM @ H 00IMKNO; O @O
mol/m’ KNO; 0.01 0.1 M
Weerasooriya [37, 38]
Pb(II) Pb(II) pH
Pb(II) Cu(Il)
sites/nm’ 1.02 x 107 mol/m’ 2.9 pH 6
H
2.9
Cu(Il)
Leckie [39] pH

25

pH 6

Cu(1l)

Gibbs

1.5

6.15
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H X
1
X[grLj =-(—ag’§j§)ﬂj (-14)
Me /q, [BVA
I'n Twae H' [Me]
(2-14) X pH
pH
Rietra [34] etc.
(2-14)
R e -
n
Me(H,0),=" 0 Me(H,0),.,OH*"" + OH n=-1 2.9 pH 4
6 ICP-AES (2-14) (2-15)
X=2
(2-14) (2-15)
X
Cu(ll) H'
2.43 CD-MUSIC
2.9 Cu(II) CD-MUSIC
232 CD-MUSIC
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Parkman
[29] EXAFS Cu(Il) FeOH!>
Fe301/2- Persson
[30] EXAFS pH Cu(l)
pH
4
23
pH 6 242

ex. FeOHCuOH*

Hiemstra [24]

OH
FeOH'"*
o Scenario 1
=FeOH"*” + Cu**= =FeOHCu’"*" (2-16)
=FeOH"*” + Cu** +OH = =FeOHCuOH"*" (2-17)
o Scenario 2
(2-16) (2-17)
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FeOH"* 0.02% Cu(ll)
[4]

= Fe(h)OH''> + Cu®* = = Fe(h)OHCu®'**

e Scenario 3
=FeOH"”” +=Fe,0"*" + Cu**= =FeOHFe,0Cu™**

=FeOH"”” +=Fe,0"*" +Cu*+OH = =FeOHFe,0Cu®'**

e Scenario 4

(2-19) (2-20) FeOH'"* 0.02 %

= Fe(h)OH"?” + =Fe,0"*" + Cu’"'= = Fe(h)OHFe,0Cu®**

4 0
Zy 74 2.3
Scenario 1 ~4 2.10 ~
Scenario 1 2.10 [Cu(ID)]gis.
[Cu(II)]ais. pH 4

Scenario 2 2.11

pH4 [Cu(II)]gis. pH6 [Cu(ID)]4is.

Scenario 3

28

2.13

Cu

2.12

(2-18)

(2-19)

(2-20)

(2-21)

23

2+
Cu
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234 logk

Surface species logk 7 7 RZ®D RMSE®?

-FeOHCu'** 948 0.83 1.17

Scenariol™ 0.9351 0.23581

-FeOHCuOH">" 163 083 0.17

-FeOHCu'* 906 083 1.17

Scenario2™ -FeOHCuOH">" 164 083 0.17 0.9683 0.16587

-Fe(h)OHCu'""®  31.1 083 117

Scenario3®

-FeOHFe;0Cu'" 987 0.9 1.1

0 0.9555 0.19527
-FeOHFe;0OcuOH 16.8 0.9 0.1

-FeOHFe;0Cu'" 9.50 09 1.1

Scenariod”  -FeOHFe;OCuOH’ 168 0.9 0.1 09873 0.10523

-Fe(h)OHFe;0Cu™® 112 09 1.1

Parameters with italic figure were fixed throughout the optimization. (1)
20—, )2
Z(JA’ -y )2

observations, y, the fitted values and 3 the mean of the observations, (2)

correlation coefficient: R* =1- where y; are the values of the

root mean square of errors, (3) 0.02 % of the singly coordinated sites are
assumed to have high affinity for Cu®" adsorption (for further explanation of
this type of sites, see the text), (4) the charge placed on the 0- and 1 plane,
i.e. Zy and Z;, were taken from ref. 40 and (5) the charge placed on the O-

and 1 plane were taken from ref. 41.

pH 6 pH 4
[Cu(ID)]4is, [Cu(IT)]4is.
Scenaio 4 2.13
Cu2+
Scenario 3 Cu* pH
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log [Cu(I] (mol/m?)

7t
8t
-9 -
6 5 4 3
log [Cu(1D)] dis (mol/L)
2.10 CD-MUSIC Scenario
1 0.1 M 0.01 M KNO;
5t
g
o -6
g
Z )
=1
<
on
2 8t
-9 s s s s s s
-6 -5 -4 -3
log [Cu(I)] dis (mol/L)
2.11 CD-MUSIC Scenario
2 0.1 M 0.01 M KNO;
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log [Cu(ID] (mol/m?)

