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1.

What is ETL(MIN),?

ETL(MIN),; (ETLM INTERFACE for Visual MINTEQ) is a program to support the Extended Triple Layer
Model (ETLM) within the free software Visual MINTEQ 3.1 (Gustafsson, 2019). ETLM is a sub-model of the
surface complexation models and was developed by D.A. Sverjensky (The Johns Hopkins University) and co-
workers. ETL(MIN), is a user-friendly program to perform ETLM for quantitative descriptions and predictions
of adsorption of dissolved major and trace elements on mineral surfaces.

The Visual MINTEQ program requires the equilibrium constants of surface complexation and aqueous
reactions, as well as the solution condition input file to conduct ETLM. ETL(MIN); enables the generation of
these dataset files and input files via simple operations in EXCEL spreadsheets. In addition, ETL(MIN), contains
databases required for specific ETLM calculations for numerous adsorbates over a wide range of oxides from

previous studies. The current version is 1.0.1 (distributed in 2021/4/27).
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2. Feature of ETL(MIN),

ETL(MIN) enables the following via the inherent functions of Visual MINTEQ:

Serial calculations as functions of various parameters (pH, ionic strength, solid concentration and component
concentrations) using the Multi Problem function.

Calculations in an open system under variable CO» partial pressures, which was not possible in the previous
ETLM calculation code GEOSUREF.

Spreadsheet output of the modeling results such as dissolved component concentrations, extent of adsorption,
and surface potentials of minerals as function of arbitrary parameters.

Optimization of equilibrium constants via the PEST function in Visual MINTEQ.

ETL(MIN); disables the following because of Visual MINTEQ functional limitations:

Calculations of closed systems of liquid and/or gas phases at arbitrary volumes and pressures.

Kinetics and transport modeling.

The current version of ETL(MIN), (ver. 1.0.1) disables the following, although these functions are available in the
Visual MINTEQ program:

Redox reactions

Advanced configurations of mineral formation (infinite/finite/possible solids)
Inclusion of gases other than CO;

Adsorption models other than the Triple Layer Model

pH calculations based on mass and/or charge balance equations

Addition of dissolved organic soil matter

Calculations in binary sorbent systems

ETL(MIN), requires the installation of Visual MINTEQ. The operation is confirmed with Visual MINTEQ 3.1
(modified on 23 February 2019 and 17 May 2018) under Windows 10 and is not supported with other versions of
Visual MINTEQ and Windows.
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3.

Constitution of ETL(MIN), worksheets

ETL(MIN); consists of several spreadsheets:

Default Databases sheets: “thermo” and “comp_2008”

The contents in the sheets are copied from the standard (default) database thermo.vdb and comp 2008.vdb in
Visual MINTEQ 3.1 (modified on 23 February 2019). ETL(MIN), generates databases for specific problems
from the default datasets (see Ch. 4.5). Content revision should be done for the generated database in the
directory of the Vminteq31 database, instead of the datasets in the default database sheets.

INTERFACE sheet: “INTERFACE for ETLM”

This is the main sheet for ETL(MIN), that has configurations of the required ETLM parameters, surface
complexation reactions, and output parameters. The on/off switch of the Control Center is also placed on the
sheet. See details in Ch. 4.3.

DATASET sheet: “Multi Problem DATASET”

This sheet contains solution condition configurations for the calculations. The calculated results are also shown
in the sheet. See details in Ch. 4.4.

Information sheets for minerals and solutions: “Ext-DH”, “Solids INFO” and “Capacitance”

The “Ext-DH” sheet has configurations of the Extended Debye-Hiickel equation. The contents are used to
generate the Component and the Thermodynamic databases.

The “Solids INFO” sheet has intrinsic parameters for specific minerals including zero point of charge (pHzpc),
differences between logK>? and logK,? (4pK.?), site densities of surface hydroxyls (Ns), and bulk dielectric
constants of minerals (es). The contents are linked to the “Surface phase” in “INTERFACE for ETLM”.

The “Capacitance” sheet has mineral capacitances.

Each sheet has space for new minerals and electrolytes.

