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Overview of reaction and reactive transport modeling with the Geochemist’s Workbench (GWB)
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Brian Farrell
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Overview of The Geochemist’s Workbench Software Package

The Geochemist's Workbench® is a set of interactive software tools for solving problems in aqueous

geochemistry, including those encountered in environmental protection and remediation, the

petroleum industry, and economic geology.

The GWB package includes the following apps:

G

V

. vy
.
..

[ E D E

GSS is a spreadsheet for manipulating and plotting geochemical datasets

Rxn balances chemical reactions, calculates equilibrium constants, and more

Act2 generates stability diagrams on activity, Eh, pe, pH, and fugacity axes

Tact makes temperature-activity and temperature-fugacity diagrams

SpecE8 figures concentrations of aqueous and sorbed species, saturation, and gas

fugacity
Gtplot displays data from GSS and the results of running SpecE8 and React

TEdit is a graphical application for quickly and accurately editing and combining

thermodynamic datasets
React traces reaction paths involving fluids, minerals, gases, and microbes

X1t models reactive transport in groundwater flows in one linear, radial, or spherical

coordinate

X2t simulates reactive transport in two dimensions, including injecting and producing

wells

Xtplot renders and animates the results of X1t and X2t simulations



Designed for geochemists by geochemists, the GWB is fast, powerful, and easy to use — an essential

toolkit for researchers, professionals, and educators.

Geochemists create in minutes diagrams and models that previously might have been

calculated laboriously by hand, or computed using less accessible software.

Environmental remediators design, test, and optimize environmental clean-up

initiatives costing tens of millions of dollars—before deploying remedies in the field.

Environmental chemists develop quantitative understandings of the mobility and
bioavailability of heavy metals in the biosphere, and the persistence of organic
contaminants.

Petroleum engineers model scaling in wellbores and reservoirs, reservoir floods, and
formation damage; they test the compatibility of fluids before they mix in the

formation or wellbore.

Hydrogeologists construct fate and transport models accounting for dual porosity

media, bioattenuation, contamination sorption, precipitation, and co-precipitation.

Nuclear engineers create sophisticated models of radionuclide transport to design

geologic repositories and remediate legacy contamination.

Geomicrobiologists figure the energy in natural waters available to microbes, how

fast bugs respire and ferment, and how they affect their chemical environments.

Mining geologists and engineers design solution mines and heap leach operations;
they model the attenuation of acid drainage accounting for mixing, neutralization,
sorption, and degassing.

Surface chemists develop equilibrium and kinetic sorption models; they apply them

to refine industrial processes and to understand natural phenomena.

Carbon sequestration specialists study how captured carbon dioxide might react

with subsurface minerals and engineered materials.

Electrolyte chemists use the package's ion activity models, including the Pitzer

equations, to calculate species distributions and evaluate complexation kinetics.

Geothermal energy developers model heat and mass transport; they figure scaling
risk in reservoirs, wellbores, and pipes, and predict reactions accompanying fluid

mixing.



Geochemical Kineticists derive rate models from their experiments and on the

computer trace the progress of multiple kinetic reactions, serially or in parallel.

Exploration geologists develop genetic models of ore deposition, and interpret

patterns in water composition that may lead to undiscovered resources.

Microbial ecologists use the software to design experimental studies of microbial

reaction and growth, derive kinetic rate laws, and solve them alone or in combination.

Experimental geochemists use the package to design laboratory tests that may last

months or longer, and to interpret the results of their experiments.

Field geochemists enter analyses into GSS datasheets, then with a few clicks convert

units, calculate new parameters, and create specialized plots and diagrams.

Evolutionary biologists have used the package to model the synthesis of organic

molecules, to gain insight into the origin of life.

Surface water chemists use the software to account for atmosphere-water exchange,

sediment-water transfer, and the effects of biologically mediated reactions.

Medical researchers have traced passage of heavy metals through the mammalian

digestive track.

Professors design practical exercises and classroom demonstrations that give their

students experience solving real-life problems.

University students accomplish sophisticated calculations without being mired in

repetitive detail as they learn about open-system chemistry.

For more information about the GWB package, please visit the GWB website, www.GWB.com.
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The Geochemist’s Workbench® Essentials

GSS is a spreadsheet designed for manipulating
and plotting geochemistry data.

Rxn balances chemical reactions and calculates
equilibrium constants, temperatures, and
equations.

Act2 generates stability diagrams on activity, Eh,
pe, pH, and fugacity axes.

Tact generates temperature-activity and
temperature-fugacity diagrams.

SpecE8 computes the distribution of species,
sorption onto surfaces, mineral saturation, and gas
fugacity in aqueous solutions.

TEdit lets you edit thermodynamic databases.

The Spreadsheet for Water Data

-

« Checkagainst regulatory kmits -

G55-The Geochemist’s Spreadsheet

e >

5. The Geochemist's Workbench’

Mot just for geochemists!

= Compare replicates. check standards o ————

= Quick fuignixing
3 - or vahse
= SpecEB o Rnact for any sample

Demo 1 — Use a GSS Datasheet

¢ Double click on “RiverWaters.gss”
* Change mg kg* units to mmol kg™

* Show data in a Piper diagram

Mgssona .,,,Tm Samples L F\DesktopGwborkshopverWators g5 T
Analytes fah: B Heip
= [ P 3 T ssanple |
Sampie 1D - | "Amazon River Mississippi River  Workd average | i
Si02(aq) < |mgkg 7 7.8 13
ag+++ Z |mgkg » 0,07
Fet+ “|mghg 0.08 0.02 |
Cat+ *mgky 43 38 15|
Mg+ Almgkg o 1.1 10 4.1
Na* 7 |maka ’ 18 20/ 63
e+ *|mgkg 28 23
HCOy T mgkg » 19 113 58
S0 *mgkg o 3 51 11
= =|maka 19 2 78
F- = mgky 02 0.3
NOy *|mg/kg » 01 24 1
Tos *|mgtg Y kL 232 8
pH o 65 74
+analyte |
< >.‘-_
Ready

Input file: RiverWaters.gss

\

[ 1 . 2 A 3 Y1+ sampia |

E Select analytes ...