-6 -5 -4 -3
log [Cu(ID)] dis (mol/L)
2.12 CD-MUSIC Scenario
3 0.1 M 0.01 M KNO;

log [Cu(I)]_, (mol/m?)

-6 -5 -4 -3
log [Cu(I])] dis (mol/L)

2.13 CD-MUSIC Scenario
4 0.1 M 0.01 M KNO;

244 H/Cu

2.2.2(1)
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4 6 0.1 M KNO3 pH-STAT H/Cu
2.14 i-1 i Cu(II)
(Cuads.,i + Cuads., i—l)/2 I
A
- A)/(Cuads., i~ Cuads., i-l) 2.15
H Cu(1I)
Cu(Il)
Scenario4 CD-MUSIC
H/Cu pH 4 1.7+ 0.1 pH®6 1.8 £04
2.5
l.... -
2t b - . u l" u
= - ‘. ° . n
—dé M o0 _ o l-
Z 15} * -
3 "
3 .
[
:s-.
0.5
O 1 1 1 1 1 1
-8.5 -8 -7.5 -7 -6.5 -6 -5.5 -5
log [Cu(ID)] dis (mol/L)
2.14 Cu(II) H/Cu
0.1 M KNO3 ® pH4 M pHO (Cuads.i + Cuags., i-1)/2
(Bi - Bi-l - A)/(Cuads., i~ Cuads., i-l)
Cuygs., i i Cu(II) B; A
A
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40 —
35t pH 6 o
Slope = 2.1 L
~ 301 R2=0.9993 a”
) \ o’
g_/ 25 l
T -
= 20 .
2 k]
4] | - .
i‘j 15 = x
I By pH4
10 Slope = 1.7
5| R2=10.9986
0 L L L L L L L L L
0 2 4 6 8 10 12 14 16 18 20
Adsorbed Cu (umol)
2.15 Cu”’
H 0.1MKNO; @ pH4 H pH6
6 Cu(II) log[Cu(I1)]ags. < -6.25 2.1+
0.1 log[Cu(Il)]ags. > -5.5
H/Cu pH

Robertson  [36]

Venema [17]

cf  (2-15)

Cu(II)
pH 4 63~24% pH6 99 ~53 % pH 4 Cu(Il)

Cu
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2.14 H/Cu 242
Cu” H ~2
2.15
Cu(Il)
pH 4 6
1.7 R*=0.9986 2.1 R*=0.9993
H/Cu 1.7~2.0 Cu(Il)
2 H'
Fokking [42] Rietra[34]
'
u
1
H/Cu 1.7~2.0
Cu(Il)
CD-MUSIC
2.5
Cu(II)
Cu(1I) pH

34
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H/Cu
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CD-MUISC FeOH"*
Fe;0'"* [(FeOH)(Fe;0)Cu]”
[(FeOH)(Fe;0)CuOH]’
Cu(Il) [(Fe(h)OH)(Fe;0)CuOH]"
H/Cu pH 4 1.7+£0.1
pH 6 1.8 + 0.4 pH 6 Cu(Il)
log[Cu(Il)Jags, < -6.25 2.1+0.1

log[Cu(IT)]ags. > -5.5
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3
[1]
3.1
NOM
[3-5]
[6-12]
Model VI  Kinniburgh

Riemsdijk

NICA-Donnan

Hiemstra

[15, 21-25]

[2]

NOM
NOM
[13-17]
HS Tipping  [10]
British Geological Survey van

[11, 12, 18-20]

pH

HS 20
[10, 19, 20]

CD-MUSIC
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2-pK
[23, 25] 2-pK TLM
[23]
[29-32] NOM
[28, 33-40]
NOM

41

1-pK

Triple Layer Model

NOM

[28] NOM

NOM

TLM

MUSIC
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Scheutjens-Fleer SF-SCF
[31, 37,

41-44] Vermeer [31,41-43]

pH
Filius  [45] Ligand and Charge
Distribution LCD Strichen SFA
CD-MUSIC
HS NICA-Donnan
HS HS
Stern
HS
HA
HA LCD
[41, 46]
HA
HA

“ " pH [23] HA

HA HA
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HA

HOM NOM-

pH Aldrich HA PAHA

PAHA PAHA

NOM

[33, 36, 38-40] PAHA-

32

3.2.1 PAHA

(1)

< 0.5 uSv/m
() PAHA
Aldrich Na HA Aldrich HA
HA
Aldrich HA HA
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[19,47] 10g