Reaction database sheets

Serial sheets with mineral names such as “HFO” and “FeOOH(goethite)” are databases for surface
complexation reactions and equilibrium constants compiled from previous studies. The reactions with
equilibrium constants can be copied and pasted into the “INTERFACE for ETLM” sheet to fill out the surface
complexation reactions. The literature sources for the surface complexation reactions and corresponding

constants are cited in the end of the manual (Ch. 0).
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4. Performing ETLM calculations

4.1. Install Visual MINTEQ 3.1 (modified on 23 February 2019)

Install Visual MINTEQ 3.1 (modified on 23 February 2019) in your PC.
Visual MINTEQ Home Page (KTH: Royal Institute of Technology, Sweden): https://vminteq.lwr.kth.se/

4.2. Download and open ETL(MIN), file

Download and open ETL(MIN); file.
The “SECURITY WARNING” appears at the top of the sheet.

I SECURITY WARNING Macros have been disabled. Enable Content

The Control Center of ETL(MIN); automatically opens by clicking “Enable Content”.
The Control Center can be opened or closed with “Show/Close Control Center” in the “INTERFACE for ETLM”

sheet.

4.3.  Fill out the INTERFACE sheet—“INTERFACE for ETLM”

4.3.1. General Settings

General Settings

Memo Beta-1.0.0 es of solid delta pKn(8) ZPC (typ.)
Surface phase Magnetite 1000 5.7 6.9
Temperature (*C) 250 Ns (typ.)

Specific surface area (m2/gm) As 100.0 14.2

Site density (sites/nm2) Ns 14.2 React. No: Just
Capacitances (F/m2) C1 1

Capacitances (F/m2) C2 1 React Comp.
Zero Point of Charge (ZPC) 6.9 Show/Close OK: 01
delta pKn(8) 57 Control Center OK: 02
Symmetric electrolyte Y 03
Fixed lonic strength Y 04

Memo: Free comments

Surface phase: Select minerals from the drop-down list
The mineral-specific parameters in the “Solid INFO” sheet are copied in the green area at right [“es of
solid”, “delta pKn(0)”, “ZPC (typ.)” and “Ns (typ.)”’]. Contents in the “Solids INFO” sheet can be revised.
In addition, new minerals can be added in the free Space of “Solids INFO”.

Temperature: Choose in the range 0-40 °C, although all the surface complexation constants reactions included

in ELT(MIN)2 are obtained at 25°C.

Specific surface area: Enter specific surface area of the sorbent

Site density: Enter site density of the sorbent. You can refer to typical values in the green area at right that come

from “Solid INFO”.

Capacitances: Enter inner and outer capacitances (C; and ().


https://vminteq.lwr.kth.se/
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One can refer to the wide variety of oxide C; values for various electrolyte solutions (theoretical or
experimental values: Sverjensky, 2001; Sverjensky, 2005) summarized in the “Capacitance” sheet.
It is recommended to use the same C» value as C; (Kitadai et al., 2018). The data cell of the C> value
directly refers to that of the C; value.

Zero Point of Charge: Enter pHzpc. One can refer to the typical value in the green area at right.

delta pKn(0): difference between logk»” and logK,? (4pK.?).
pHzpc and ApK,’ of some minerals are obtained from potentiometric titration curves or are predicted from

Born solvation theory (Sverjensky, 2005).

After the input of these parameters, logK,’, logK>’and logk;¥™, and logK>Y™ are automatically calculated (see

Ch. 6.1.3).
4.05 2.9
9.75 -10.9

Select Y/N from the drop-down list for the following two items.
Symmetric electrolyte (1:1)
Settings for Gouy-Chapman (G-C) equation
Y: Assumes 1:1 electrolyte solution that simplifies the G-C equation.
N: Use general G-C equation.
Fixed Ionic strength
Settings for ionic strength calculations
Y: Fixed ionic strength

N: Calculate from total concentrations of each species

4.3.2. Aqueous Components

Comp. No: Just
2 V_MIN ID React
NO3-1 492 Y
Na+1 500 Y

N log10(press.)