TS = mgikg [ 26 055

o : ' 65
+anaiyte |

[ P

"




5 655 - Co\sers\blamell Desktop RiverWaters.gss - a x
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Sampla I Tina Series Plot o | Mississipgs River |Worid mvurage | o L World average
Si03(8q) XY Ples 7 79 13
m Termary Disgram antl 150
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noy 01 24 1
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Use Rxn to Balance Reactions

* Balance chemical reactions instantly
 Calculate log K at any temperature
* Fits log K to polynomial vs. T

 Calculate equilibrium points, lines, etc., in log
activity/log fugacity coordinates

 Calculate equilibrium temperatures

The Basis

The basis is the set of aqueous species, minerals, and
gases with which we choose to

¢ Write chemical reactions

* Express composition
The number of basis entries is the number of
components in the system, which is fixed by the laws
of thermodynamics.
By convention, we will choose as the basis

* Water, the solvent

¢ Each mineral in equilibrium with the system

* Each gas at known fugacity

* Important aqueous species

Steps in Running GWB Models

SWAP. Prepare your calculation by swapping into the
basis the species with which you wish to write
reactions, including any coexisting minerals and gases
at known fugacity. For an activity-activity diagram, the
basis includes the main species and axis variables.

SET. Set constraints on the system, perhaps including
temperature, total concentrations, species’ activities,
gas fugacities, etc.

GO. Select Run - Go to let the program trace the
reaction path, calculate and display the diagram, or
balance the reaction.

REVISE. Change the basis, add new components, or
alter any of the specifications for your model. Then
select Run = Go to render the new result.

Demo 2 — H,S Oxidation to Sulfate

* By reaction with dioxygen
* As an electron donating reaction
* By liberating dihydrogen

e For each case, what is log K at 25°C?

E > P AnPrograms >

Geochemist’s Workbench 11.0
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Gws Gé‘éBthiS"S

L Workbhench’ Professional Set LHS Wiuarcil
Apps  Video Docs Settings Support Upgrade et
He [* scvey =
GSS React [ J* aceviy =
the geochemists frace reaction processes [* acover
heet . e~ Temperature
Ran Giplot " i schome
balance reactions plot geochemical data
and more and reaction paths
Act2 Xt
activity, stability, and 1D reactive ransport
solubility diagrams
Run - Go
Tact X2t RmGWBMNamed Professional - C\Users\Brian F
temperature - actity 2D reactive transport
diagrams le Edit Run Config View Help
SpecE8 Aiplot Basis | C | Results
calculate speciation render reactive transport
in solution results hd H2S{aq) + 2 O2(ag) = 2 B+ + SO4--
Log K at 25 € = 131.3843
= Ran - Ci\bsersiblrelt = R - CUsersibfamvell
Bl fdn Bun Confy Yiew Hep Bl [ds Ban Confy Yew Hep
L v sy T S0 ity
e of T
He g2 [ |* scovey ~ He &2 [ = actty =
e - ; r—— :
& ow—] Swap e"for O(aq) S Swap H,(aq) for O,(aq)
toparatre [ma - e~ oo g [ T actwity ™
o e e | [* mold eme ‘eperatre ) e
. N fonicsrengh e ™ mold Fochome:
)
Run - Go Run - Go
B Ran GWB Advanced Professional - C\Users\Brian F B Ren GWE Advanced Professional - C\Users\Brian F
le Edit Run Config View Help jle Edit Run Config View Help
Basis | Command | Results Basis | Command | Results
#] H2S(ag) + 4 HZO = 10 Hé + S04-- + 8 e- 1* H2S(ag) + 4 H2O = 2 Hé + SOd-- + 4 H2(aq)
Log K at 25 C = -40.6093 Log K at 25 C = -53.0573
B Ren GWE Advanced Professional - C\Users\Brian F
Expand for more info \
/—rwmunnj—m‘m
[ H2S(ag) + 4 H20 = 2 H+ + SO4-- + 4 H2{aq) You can type commands
Log K at 25 C = =-53.0573 — directly on the
Command pane | - C:\Users\Brian F
Eile Edit Run Config Help
Ereom o - o Basis | Command | Results |
Fe Fun_Conlig Yew Help |Rx S T H25 (aq)
———— n reac aqg
Command = Results - P - .
Exn > swap HZ(ag) for 0Z(aqg)
= H25{ag) + 4 H20 = 2 M+ + S504-- + 4 H2({aq) Rxn > T - 25 c
L 0 Cr -57.5146 160 €1 -40.5588 Rxn > gc:l
25 C:  -53.0573 200 €:  -37.8725
60 C:  <48.3902 250 €1 =35.7133
100 C: -44.2550 o ¢ =34.113%

Polynomial fit:
log K= =57.49 + 1929 T = 0007809 T°Z + 1.957e~6 T°3 =

Log K at 25 € = -53.0573
hssumpticns isplicit in equilibrium equation:
temparature = 78 q

Equilibrium equation:
=53.06 = = log a[B23(aq)] + 2 log a[i+] + log al304--]
+ 4 log a[H2(aq)) - 4 log a[B2O]

2.106e-9 T4




Basis Species in the LLNL Database thermo.tdat
0 Water o Lithium * Data compiled by Wolery, Johnson, others at LLNL
Ag+ Silver Mg+ Magnesium * Log Ks at 0, 25, 60, 100, 150, 200, 250, 300°C