HA
24
10000 rpm

M HCI

PAHA

Aldrich HA 1L NaOH pH 10
1 M HCI pH 2
JA-20 Beckman
HA H 0.01
10000 Millipore co. Amicon
H Dowex 50w-X8
PAHA
PAHA 2¢g/LL pH10
[48]

KOH

3)
a-FeOOH
10 uSv/cm
BET (N,) 82 m/g

nm 15 nm

(4)  PAHA

PAHA

Hiemstra [49]

Venema [15]

90 % 110

150

10% 021

3 pH 4,6,8 2 0.1,
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0.01 M KNO; 0.9 m’
5-500mg/L PAHA 50 mL Dosimat 0.2
0.02mL 1 M KNOs3 20 mL
pH 0.l MKOH 0.1 M HNOs3

0.1 pH

72 [39]

pH JA-20
Beckman 26500 g 30
U-2010 UV 254 nm PAHA
PAHA  UV/Vis pH
pH
PAHA
322
(1)
Wallingford 298 K
[50] pH Ingold U272-S7
Ag/AgCl Ingold 363-S7
0.01 M KNO3 0.1 M HNO; Bernd Kraft
GmbH 0.1 M KOH LPS Benelux
3
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Davis

PAHA

~1cm H,O

0.2 mV/min

20

1 M KNOs3

pH7

[51]

pH 4

pH 3

pH 4

46

20
0.5 mV/min
5 mV
10
10
pH

CO,

PAHA

pH



JNC TJ8400 2003-064

(2) PAHA
PAHA 1 1 g/L 30 mL
PAHA
/pH
pH KNO; PAHA
pH7
0.1 M KOH PAHA
pH-STAT
PAHA
48]
3)
15 g/L 30 mL
/pH
pH pH

47

Ono

30

/pH

1 M KNO;

pzc

pH 3

/pH

[11,
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4) PAHA-
PAHA- 03¢g
0.22 0.13 0.088 0.044 g PAHA/g goethite = PAHA 50mL
0.1 0.01 M KNO3 /pH
pH 10 PAHA
Qoverall = Ggoe,t T gPAHA, t
overall PAHA- qgoe, t dPAHA, t

PAHA

3.3
ECOSAT[52] Kinniburgh[53]

PAHA
/pH
3.3.1 PAHA
PAHA H NICA-Donnan[11, 12,
18-20] NICA Donnan

NICA HS

(ii) (iii)

HA 2 2

48



JNC TJ8400 2003-064

PAHA 2 NICA
H+

Double Langmuir-Freundlich

NICA-Donnan

49

(Kﬁ,ch,H) " (KH,ZCD,H) 2
qHA = Qmaxl,H ~ My + Qmax 2,H ~ my
1+ (KH,ch,H ) 1+ (KH,ZCD,H )
gua  PAHA mequiv/g PAHA Igﬂ, ; Jj
j=1 j=
j Qmaxj, H ]
Cp,H Donnan H'
Donnan HS
Donnan
Boltzmann
2w Yy
Chy =Cp 4 EXP| —————
D.H = Co,H P( RT j
vo Donnan Cb. H
zm H zy=1 F R
¥ PAHA Donnan
/pH
PAHA /pH pH-STAT

NICA
[19]
(3-1)
2 my, ;
mequiv/g PAHA
(3-2)
H+
Donnan
/pH
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pH PAHA qHA
H' AQx
Giin =80 +Orto = (e + o) (3-3)
Ono H' mmol/g PAHA AQu
(3-3) NICA-Donnan
332
/pH
Simplified MUSIC Stern-Gouy-Chapman
[15, 21-25]
-O oxo -OH hydroxyl -OH,; aquo 3
3
Singly coordinated surface oxygen: 1
Doubly coordinated surface oxygen: 2 Triply
coordinated surface oxygen: 3 1 3
FeOH'?" +H' =FeOH;*", K, (3-4)
Fe,OH"*" +H" =Fe,OH"**, K,, (3-5)
Ki > K; 1 3
2 1
2 1 3
1 2 pH pH1
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~ 12 K]) 2 Kg) 1
pzc
Stern Venema [15]
K+ NO3- lOgKK+ = IOgKN03_ =-1

Ki» K31 Kk+ Knos-

Stern
C
333
HA HA

“ ” PAHA

Agna Aqgoc PAHA-

Goverall
Doveratt = Doet T Adgoe + Guia i« + Adua (3-6)
Qgoe,t  qHA,t PAHA
Agna tAGgoe / PAHA
2Aq = Agua TAGeoe > 0
YAg <0
Goverall PAHA