3.8.E-04 -3.420216403
AJ AK AL AM AN AO

Component name:
Select a maximum of ten components from the drop-down list. The first (name 1) and second (name 2)

7
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4.3.3.

components should be major anions and cations, respectively, in the electrolyte. An error message appears
if duplicate components are selected.
The available components (“basis” of Visual MINTEQ) with ID numbers are listed as AJ to JO in the
INTERFACE for ETLM sheet, which come from the inorganic and organic dissolved species listed in the
“comp_2008.vbd” database in Visual MINITEQ.
V_MIN ID and React
These properties automatically appear in the cells after component selections. Y in React suggests that
components considered in the surface complexation reactions are in the lists of Aqueous Components.
Components to use
Enter the number of aqueous components. If it exceeds the number of selected components, an error
message will appear.
Fixed CO; gas
Select presence or absence of CO; from drop-down list (Y or N). If Y is selected, the partial pressure must

be specified in the cell below. In addition, the component “CO3-2” must be included in the aqueous

components.
Directories & Databases
Directories & Databases
Directory of Yminteq31 Databases Clserstusername\DocumentsiWminteg3
Directory of Yminteq31 Program C:AProgram Files (x86)\Wminteq31
ETLM Database Name ETLM
W_MIM Component Database Name 't:nmp_EDDE_NaH MO3-1H3As03
YW_MIM Main Thermodynamic Database Mame Thermn_NaH MO3-1H34s03
W_MIM Solids Database Name typeb
YW_MIM Gaussian DOM Database Mame gaussian
YW_MIM Executable File Mintrun17.exe
Directory of Databases

Specify the directory for the databases generated and/or used by ETL(MIN),. The name of the directory
folder must be “Vminteq31,” and is created in the “My Documents” folder during Visual MINTEQ 3.1
installation.
Directory of Vminteq31 Program
Input the directory name of the Visual MINTEQ 3.1 program. The name of folder must be “Vminteq31”.
ETLM Database Name
Input the name of the surface complexation reactions database. The default is “ETLM”.
V-MIN Component Database Name and V_MIN Main Thermodynamic Database Names
Input the names of the Component and Thermodynamic databases generated by ETL(MIN), for the specific
problems. These databases depend on the components considered in the calculations. Therefore, the file
names are automatically selected from components inputted above cells. The names can be changed.
ETL(MIN), is designed to solve problems by using the minimum number of components considered. See
Ch. 4.5 for the generation of the databases.
V_MIN Solids Database Name and V_MIN Gaussian DOM Database Name
Input the names of the Solids and Dissolved Organic Matters databases. The current version of ETL(MIN),
8
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does not consider these functions.
V_MIN Executable File
The name of the executable (exe) file of Visual MINTEQ 3.1 (modified on 23 February 2019).
* The file name of Visual MINTEQ updated before 23 February 2019 is different from “Mintrunl7.exe.”
Although it may be possible to execute the program by changing the name to a previous version of Visual

MINTEQ, this not recommended.

4.3.4. V-MINTEQ Settings
V-MINTEQ Settings

Terminate if imbalance exceeds 30 %? N
the number of iterations 2000
Activity correction method Debye-Huckel
Davis b parameter 0.2
Qver saturated solids precipitation 0
Min. concentration for agueous species (mol/L) 1.00E-300
Min. value of saturation index for solids -500
Max. value of saturation index for solids 500
Spreadsheet program Excel

Generally, these parameters should not be changed.

Activity Correction Method
Select the activity model for aqueous species. The use of “Debye-Hiickel” is recommended for ETLM.
The “Davies” equation with a 0.2 Davis b parameter should be used when the Debye-Hiickel parameters
(see next section) are unavailable.

Precipitation of over-saturated solids
Select the manner of mineral precipitation in supersaturation conditions. The default is 0.
0: do not allow precipitation
1: precipitate after final calculations

2: calculate dissolution/precipitation at each step

4.3.5. Extended Debye-Hiickel Parameters for New Databases
The activity model adopted in ETLM is the Extended Debye-Hiickel equation developed by Helgeson ef al.
(1981) (Criscenti and Sverjensky, 1999) for z:z-type electrolytes.