Alumi M
AL uminum o angancse * Log K of 500 means no data at that temperature
Amt++ Americium NO3- Nitrogen .
As(OH)4-  Arsenic Nat Sodium * Other datasets: PHREEQ-C, Minteq, Wateq, ...
Aut Gold Nit+ Nickel
B(OH) 3 Boron Npt+++ Neptunium 47 basis species
Ba++ Barium 02 (aq) Oxygen P
Br- Bromine Pb++ Lead charge= -1.0 ion size= 4.5 A mole wt.=  61.0171
Cat+ Calcium PuO2++ Plutonium 3 glements inspecies oo m 1000 ¢
HCO3- Carbon Rat++ Radium
cs+ Cesium Ro+ Rubidium . . ‘ e I
o Chlorine - Ruthenium 48 redox coupling reactions Fe*** +.5 H,0 = Fe** + H* + .25 0,(aq)
Cots Cobalt. 5e03-- S_el.emum !“Hm-zga 3.0 ion size= 9.0 A mole wt.f 8470 g
Crt++ Chromium 5102 (aq) Silicon - 4 species in reaction
cut Copper sre+ Strontium “=" sign owomo 1.000 Fors 3.000 34
Burer Europium 504-- Sulfur indicates Sise v oes o267 % Log Ks at principal temperatures:
F- Fluorine TcO4- Technetium left side
A+ Hydrogen Thitis Thorium B ) 0 25 60 100
HPO4-- Phosphorus Snttet Tin 551 additional aqueous species 150 200 250 300°C
Hg++ Mercury Utt++ Uranium AL (0H) 4-
o Todine - Vanadium charge= -1.0 o size= 4.0A  mole we.= 95007 g

3 wpecias in resctica

Fe++ Iron Zn++ Zinc 000 2+ 1.000 Al+++ 4.000 H20
K+ Potassium 1360 137780 12003 103000

thermo.tdat (cont’d)
624 minerals File - View - thermo.tdat Demo 3 — Eh-pH Diagram
C“m::mn- K2 (U02) 2 (VO4) 2 tee HMQV
moie vol.o 169700 s&  mole we.s 8481302 .
S epecios in reaction N e Create an Eh-pH diagram for Se
27000 K+ 2.000 V0244 2.000 voa---
57,819 -56.1818 -54.7895 -54.0002
Ts3l6376 538377 5000000 500.0000 « Assume aqueous activity of 106, T = 25°C
10 gases X )
wozte) * Make a PowerPoint slide
mole w.m 440098 g
3 species in reaction
ey reis -soms -samas ¢ Change color of selenate field
-8.8297 -9.3208 -9.8841 -10.6132
. "
41 oxides Add scatter data from .gss file
w0
nole W= 94.2030 g
3 apecies in reaction
27000 B 2.000 x+ 1.000 520
B The Geochemist's Workbench 11.0.0 - x

Gws GE&BthiSt’S

12 WB Advanced Professional - C\Users\Brian F = o x

1L/ Workbench

Professional

Apps  \ideo Docs Seftings Support Upgrade Plot | Set activity to 10~
GSS React 10006 - ity *
the geochemist's = frace reaction processes
spreadsheet C Gl - -
He 2 o0 x s % Set x axis to H*, units to pH ‘

Rxn R frem |00 - 1 [140 - increment |20 -
balance reactions plot geochemical data
2nd more and reaction paths e g o) oy mds Set 0,(aq) along y,
Act? X1t B from |75 ~ | swap in e, units are Eh -
activity, stability, and 1D reactive ransport In the presence of
solubility diagrams, H20 1.0 - athity * scbvent
Tact xzt temperature o v Cr
tmperature - activity 20 reactive ransport pressure v by
diagrams

add delotn
Spec Xiplot
calculate spedciation render reactive transport Ready
in solution results




([ 2 Act2IWE Advenced Protessionsl - CAUsers\Brisn - o x
File Edit Run Config Plot Yiew Help
Basis | Command | Results |  Plot

ey ,:J Picture (Enhanced Metafile) ‘
)

2 4 [ L] 10 iH 4

Ready [ d

B2 Act2 GWE Advanced Professional - C\Lisers\Brian F - o
File Edit Run Config Plot View Help
Arrange - Ungroup Groundwat
“Yes” er5.055
Arrange -> Ungroup
Drag in GSS file
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|ready
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Ele LS Ren Condg fuw by
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=
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Demo 4 — Electrochemistry Electrochemistry  omone & -
e TR
. o [0 v gy
* Chemical energy from redox e W v b
disequilibrium in the environment o 58I whe "
e g w = iy =
. Ll ] na "~ omghg T
* Calculate potentials of half-cell — e
reactions o @ | bt
LN - [T} v omghyg T
* What are the best electron donors et S et
o @ a4 v iy
and acceptors? o R
e o as T oy
s g a1 e~
-l - oy "~ mghg v
g ntee e e
| -
;'l o
Input file: microbe.sp8