PAHA PAHA-
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qHA, t  Ygoe, t  Yoverall
(3-6)
Agua Aqgoe pH
pH 10 Agra TAGgoe = 0
pH PAHA

PAHA PAHA

pH PAHA

pH PAHA

pH

[31]

Ogoe, ads

qgoe,t + Aqgoe

goe,ads

qHA, ads

_ Guay T Adya
Quaess = —~
I'w

r PAHA

PAHA

(3-7) (3-8)
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PAHA

PAHA

(3-7)

(3-8)
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= Lina
O u0c,ads
(3'9) Ogoe, ads qHA, ads
r 4
undercompensation, » > -1
overcompensation, » < -1 pH
334
Ogoe, ads  HA, ads d
PAHA
PAHA
Vaa
de Vi I
10°S
S
L/kg PAHA g PAHA/ g goethtie d
Vaa pH
Vua.o
d
EOLL (¥
10°Sd
(3-10) d

53

SVHAF

(3-9)
neutralization, r = -1
charge reversal, » > 0
d
(3-10)
Z/g

Via =Viao + kcs’zlt (pH - 2)
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w(x)
3 0 -dy<x<0 I 0<x<d II x>d
x=-dy 0
Stern x=0 PAHA x=d
I I
Poission-Boltzmann PB [54] I 1II
PB
2 :
d Z)Ic 2(x) __ 8_1; { Piinas + ﬂ{ﬁziq exp(—ziFl//I(x)/RT)H (3-12)
2
dl/;x’—’z(x):—g—;{iizici exp(—z[Fz//H(x)/RT)} (3-13)
&g & Nion
Z; i C
i (3-12) S
PAHA “ ”
[54]
B= M (3-14)
VHA
(3-14) pary PAHA kg/L HA 1.66
kg/L [55] p 0.01 M KNOs
0.62 pH4 0.67 pH 10 I 1 x=d
2
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Wl(x:d):l/lll(x:d) (3-15)
dy, | dy, |
= 3-16
dx2 x=d dx2 x=d ( )
I x=0 II x=ow
dWI O-goe ads :
— =——— and Ilimy,=0 3-17
dx =0 880 X—>0 l//H ( )
(3-12) (3-17) Matlab three-stage Lobattto Illa
[56] Stern
wi(x =0) Ws
Nernst pH(pzc) — pH
0 x=-dy x=0
wi(x =0)
Fo
— X = 0 + goe, ads _1
WS l//I ( ) 103 SCHA_goe (3 8)
PAHA x = -dj x=0
34
3.4.1 PAHA /pH
(1) PAHA
3 0.1 0.017 0.005 PAHA /pH NICA-Donnan
3.1
NICA-Donnan 3.1

55



INC TJ8400 2003-064

\®) 9%} N

-gy; (meg/g PAHA)

—_
T

3.1

NICA-Donnan

PAHA /pH
3.1

M 0=0.017M A =0.005M KNOs

/pH

)
3 0.093
32

32

[19] PAHA 2

logK, =7.95

PAHA

0.013  0.002 M KNO;

simplified MUSIC-SGC
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11

O =0.095

PAHA

/pH

pzc

logK, =3.53
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3.1 PAHA

PAHA (NICA-Donnan model)

Donnan parameter, b -0.63
Ono (mol/Kg) 5.15
Site 1 Site 2
Omayj, 1 (mol/Kg) 2.99 2.66
log K, 3.53 7.95
my, j 0.59 0.25
R 0.9997
Goethite (Smplified MUSIC-SGC model)
IOgKl, 2, IOgK3’ 1 924
N (sites/nrnz), FeOH @ 3.45
N, (sites/nmz), FeO; @ 2.70
logK .= logk = © -1
C (F/m? 0.79
R 0.9964
(1)
(2)
R =1- (j}i_yi)z/Z(yi_)_;i)z Yi
¥, Vi (3)1
3
d
3.1 /pH
Venema  [15]
Stern 0.79 F/m* Venema 0.85 F/m* [15] Rietra

091 F/m* [24]
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200

&~ 150
£
@)
g
go 100 1
<
<
(@]
51
& 50r
5
)

0

4 5 6 7 8 9 10
pH
3.2 /pH
3.1

simplified MUSIC-SGC
O0=0.093M 0=0.013M A =0.002M KNO;