Extended Debye-Hiickel equation from Helgeson ef al. (1981):
_ _Ay (Zi)z\/7

logy; = ————
T aB I

+bI+T, (1)

where [ is ionic strength (m) and z; is valence of the ith ions. 4, and B, are temperature-dependent parameters
incorporated into Visual MINTEQ. a and b are parameters that depend on the type of electrolyte, and I is a

term for very high ionic strength solutions, as given by:
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I, = —1og<1 + 0.01801532mi> @)
i

where m; is the molarity (m) of the ith ions.
Visual MINTEQ 3.1 cannot consider the 7, term. Alternatively, the following Extended Debye-Hiickel

equation is available:

Extended Debye-Hiickel equation (used in Visual MINTEQ 3.1):

—A(z)*V1 +

=——“ 4+ b] A3
1+ Bpyavi )

logy;

Egs. (1) and (3) provide equivalent activity coefficients at low ionic strengths (up to 0.5 m for 1:1 electrolytes).

Extended Debye-Hlckel Parameters for Mew Databases
a 472
b -0.0455
Electrofyte:  Na+1NO3-1

ETL(MIN), automatically refers to the a and b parameters based on the types of electrolytes from the aqueous
components. Displays of “0” in the @ and b parameter cells indicate no available parameters from the “Ext-DH”
sheet. In this case, the Davies equation should be used (see Ch. 4.3.4).

The parameters for the activity models are automatically considered in the Component and Thermodynamic

databases (see Ch. 4.5).

4.3.6. Surface Reactions
The general expression of the surface complexation reaction, the corresponding equilibrium constant, and the

PSI factor are given by:

Surface complexation reaction:

a(SOH3 orSOHorSO™) + b(SOH) + cH* + dH,0 + 2 e; [Comp.]; = [PRODUCTS] )
i

Equilibrium constant:

Q[PRODUCTS] Fhpr)

0
K[PRODUCTs] = = ; - - ” 102.303RT )
(a(SOH;)or(SOH)or(so-)) (ason)?(an+) (aHZO) Hi(a[Comp.]i)
a F(AYy)
% [PRODUCTS]
K[%RODUCTS] = 102.303RT (©6)

(ason)®*? (aH+)(C+a)°r(C)°r(C_a)(aHzo)d Hi(a[Comp.]i)ei
PSI factor for electric term:
Ay = Ipo + mipp + nipy (7
where K? and *K? are the equilibrium constants based on site-occupancy standard states (Sverjensky, 2003). The

superscript (*) represents the reaction relative to neutral surface hydroxyls (*SOH) (see Ch.6.1).

The maximum number of the surface complexation reactions is eighteen.

10
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React Comp. PRODUCTS log K8 a surf. 1 b (Surf.2) ¢ (H+¥) d(H20) I (PSI-0) m (PSI-B) n (PSl-d)
OK: 01 SOH2+ NO3-1 238 1 SOH2+ 1 -1
OK: 02 SO-_Na+1 25 1 8O- -1 1

03
04

Aqueous Components : NO3-1,Na+1,.......
BT o e o
T
PRODUCTS: Name of surface complex formed by the reaction. Names are not necessary to express the exact
chemical formula of the complexes.
log K0: Equilibrium constant based on site-occupancy standard states (see Ch.6.1)
Enter the values of constants corresponding to Eq. (5).
Surf. 1 and Surf. 2: Cells for surface hydroxyls
Input the coefficients a and b in the sheet.
Surf. 1: Select one from “SO-, SOH, SOH2+" in the drop-down list.
Surf. 2: Only for “SOH”. This cell is for reactions with mixtures of charged and un-charged surface
hydroxyls (e.g., Sverjensky 2006 and Fukushi et al. 2013).
H+, H20, PSI-0, PSI-B, PSI-d
Input the coefficients ¢, d, /, m and n in the sheet.
Note: The coefficients of PSI factors corresponding to Eq. (6) must be values obtained relative to >SOH
(see Ch. 6.2).
Reaction components
Enter components (basis) and reaction coefficients (e;)
The “Reaction Components” must be identical to those in “Aqueous Components”. When these are not
included in “Aqueous Components”, the “React.Comp.” cells display “7”.
Each reaction needs “PRODUCTS”, “logK6”, “Surf.1”” and “Prim. Comp.”. An error message appears when the

input is insufficient.

Reactions #01 and #02 are surface complexation (outer-sphere) reactions with major anions and cations.