Half-cell Reactions

Nernst redox couples Eh (volts) pe
e- + .25%02(aq) + H+ = .5%*H20 0.8355 14.1242
8*e- + 9*H+ + 2*HCO3- = 4*H20 + CH3COO- -0.2295 -3.8803
8*e- + 9*H+ + HCO3- = 3*H20 + CH4(aq) -0.1872 -3.1650
e- + Fet+++ = Fe++ 0.3224 5.4505
2*e- 4+ 2*H+ = H2(aq) -0.1986 -3.3571
8*e- + O9*H+ + S04-- = 4*H20 + HS- -0.1263 -2.1342
8¥e- + 10%H+ + NO3- = 3¥H20 + NH4+ 0.4425  7.4795
2%e- + 2*H+ + NO3- = H20 + NO2- 0.4808  8.1284
4*e- + 4.5*H+ + .5*CH3CO0- = H20 + CH4(aq) -0.1449 -2.4497
6*e- + 8*H+ + NO2- = 2*H20 + NH4+ 0.4297 7.2633
Redox couple Eh (mV)
& +%0yaq) +H' £ % H,0 236 Electron acceptors
_ N Eh O2/HI0  NO3-/NO2-NO3 fFaed504-(HS- CHICDD-/CHOO3- /CHiH#HZ
2e +2H + NO; = H,0 + NO, 481 te acc 836 481 443 430 22 126 48 187 199
O MNO3-/NOZ- 481 355
3 * = M S NONHes 443 393 £
8e +10H +NO; 3 H,0 + NH; 443 g e e iy i - AEh = Eh Ehd
- L Fe™ e et 322 Feresffers 322, 513 158 120 107 ace on
e e e S S04 /HS- 126/ 962 607 569 556 443
_ " o _ b CH3COO0-/CH4 ~145| 280 626 587 575 467 15
8e +9H +50; & 4H,0 +HS -126 ©  HCO3-/CH4 -187, 1023 668 630 617 510 61 a2
2 H+M2 199| 1034 679 641 628 521 72 54 1
8e +9H" + HCO; &t 3 H,0 + CHy(aq) -187 W HCo3-fcH3coo-  -230 1065 710 672 659 552 103 85 42 3
2e” +2H" = Hy(aq) -199
Ehdon
_ . _ _
8e +9H" +2 HCO; & 4H,0 +CH;CO0 —230
Remember: “Electrons fall up!”
OG/HIC _|NG-/HOG] OB/ HHO3- /W44 Fa b /PS04 -113- |23000-JKHOGH- S 2 The Geochemist’s Workbench® Standard —
835 481 443 430 322 126 -145 -187 -!‘39_ R .
nosjuce- | A5 Reaction Modeling
NO3-/NHa+ 443 393 38
NOZ-NHE+
FesssfFers [ . . .
S04-/HS: React traces reaction paths involving
CH3COO-/CHA 19 . .
HCO3- oM 51 2 fluids, minerals, and gases. React can
i : i o = account for kinetic rate laws, isotope
HCO3-/CHICO0- - 103 85 42 31 ’

T Sulfate reduction by Fe?*
Acetotrophic iron reduction
Hydrogentrophic nitrate reduction

Aerobic methane oxidation

fractionation, microbial metabolism and
growth, and much more.

Gtplot displays the results of React
simulations.
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The Geochemist’s Workbench® Professional—
Reactive Transport Modeling

X1t models reactive transport in
groundwater flows in one dimension, in
linear, radial, and spherical coordinates.

X2t simulates reactive transport in two
dimensions, including the effects of
injecting and producing wells.

Xtplot renders and animates the results
of X1t and X2t simulations as x-y graphs,
color maps, and contour plots.
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Chemical speciation in GWB for understanding of soil chemistry
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Chemical Speciation

® Chemical speciation is critical for understanding solubility of hazardous
element, chemical toxicity, bioavailability, and environmental fate.

® Despite the central importance of knowing the full speciation of a
chemical in order to predict its behavior in a system, it is generally not
possible to determine a speciation analysis using analytical chemistry
methods alone.
Most techniques are focused on detection of free metal ion
concentrations or total metal concentrations. Direct ciation
measurement using traditional analytical methods requires significant
complexity.
A relatively new method, capillary electrophoresis (CE), allows direct
measure of chemical speciation of some metals. However,
environmental concentrations of most metals o S
because many relevant forms of metals cannot be measured direc

TABLE 3.3 Species formed by hydrolysis of cations in water at 25°C and pH 210 12

Valence of
core calion Cations and complexes
Ag. Au, Cu, Hg, K. Li, Na
Ba, Ca, Cd, Ca, Fe, Mg, Mn, Ni, Pr, Ra, Sr, Zn; Be{OH){0-4], Cu(OH
CufOH3*, HEtOHE- (0-3) 10-3). PO
ANOHI[0-4]). AsD*, AsiOF Au(OH)-[2-4], BIOH] 1
Bi(OH)Y(0-4), Bi ,OHJ, Big -22], Cr{OH)[0-4], Cryl OHIZ,
FelOH)10-4], HNOJ(0,1 ], L { VIOHE10-3]
B{OHY13-67),
31 VOROHET0. 1),

1156, V05

These are more complex when the system contains carbonate, phosphate, sulfate, chloride and so on.

Cd: Cd*', Cd(CO3),*, Cd(OH),(aq), Cd(OH)s~, Cd(OH)4*", CdCI*
Zn: Zn%, ZnCOs(aq), Zn(OH)s~, Zn(OH)4Z"

Contents of This Talk

-Knowledge for your Intelligent Removal Processes of Hazardous Element-

Understanding of behavior of the target elements

Do you know CS of the elements?
How can you know that?

Understanding of your mineral itself, especially surface

Do you know CS of the adsorptive surface on your material?

Elemental Analysis vs. Speciation Analysis

For Example, Ca

If you analyze contaminated water by Atomic
Absorption Spectrometry or ICP-AES, you can
obtain total Ca content (3 mCa) in the water, not
Ca?" jon.

Total Ca content (Y} mCa) is as follows.