342 PAHA
3 pH pH4,6,8 2 0.1, 0.01 M KNOs3 PAHA
33 PAHA
254 nm
[43, 57] y
PAHA
Sephadex G-50 PAHA 3
254 nm
PAHA 10 %
PAHA
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33() (b)

250 23
g @1z
£ £
= ) 125 ©
150 200 - & | (\?OD
L0 l =
< 2 2
T 150 . = = | =
< <
[a By
%0 1.5 o0
=100 . A s £
=t 4 Q
: ' g
Y o
g 0 105 8

0 : ) : 0

0 250 500 750 1000

Equilibrium conc. (mg PAHA g/goethite)

250 - - . =3
B ® 2
= | =
B 200 258
=) i :D
L0 =
< 12 2
T 150 o =
E <
: 1.5 %
=100 g
B Q
] X o
& 30 Ve 105 &

0F : : ; 0

0 250 500 750 1000

Equilibrium conc. (mg PAHA/g goethite)

33 0.1 M (a) closed symbols 0.01 M (b) open symbols
KNO; PAHA 0O pH=4+
0.1 HI pH=6+0.1 AA pH=8+0.1 PAHA

mg PAHA/g goethite
4 0.22 0.13 0.088 0.044 g PAHA/g goethite
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PAHA mg V..
PAHA mg
plateau
NOM [33-40] 3.3
Langmuir
Langmuir
0.1 M KNO:s 23(pH4) 1.8(pH6) 1.2 (pH 8) mg/m’
0.01 M KNO; 1.8 (pH4) 1.2 (pH6) 0.97 (pH 8) mg/m’
NOM pH 4
0.3 ~ 4.2 mg/m’
Vermeer
[42] pH 6 0.01 M KNO; 2
P, 202 403 570 nm v.s. B 50 nm PAHA
P 2 mg/m’ B lmg/m2
33() (b)
PAHA Vermeer [42] B
B
NOM
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etlc.

3.3

0.044 g PAHA/

PAHA

PAHA
PAHA SFA
[39, 45] ” “
PAHA
PAHA
3.3 4 PAHA 0.22 0.13 0.088
g goethite “
PAHA

pH pH

3.4.3 PAHA-
PAHA- 4 PAHA/
0.22 0.13 0.088 0.044 g PAHA/g goethite 3.4 (a) ~ (h)
/pH

/pH PAHA

/pH 3.1

Simplified MUSIC-SGC
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Charge (meq)

Charge (meq)

o A

-0.1}

-0.2¢

Charge (meq)

Charge (meq)

Charge (meq)

34 PAHA/

(a, b)

0.22 (c,d)0.13 (e, 1) 0.088 (g, h)0.044 g PAHA/g goethite (a,c,e, g)

0.1 MKNO; (b, d, f, h) 0.0l MKNO;
[ Ye)

PAHA /pH
2 /pH
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" ? 34
0.1 M KNO3 0.01 M KNO;s
3.4
Avena  Koopal[58] PAHA pH
3.4
Vermmer  Koopal[43] PAHA LFA Laurentian fulvic acid
PAHA LFA
50h
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pH pH > 7
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A pH pH<7 PAHA
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Vermeer  [31, 41]
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pH S
pH 4 500 mC/m*
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PAHA PAHA/
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PAHA r (3-9)
[46] PAHA/
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Debye
PAHA 0.01M 3 nm
PAHA r -1
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r<-1
NOM
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Stern
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d pH
0.044 ¢ PAHA/g
I nm
PAHA
0.22 0.044¢
x = -dy x=0
1 7 F/m’
Nernst
2 3.1
PAHA/

72



INC TJ8400 2003-064

300

200

100

(a)

8 10
b
300 ®)
200 p
g '\\
g |
S 1000
\
E \
0= —=
-100 = ' ' ' : '
-dy 0 2 4 6 8 10
X (nm)
3.9 0.1 M KNO3 PAHA
PAHA/ (a) 0.22 (b) 0.044 g PAHA/g
goethite pH 4 6 8 PAHA
X = -d()
3.9 (a) pH nm
PAHA PAHA/
0.13 0.088 PAHA/
0.044

73



JNC TJ8400 2003-064

NOM
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PAHA
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field approximation
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the interacting

patch PAHA

pH <8 PAHA

Vermeer [31, 41, 42] Au [37]

NOM
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Filus [45] SFA
Stern
SFA

0.9 nm PAHA Stern

20000 PAHA pH
2.3-2.5nm SFA 1000 2.17
kg/L SFA 0.6 nm [47, 55]
PAHA SFA 4 PAHA
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