Considering H20 in reactions N
React. No: Just 'Reactions to use (from 1 to ~) 2

Considering H20 in reaction
Select whether the H>O component is included in the equilibrium calculation (default setting is N).
Except for extremely high ionic strength solutions, the H,O activity is almost unity. (Therefore, it is not
necessary to consider it in mass action expressions.)

Reactions to use
Enter the number of surface complexation reactions included in the ETLM database. An error message

appears if the number increases the number of the reactions.

Cs for log *KO (gm/L)
1.6
log *KO for GEOSURF
5.70
-8.40

log *KO0 for GEOSURF

11
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4.3.7.

Display the equilibrium constants log *K” based on hypothetical 1.0-M standard states (Sverjensky, 2003)
used in classic geochemical codes such as GEOSUREF (see Ch. 6.1).

The log *K? calculation needs the solid concentration in the cell for “Cs for log *K0.” The log *K” values

depend on the solid concentration for multidentate reactions.

The input reactions convert to the Visual MINTEQ format and the information is displayed as:

Sp. Num. PRODUCTS V_MIN logk >SOH H20 H+
5 SOH2+_NO3-1 5.70 1 =SOH(1) 1 H+
5 SO-_Na+1 -8.40 1 =SOH(1) -1 H+
0
0

EXPSIO EXPSIB EXPSID Prim. Comp.
1 PSlo(1) -1 PSIb(1) 1 NO3-1
-1 PSlo(1) 1 PSIb(1) 1 Na+1

Sweep Components
Sweep Components (max13)

0 pH Type (Unit)

1 lonic strength M

2 NO3-1 Total sorbed

3 NO3-1 Concentration

4 Sigma-o(1) C/m2

5 Psi-d(1) mV

6

7

8

9
10
11
12
18

Input the output components and units in “Sweep Components” and “Type (Unit),” respectively. The unit can

be selected from the drop-down list. The maximum number of output components for each run is fourteen,

including pH.
Selectable Components
Basic Species  Sigma Psi
H+1 Sigma-o(1)  Psi-o(1)
NO3-1 Sigma-b(1)  Psi-b(1)
Na+1 Sigma-d(1)  Psi-d(1)
Sigma-ddi(1)
Selectable Types (Unit)
Concentration ~ C/m2 mV
Log Concentration
Activity
Log Activity

Total dissolved

Log Total Dissolved
Total sorbed

Bound to Oxide

| Surface
lonic streng =SOH(1)
=SOH2+(1)
=S0-(1)
SOH2+_NO3-1(1)
SO-_Na+1(1)
()]
1)
(1)
(1)
(1)
(1)
(1)
1)
(O]
(1)
()]
(1)
(1)
()]
1)
(1)

M Concentration
Log Concentration
Activity
Log Activity

12

OH- CO2(g) Halite
Calsite

H2C03* (aq)

HCO3-

NaCO3-
NaHCO3 (aq) :

C03-2

H3PO4
H2PO4-
HPO4-2
NaHPO4-
Na2HPO4 (aq)
Na2PO4-
NaH2PO4 (aq)
NaPO4-2

NaCl (aq)

Concentration  Partial pre Saturation index
Log Concentration loglAP

Activity

Log Activity
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Selectable components and the corresponding units are given in the table above.

4.4. Fill out “Multi Problem DATASET” sheet

Multi Problem List PEST

Solid Conc. pH Fixed lon.Str. NO3-1 Na+1 Comp.3 Comp4 Comp5 Comp.6 Comp.7 Comp8 Comp.9 Comp.10 Memo

gm/L M Molar Molar Molar Molar Molar Molar Molar Molar Molar Molar %
1.00E+00 20 1.00.E-01 1.00.E-01 1.00.E-01
1.00E+00 3.0 1.00.E-01 1.00.E-01 1.00.E-01
1.00E+00 40 1.00.E-01 1.00.E-01 1.00.E-01
1.00E+00 5.0 1.00.E-01 1.00.E-01 1.00.E-01
1.00E+00 6.0 1.00.E-01 1.00.E-01 1.00.E-01
1.00E+00 7.0 1.00.E-01 1.00.E-01 1.00.E-01
1.00E+00 8.0 1.00.E-01 1.00.E-01 1.00.E-01
1.00E+00 9.0 1.00.E-01 1.00.E-01 1.00.E-01