YmCa=mCa? + mCaHCO;* + mCaSO,+- -+

Carbonate complex

-

Chemical Speciation (CS)

Sulfate complex

Change in Solubility of Elements

Galena (PbS)

Galena




Change of Uranyl Complex in Water at Different pH Jll Change of Uranyl Complex in Water at Different pH

log f CO2(g) = -3.5 log f CO2(g) = -6

Eh (volts)

Inorganic Chemical Speciation
Determined by lonization Potential of Elements

Change in Adsorption Behavior at Different CO, Fugacity

. Dt Tl 1l T x Tonization Potential
Uranyl Adsorption onto Ferrihydrite 50 Mo0 RO g i 1 ation Potential -
. ‘ e e 0 HD P Ocpenions, & Valence/Ionic Radii
oF CO,(g):1073° ] °E E K " by i
sl pCO,(g): ® ] b b tslo o mpgig =% . . -
oL i [ ] H Oxyasions UO,™, FeOH, Fe(OH)
Lo ul ] £ )
5 °C 10 s °C ] g
S s 03 s . § ;
% A ] % A B ; < AaCrMo 2
g sk ] é sk ] i oY
2 ] 2F /pCOy(g): 1070 . H
1 B 15 B E
P Y Y Y B A Y Y
3 4 5 6 7 8 9 10 11 12 3 4 5 6 7 8 9 10 11 1 = K
pH o pH Cations asd squocations Na®, K', Ca®*
 —

0.1M HNO; s

(L] ] 15
Apparent cationic radii (A}

Uranyl concentration: 10*M

Factors Controlling Chemical Speciation in Relative Mobilities of Hazardous Elements at
Natural Fluid System Different Environmental Conditions

p H Mobilities | Coidising
Redox potential ana |

| F %U 2 Zn 5"3 Co E.'Hg

| CuCoNi
| AstHg As Cd

Temperature

Surface properties of the solid existing in the rocks [PoBeeisaT e

and soils [ B kel

Kinds of functional groups existing in the water P %3'8‘.@?& ci Cotito
AsCdPbBeBI|

Ti

Concentration and kinds of the dissolved cations
and anions

Fe Mn

Organic materials in dissolved and solid phases

Bioactivity
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Solubility Curve of Gibbsite (Al,O5) Solubility of Amorphous Silica

ZAI(aq)=[A"] + [AOH ] + [AI(OH ); 7] + [AIOH ;] + [AI(OH )] 510, + 2H,0 — H4SIO;

Al(OH)s 2 A" + 30H', 10gKmin=-33.9 SiO, + 2H,0 — H3Si04 + H*
log[AI®* ]=-33.9-3pH+42=-3pH+8.1 o ' Si0, + 2H,0 — H2Si0,% + 2H*
AP*+H,0 2 AIOHZ"+H" | logK=-5.00 | o 4) Si0, + 2H,0 — HSiO* + 3H"
2+ 1 2 9

log[AIOH" ]=-5.00+pH-3pH+8.1 2 Amorphous silica SiO; +2H,0 — Si044'+ 4H"
=-2pH+3.1 N 2 2
AIR*+2H,0 2AI(OH ),"+2H" , logK=-10.1
I0g[AI(OH ),"]=-10.1+2pH-3pH+8.1
=-pH-2 |
AR*+3H,0 2AI(OH );>+3H" , logK=-16.9 ‘ N
I0g[AI(OH )3°]=-16.9+3pH-3pH+8.1 -
=88

- i —
AIP*+4H,0 2 Al(OH )4 +4H" , logK=-22.7 T3 4 s 6 1 8 % oo ouon

Iog[Al(OH )4]=-22.7+4pH-3pH+8.1 -
g e TRRSR [HI[OHJ=10"" pH=-log[H

=-2.70
=-12.51 + pH
=-25.78 + 2pH
=-35.65 + 3pH
=-48.75 + 4pH

Tog NI (melikp)

B W N =

Solubility of Iron II and III Solubility of Plutonium IV and VI

Pu(1V) Pu(VI)

Fe(OH),(ppd) : I Hematite

FeOH|
Fe(OH);

Fe(OH), il
Fe(OH), a5e]

4 6 8
pH

Oxidation of Water

2H,0=0, + 4H" +4e (logK =—83.1)
K = pO,[H'T'[e-T'

1 1
pE = —ZlogK+ Zlong2 - pH

the most oxidizing condition
pO, =1 pE

11 \——pE = 20.75 - pH

E=-"""+—logl— pH
pE=——+logl-p

pE =20.75- pH

pH
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Reduction of Water

T = 9.1x10°

pH = —élog[Fe“] +1.32

. 3+ . -5
Assuming the Fe™ concentration = 10

pH =2.99

0 14 pH

pE
log K = log[Fe**]—3log[H'] 20
log K og[Fe]-3log[H"]

0

Fe(OH),
'@«——— pH =2.99

Transformation between Fe(OH), and Fe**

Fe*'oFe’ +e logK =-13.2

_[H'Tle]
[Fe™]
log K = 3log[H*]+ log[e™]— log[ Fe*"]
=172
pE=172—log[Fe’*]-3pH

. 2+ . -5
Assuming the Fe™ concentration = 10

Feé** +3H,0Fe(OH),,, logK =—4.0
Fe*' +3H,0&Fe(OH),,, +3H" +e¢ logK =—17.2

PE

Fe™

0

0

pE=222-3pH f’nk‘\w
I o

— Fe(OH),
_ pE=22.2-3pH

Oxidation from Fe?*to Fe3"

Fe'* + e =Fe

logK =+13.2
[Fe’']

T [Fele]

logK = log[Fe**]— log[Fe“]—pEF, / ‘e
3+ =
pE—log([Fez+]]+13.2 20 @~—""] pE=132
[Fe] ity
At the boundary, [Fe**]= [Fe*'] Fe
pE=13.2 0
0 14 pH

Hydration of Fe**

Fe(OH),,, +2H <Fe** + 2H,0

2+
K= [Fe+ 2] —8x10"

[H ] . \J\

— 247 + pH = 8.95
(1102g9{( iog[Fe 1—2log[H™] .‘/
pH:—Elog[Fe2+]+6.45 L Fe !