1.00E+00 10.0 1.00.E-01 1.00.E-01 1.00.E-01
1.00E+00 11.0 1.00.E-01 1.00.E-01 1.00.E-01
1.00E+00 120 1.00.E-01 1.00.E-01 1.00.E-01

Input conditions for calculations in “Multi Problem List.”
The number must not be “0,” except for pH.
The Component concentrations are for the initial solution concentrations, not equilibrium concentrations.
Input “Fixed lon. Str.” when “Y” in “Fixed lonic strength” is selected. Even when “N” is selected (in which
case, the ionic strength is calculated from the concentrations of all components), any arbitrary number
except for “0” must be entered in the cells. In the presence of CO,, any arbitrary number except “0” also

must be entered in the cells.

4.5. Operation of “Control Center”

ETL{MIM)2 Contrel Center >
{MUlt Froblem Solver il PEST Helper ] Databazes
Mewly Generate
1.with Extended Debye—Hucke| parameters
1. Generate ETLM Database 2. Only assoziated species will be included
Main Thermo Compaonent (Basiz)
2. Generate INFUT File
Thitialize
ther moywdhb comp_2008 xwdb
3. Fun Yizual MINTEG 3.1
Cpen Files
4. Copy Sweep Results to MP Sheet W-mMIM main menu Calculation Results

This program waz created by Shigevori Kozugi at Hokkaido University and Keizuke Fukushi at Kanazawa
University. (Beta—er.1.0.1, November 4, 2019)
[zl 2019 Shigeyvori Kosugi & Keisuke Fukushi

4.5.1. Generate new databases (“Databases”)
Generate new database of Thermodynamic and Component from “Main Thermo” and “Component (Basis)”
buttons in “Databases—Newly Generate”. Databases with defined file names are created in the “Directory of
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bl

Databases,” and contain the basis and the related species defined in Aqueous Components (Ch.4.3.2). The
species in the database have Extended Debye-Hiickel parameters displayed in “Extended Debye-Hiickel
Parameters for New Databases” (Ch. 4.3.5).

When a database with the same name already exists in the folder, it will be overwritten with the new database.

4.5.2.  “Generate ETLM Database”
Button #1, generate ETLM Database in  “Directory of Databases”.

4.5.3. “Generate INPUT File”
Button #2, generate an INPUT file in “Directory of Databases”.
The name of the INPUT file is “minin. VDA”.

4.5.4. “Run Visual MINTEQ 3.1~
Button #3, calculate by using Visual MINTEQ 3.1.
The filename of the exe file must be “Mintrunl7.exe” in the program folder (Ch.4.3.3). When ETL(MIN); is
inoperable during the running of “Mintrunl7.exe”, ETL(MIN), must be terminated by entering “Alt+F4”.

4.5.5. “Copy Sweep Results to MP Sheet”
Button #4: the calculated results are copied in “Copied Sweep Results” inside the “Multi Problem DATASET”.

4.5.6.  Other functions on the Control Center
Open File function: open files in Directory of Databases.
Open INPUT File Button
Open INPUT file of “minin.VDA.”
Note: the extension of .VDA must be related to Visual MINTEQ 3.1.
Open OUTPUT File Button
Open OUTPUT file of “vmin.out.”
Note: the extension of .out should be related to the relevant application such as the text editor.
Database Initialization
thermo.vdb and comp 2008.vdb Buttons
Default databases with the defined names are generated in the “Directory of Databases”.
PEST Helper
Optimization of equilibrium constants is conducted by using PEST mode complimented in Visual MINTEQ
3.1

14
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5. How to do PEST optimizations

ETL(MIN), enables parameter optimizations for equilibrium constants by using the PSET function in Visual

MINTEQ 3.1.

5.1. Operation of ETL(MIN),

Configure the solution conditions of the adsorption data according to 4.4. Fill out “Multi Problem DATASET”.
For the optimizations, the extent of adsorption must be expressed as adsorption %.

Input the adsorption % in PEST MEMO. 1t is defined in Eq. (8).

) Initial conc. —Equilibrium conc.
adsorption% = - x 100
Intial conc. ®

The operation is by using “PEST Helper” in Control Center

Multi Problem Solver  PEST Helper ]

1. Generate & Open W-MIM Files

2. Create PEST Files (through W=MIN)
= Cloze W=MIMN window

3. Fun PEST gxe

iWiait until calculation is complete..)

4. Get PEST Output Summary

Click “1. Generate & Open V-MIN Files”. The database and INPUT file are automatically generated. The screen
of Visual MINTEQ is automatically opened. The adsorption % inputed in PEST MEMO is copied in clipboard.

5.2.  Operation of Visual MINTEQ

Adsorption | Gases Redox  Multi-problem / Sv

| Surface complexation reactions  Cirl+R |

Adsorption isotherms Ctrl+]
- 70 ¥ N R TFEYE

Click “Surface complexation reactions” in the “Adsorption” menu, or input “Ctrl+R” from the keyboard.

PEST optimizations

15
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Click “PEST optimizations” in the “Surface complexation menu”.

85! PEST optimizations - Wisual MINTEQ - m} X
Parameter file: ETLM VDB
o Model: Triple layer model
Adsorbing fon
View/edit surface complexation reactions
Name of surface complex
SOH2+ MO3-1 e SOH2+_NO3- Species name
16113 Species ID number
Include in optimization
D Tie the log K of this complex to...
E Charge
=SOH(1
Het
1 PSio(1
-1 |PSIb({1
NO3-1
Import measurement data
Number of observation groups Note: changing this number will erase any previously imported measurement datal
Select data type Import data for obs. group no. -
xt Infomation! Create PEST files
Percent sorbed ~
[] Do not unload form (will keep all settings in memory) 0 wvalues imparted 11 walues in file Quit

Select “Adsorbing ion” in “PEST optimization.”

For the optimizations, enter the equilibrium constants from “View/edit surface complexation reactions.”
See Visual MINTEQ3.1 manual for the detailed procedure.

Then, input the “Import measurement data.”
Select and copy all the adsorption % data entered in “Multi Problem DATASET” in Ch. 5.1.
Click “X!” to import values from the clipboard to the PEST files.

Click “Create PEST files” and then click “Quit” “PEST optimization.”

Click “Save and back to main menu” in the “Surface complexations menu.”

The initial screen of Visual MINTEQ should then switch to PEST optimizations mode.

PEET optimization mode

| Exit PEST optimization mode

Click “Run” to start PEST optimizations.

After the optimization, “Summary of PEST optimizations” is automatically displayed on screen. The output file
(pestopt.rec) of the optimization is generated in the database directory.

Note: During the procedure, the minimum database originated from the default database of Visual MINTEQ is
created and used in the PEST calculation. When the database is modified specifically for the optimization, the
PEST Helper should be used. After closing the screen of Visual MINTEQ 3.1, click “3. Run PEST.exe” in PEST
Helper. After the calculations, click “4. Get PEST Output Summary” the you can see the Summary of PEST

optimizations.
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6. Theoretical background

6.1. Conversion of equilibrium constants from ETLM to Visual MINTEQ

There are differences in equilibrium constant calculation methodologies between Visual MINTEQ and ETLM.
ETL(MIN), internally converts the ETLM equilibrium constants to those of Visual MINTEQ.

The two main differences in the calculations are:

1. Definition of standard states of surface species

2. Reference surface hydroxyl group site

In the following section, details of these differences and the associated conversion methodologies are described.

6.1.1. Definition of standard states of surface species

ETLM treats the equilibrium constants (K?) by using the concentrations « of the surface species based on site-
occupancy standard states. In contrast, Visual MINTEQ treats the constants (K"") by using the concentration X
based on 1.0 mol/L hypothetical standard state considering the compensation formula by Venema et al (1996). The
relationships between a and X of the surface species are different for sorbent sites (>SOH) and sorbate sites (other
than >SOH) (Kobayashi et al. 2020).

The sorbent site (>SOH) for standard states can be expressed after Sverjensky (2003):

a>soH = (Ns— = X>son = 1.0 9)

where M".son is the molar concentration (mol-L™!) for the standard state, N is the site density (sites m2), 4 is the
specific surface area (m?-g '), Cs is the solid concentration (g-L™!), and N, is Avogadro’s number (6.022x10% sites
mol!). The o and X of the sorbent site (>SOH) are both unity for the standard state.