. l—Fe(OH),

. 2+ . -5
Assuming the Fe™ concentration = 10 0

pH =8.95

Transformation between Fe(OH), and Fe(OH),

Fe(OH)y(ppd) + H,0 ©H* + Fe(OH)s(ppd) + e~

log K=-5.05

log K =—log[H+]-log[e—]
=pH+pe

pe = —pH+5.05
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pH-pe Diagram of Arsenic in Different systems

. AsH0 s};stclﬁ R mahiL

Scorodite

. As-Fe-ILO system HESSOURH: ()

.. As-Fe-S-H,0 system

Orpiment -
As;S;3

pH-pe Diagram of Arsenic at Different Temperature

Scorodits

Contents of This Talk

-Knowledge for your Intelligent Removal Processes of Hazardous Element
from Contaminated Waste Water-
I

Understanding of behavior of the target elements

Do you know CS of the elements?
How can you know that?

Understanding of your material itself, especially surface

Do you know CS of the adsorptive surface on your material?

pH-pe Diagram of Arsenic with Different Fe Concentration
Y [As]=1e-6 mol/L
_ [Fe]=le-6 mol/L

S i —. 1 S dite

’ ~ FeAsO,+2H,0

S [Fe]=le-3 mol/L

&

Chemical Speciation Modelling

Application for Geochemical Modelling
The Geochemist’s Workbench

Surface Charge and Speciation of Minerals

Surface charge




pH,pc Obtained by Experiments(Sverjensky 2005)

SOLID PHzec Sources

Magnetite 6.9 Blesa et al. (1984)

Rutile 54 Machesky et al. {1998)

Anatase 6.0 Sprycha (1984)

Goethite 92 Lumsden & Evans (1995)

HFO 7.9 Davis et al. (1578)

Hematite 9.5 Christl & Kretschmar (1999)

Kaolinite 45  Carroll-Webb & Walther (1985)

Corundum 9.4 Johnson et al. (1999)

Periclase 124  Parks (1965)

y-Al203 8.6 Davis et al. (1978) analysis of data from Huang & Stumm (1973)
Gibbsite 10.0  Hiemstra et al. (1987)

Quartz 20 James & Healy (1972); Huang (1996)

am. Si02 2.2 Average value of 2.0 (Franks, 2002) and 2.4 (Sonnefeld et al. 2001)

Overview of the Multi-nuclide Removal Equipment

- Radicactive materials are removed by passing radioactive contaminated water through the
pretreatment facilities and adsorption towers.

- The waste materials (slurry, spent adsorbent) are transferred into high integrity containers (HIC)
HICs which store a specified amount of waste are transported to the temporary storage facility to
be stored.

Carbonate | r/f

treatment

facilty taciy

Pretreatment | 14 lowers

_{adsorbent replacement type) (Eohsmn

Treated water
(Stored in tanks, etc.)

¥ Slumry w Slurry Spent adsorbent

— Transported to the temporary
—/ storage facility to be stored

High integrity containers (HIC)

Reaction of complexation and surface complexation

I Protonation and
deprotonation of

2- _ - Protonation and de-
> FeOH + H +C,07 = > FeO,CO; + H,0 | HA,

protonation of

and surface species

> FeOH+H '=> FeOH,;
> FeOH=> FeO +H"
C,0F +H' = HG,0;

4
- a  a Fav,) 8
_ _Fe0,6,0; M0 g3303kT f§

>reot Yo 0r Gy

WY factor: work of ions from solution to mineral surface
through electric field

_16_

Case study
Water-decontamination system at Fukushima Dai-ich NPP

Purpose of Installing the Multi-nuclide Removal Equipment

Installation of the multi-nuclide removal ipment

4

Purpose

density of reated water.

Intreduction of the “r
removal aquipment”

== Accummiled water purcabon grocess 3 Ssmping
—e Corcanages wiler 2 fanks
= Flow of contaerstaied sccuemdatie] walie

Tanks

Nuclides which we have to remove

YCO;5', Y(CO3)y
TcO4

SH(OH)4
Sb(OH);

105, T

P2t

SmCO;", Sm(CO3),”
EuOHCOs, EuOH(CO3),*
G 2+

| L e AmCO;", Am(CO3),”

X ::E ¥ (ol . | NISO4

Advantage of surface complexation modeling

Reactions on mineral surface are treated as function
of chemical parameter such as pH, concentration
and redox.

—  We can describe the speciation and distribution
of some contaminants on mineral surface by
using parameters such as surface site density
and equilibrium reaction constant.

We can predict variable charge density and
adsorption characteristics at various chemical
condtions.




Geochemical modeling for wastewater
treatment by ALPS in Fukushima NPP From Bg/L to g/L

® Data are nof enough to make quantitative discu about
chemical reaction of solid solution for iron hydroxide and calcium
carbonate formation and surface complexation on calcium carbonate.
In this time, we consider
precipitation such as hydroxide, sulfate and carbonate and L) SRS DMD IS MM (1.75)

o & o .. . LR T S JI B b R R ERTRY
surface complexation during iron precipitation process \ - 2
precipitation of carbonate only during calcium carbonate - o

precipitation process

Calculat were conducted by ‘“”React” in The Geochemist’s
workbench (GWB) package with “thermo.dat” as thermodynamic
data base and surface complexation data base made by Dzombak
and Morel (1990) with minor revisions

For the following nuclides, Rb, Y, Nb, Tc, Rh, Sb, Te, Ce, Pr, Pm,
Sm, Gd, Tb, Cm, were not cons ed because of luck of reliable
data set.

_ _ _ . Decontamination of Nuclides in Iron
Rrecipe for iron hydroxide precipitation Hydroxide Precipitation Process

Nuclides Before  After  Decreasing rate

NaCl + Fe(III)Cl; solution
. . . 4 o 3.00E-09 2.50E-12
Base titration by /v%NaOH solution < o0r12 790E-14
Adjust pH to 8 and precipitate iron hydroxide - 400E-11 928612
Add chemical reagent for coagulation 166608 1.71E-03
= = 2.00E-11 2.50E-18
1.00E-09 5.16E-11
250E-12 2.13E-12
4.00E-12 7.94E-15
200E-09 4.23E-14
1.00E-08 1.30E-15
2.50E-10 2.13E-10
5.00E-12 4.26E-12
200E-05 2.26E-06
1.00E-07 8.52E-08
3.00E-12 9.45E-15

Shudge (Iron coprec ; - . ge (Carbonate coprecipitation
treatment facility) ent fa

Sorbed fraction

Concentrated sludge
—
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Adsorption and transport of elements in GWB
GWB (L X 2R OWAE - k€7 ) v 7

Craig Bethke
g AT N7

React Conceptual Model

Buffer

}Ecﬁbriu@ <> @
:\:Ilass: System G @
. ,\?ﬁ o

Heat Transfer

Mass
§0ut

B

Reaction Path Examples — (1) Titration Path Reaction Path Examples — (2) Polythermal Paths

" . Go to Basis
Define an initial ane [P——— U
H p Run Config Yew Help
m system on Basis pane - o x = : I _ l
Reactants | Medium | Command | Results
conswants on el system <
HX 10 v feekg v sabeerd
- abte g3 e ) " beeemd v
‘ 3 Madimun Mosdne §3 K+ Lo * feacml *
- 3 Msoede [ Mets ) el *
: . Quatr 3 S0 ] A “t t ”
. . ccess temperature
aes @ w | Setspecies tobe e 3 W v i N p .
: - ; " s wn ion
el = titrated on = pulidown to see options
| ) -
o @ 1B R Cies Reactants pane om
[ Dh A km G el peratire
o Basts | Reactants | Medium | Command | Resalts | st teperatire o
gigiin rmactants ard e rmactens
S— E_':““::"’" - This mass of reactant will be =
Ty TE—— = added over reaction path it atias s m « wy+ You can set a sliding temperature
« o < : path or a mixing path. Or, add a
Ready

heat source on the Medium pane

Reaction Path Examples — (3) Sliding Activity/Fugacity Paths

Define an initial

Tracing a Reaction Path

£=0
initial fugacities.
Solve for equilibrium state

Initial composition, initial temperature

¥

H1 system on Basis pane - o x
[Eile et - .. B
Basis | Reactants | Modium | Command | Results
oty et i waal it -~
HO Mo v beeky T ‘solvent
coMg) B He |  log fugacty
Nas £2 _m.n > ol v
o e (2| Set species to
S S = slide on
i B s Reactants pane |
temperature e B B C p
Basis Reactants | Medium | Command | Resuls
= s reactants and lnetc reacions
Dome star |00 [= v e = Sie fugacity of 0020 18 1
= CmE

€O, fugacity will slide from
initial value to one

&=AE Incremental changes in composition,
temperature, fugacity

Solve for equilibrium state

+

¥
Further increment of changes.

RS

Solve for equilibrium state

coe =t

4—

E=1 Further composition, temperature,
fugacities.

Solve for equilibrium state
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Speciation diagrams

" U(oH)
U(OH),
10—
Concentration U(OH). 2
(g ke™) ‘,\2
5 \)
UOH3*
A
07U4+J ‘
| | |
2 4 6 8 10 12

pH

Input file: spec.rea

Surface complexation

T T \ T
>(w)FeOH; >(w)FeOH

>(w)FeO ™

>(w)FeSO,”
N >(w)FeOCa*

Concentration

| >(w)FeOHSO, ™
(mmolal)

>(w)FeH,AsO, >(w)FeOzn"

>(s)FeOCroH"

Input file: Complexation.rea

Surface complexation

Fraction
sorbed

Input file: Complexation.rea

Complexation reactions

Low pH favors SO, sorption

| SO, +>(w)FeOH + H* — >(w)FeSO,” + H,0

High pH favors Zn**, Hg**, and Ca** sorption

| Zn** + >(w)FeOH — >(w)FeOZn* + H*

As(OH), and Cr*** components sorb differently

As(OH); + >(w)FeOH — >(w)FeH,AsO; + H,0
As(OH),™ + >(w)FeOH + H*— >(w)FeH,AsO; + 2 H,0
AsO,OH™ + >(w)FeOH + 2 H* — >(w)FeH,AsO; + H,0

Electron Donating Reaction

reduced oxidized

oxidized reduced

Electron accepting reaction

Microbial Kinetics

Monod equation r Imax = KIX]
D

r'=k[X] —[ ]

K, +(D]

Ko (o]
Biomass growth

r forward rate

d[X] k  rate constant
—=Y r* [X] biomass concentration
dt [D] donor concentration

K, half-saturation constant
Y  growthyield

_20_




Arsenate Reduction by Bacillus Arsenicoselenatis Concentration
(mmolal)
CH,CH(OH)COO™ + 2 HAsO; + 2H,0 —
lactate arsenate
CO;™ + CH,COO™ + 2 As(OH),
acetate arsenite Concentration
(mmolal)
m
m, 2-
r=k,[X] Lac A F w
m, + KDmAcmcoi_ Mo +K AM ciom: 20 + + 5
Biomass Y+
=Fp =F, (mg kg™Y) 10 + .
O | |
0 +20 +40 +60
Input file: ArsenateReduction.rea Time elapsed (hr)
Reactive Transport Models
. Az gz
o — S I N
hY
Unreacted Reacted —Ax— «—Ar —
fluid fluid Nodal blocks from rectilinear and radial grids
@ S S
Unreacted Reacted
fluid fluid
Unreacted Reacted
fluid fluid IR
Uniform griddings Adaptive griddings
T T T T T
t=2yr
Operator Splitting
oo 1 1 I I
A
Transport, reaction ' ' ' ' ' ayr
operators affect
concentration: or ! ! I I
1
ocG; Set initial, boundary conditions ' ' ' ' '
6_tl =0:(G)+Gg(C)) | g Y | Pb2* in fluid 6yr
(mmol kg™?)
l O T | | T
At each node (i,j) AT T T T T
- 8
| Evaluate transport equations | v
t=t+At l ol | ,
At each node (i,j) AT ; : : :
Solve chemical equations |
flow 10yr
I —
oL T T N | 7
0 200 400 600 800 1000
X position (m)
Input file: Pulse.x1t
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Transverse and Longitudinal Dispersion

Point source of dye

! o a» a>

y to tl tZ t3
Groundwater flow —>
X =
transverse
longitudinal

t=2yr

4yr

A T T V\I T
Pb2* in fluid Gyr
(mmol kg!)

oL 7 AN

0 200 400 600 800 1000

X position (m)
Input file: Pulse.x1t

Strategies for Modeling Macrodispersion

« Fick’s law gives dispersive fluxes in
longitudinal and transverse directions

« Differential advection arising from
flow through heterogeneous medium

play movie

Input file: Dispersion.x2t

Bypassing Undermines Active Remediation

Pumped water is in
violation of health
standards indefinitely

ik r

Water flows through high
conductivity sediments,
bypassing low
conductivity lenses

Metals diffuse from low
conductivity lenses
into flowing water

T T
t=2yr

6yr

| |.;
AT T T T T oyr

A T T
- ﬁy\
i 4
—

[ I L |
0 200 400 600 800 1000

X position (m)

Pb?* in fluid
(mmol kg™?)

Input file: DualPorosity.x1t

X2t Models

* Uniform medium

* Dual porosity: X,

=40%,r=1m

* Dual porosity, heterogeneous medium

Input file: DualPorosity.x2t
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.0010 ,
,I
Ky J
.0008 [~ J/
U X /,’

/ Freundlich _ -~

Se0?” 0006 / el
7 -

sorbed

(umol g™) .0004 Langmuir

.0002 —

Data of Alemi et al. (1991)

0 10 20
SeO” in solution (umol kg™)

30

Input file: Sorbing.x1t

N
/N
mae | Y N\

AT T T T T

0 200

flow

400
X position (m)

600 800 1000

X2t Models

* Non-reacting
* K, approach

* Freundlich isotherm

had

play movie

Input file: Sorbing.x2t

Electrostatic Effects

>FeOH+M** =2>FeOM* +H*

K exp[— Az ‘"PFJ _ M, eom G-
RT, m...ona

%—/

Boltzman factor accounts
for electrostatics

>FeOH Y2+

Surface Reactions (part 1)

>FeOH
|
|
| pristine
| point of
I zero

: charge

pH

* Protonation
>FeOH+H" Z2>FeOH,

* Deprotonation
>FeOHz=>>FeO™ +H"

Surface Reactions (part 2)

>FeOM"

sorption
edge

pH

* Metal complexation
>FeOH+M* &= >FeOM" +H*
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Surface Reactions (part 3)

>FeA”

sorption
edge

pH

* Anion complexation

>FeOH+A” +H" =2 >FeA” +H,0

T T
l \ t=4yr
A W_ E— -
Dissolved o, 1 | | ‘
concentration 0 200 400 600 800 1000
T T T T T
-1
(mmol kg™") nie t=8yr
A N\ -
Pb2 Br-
ng"
0 1 1 1 1
0 200 400 600 800 1000

X position (m)

Input file: 3metals.x1t

X2t Model

* Tanks leak inorganic metals for 10 years

* Source controlled, extraction begins

e

play movie

Input file: 3Metals.x2t

Kinetic reactions

React, X1t, and X2t can trace several types of
reactions according to kinetic rate laws:

* Mineral precipitation and dissolution

* Redox transformations, including those associated
with surfaces and enzymes

* Microbial metabolism and growth

* Formation and dissociation of aqueous and
surface complexes

* Gas transfer

Aerobic Degradation of Benzene

* Benzene actively biodegraded under oxic conditions
C.H,(ag)+ = 0,(aq)—6 CO,(aq) + 3 H,0
2
benzene
* Monod equation gives degradation rate
=k X — e
m,+ K,
* [X] is biomass concentration, in mg kg™t

* Reduces to Michaelis-Menten if [X] holds constant

AN

CgHg in fluid
(mg ke™)

L

inl T

sorbing and

T

non-reacting

biodegradin]\
| N

biodegrading

8yr

|

|

1
T T

flow

T T
/ﬁ

I

I
0 200

Input file: Benzene.x1t

|
400

X position (m)

|
600

800

1000
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Input file: Benzene.x2t

X2t Models

* Non-reactive
* Biodegrading
* Sorbing and biodegrading

s

play movie

Kinetics of Dissolution & Precipitation

The rate of mineral dissolution or precipitation
can in many cases be described by a simple rate

law:
r=Ak, (1 - gj
K

e ris the mineral’s dissolution rate (mol s71)
e A, is the surface area of the mineral (cm?)
e k, is the intrinsic rate constant (in mol cm=2s7?)

¢ Qand K are the activity product and
equilibrium constant for the dissolution reaction

Input file: Steam.x2t

Steam Flood Simulation

play movie
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