The relationship of sorbate site (other than >SOH; here, consider >SOH," as example) can be expressed

according to Sverjensky (2003) as:

$

_ M>sox-1;r
A>soni = N*—H
(;) e

= 1.0 # X_sonz (10)

where M*-som+ is the molar concentration (mol-L ') in the standard state, N? is the site density (sites-m2) in the
standard state, 47 is specific surface area (m?-g ') in the standard state and C” is the solid concentration (g-L ') in
the standard state. In the convention of ETLM, N*=10x10"® sites-m 2, 4*=10 m?>-g !, and C*=Cs. In the standard
state, the sorbate site activity is unity while the mole fraction is not unity. Eq. (10) can be expressed in terms of X:

17



Instructions on ETLM INTERFACE for Visual MINTEQ — April 27%, 2021

N.
* s
“ _ M souz y (NA)ASCS —x NsAg
>SOHf = /N N# = A>s0H} \ it
(W) 4scs  (3) act

(11)

Generally, the molar concentrations of surface species are low (101072 M). In addition, the mole fractions of

sorbate sites are usually <0.1. Therefore, Eqgs. (9) and (11) can be applicable regardless of the standard state.

6.1.2. Reference surface hydroxyl group site

ETLM can change the reference surface hydroxyls depending on the (elementary) surface reactions. In contrast,
Visual MINTEQ describes all the surface reactions by using >SOH (i.e., basis of surface hydroxyls). The different
conventions with regard to the type of surface hydroxyl results in differences in equilibrium constant values.

The general surface complexation reactions adopted in ETLM can be expressed as:

@ > SOH} + b > SOH + ¢ > SO~ + dH* + eH,0 + Zfi [Comp.]; = [PRODUCTS] (12)
i

The stoichiometry coefficients of the surface hydroxyls (a, b, ¢) depend on the elementary reactions. Generally, the
reference site for surface complexation with cations is >SO~, while that for anions is >SOH,".
In contrast, the reference surface site for Visual MINTEQ is solely >SOH because it is the basis. Therefore, the above

reaction equation can be rewritten as:

(a+b+c)>SOH+ (a—c+d)H* + eH,0+ Zfi [Comp.]; = [PRODUCTS] (13)
i

The mass action expressions of Eq. (12) in ETLM and Eq. (13) can be expressed as Egs. (14) and (16), respectively:

A[PRODUCTS] F(Ay)
K = [ 102-303RT
[PRODUCTS] 2 . 7, (14)
(assoms) (asson)?(asso-)(ay+)?(an,0) Ii(ajcompy;)
a F(Ayy)
170 _ [PRODUCTS]
K{propucrs] = ot ra P 77 102:303RT (15)
(@ss0m) P+ (ay+)?=*%(an,0) [li(acompy,)
X F(Mpy)
[PRODUCTS]
K[II/JIKODUCTS] = 102.303RT (16)

fi
(X>SOH)a+b+C(aH+)a_C+d(aHZO)e [Ti(aicompy,)

where the equilibrium constant with the superscript * in Eq. (15) is with respect to >SOH surface sites in the ETLM.
Another version of the definition is that of equilibrium constants with respect to the molar concentration M of surface
sites (hypothetical 1.0-M standard state). The standard state is used in classic geochemical codes such as GEOSURF
(Sahai & Sverjensky, 1998). The equilibrium constants are expressed as K° with superscript “0.” The corresponding
equilibrium constants to Egs. (14) and (15) are:
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M F(Mpy)
[PRODUCTS]
K[%RODUCTS]Z a ) p p 7, 102-303RT (17)
(M>SOH;) (Mss01)° (M>s0-)¢(an+) (aHZO) Hi(a[Comp.]i)
M F(AYy)
% [PRODUCTS]
K[%RODUCTS] = 102.303RT (18)

_ e fi
(Ms501)**2*¢(ag+)**4(an,o0) [Ti(ajcompy,)

6.1.3. Conversion of equilibrium constants

The protonation and deprotonation reactions of surface hydroxyls can be expressed in ETLM (Sverjensky 2005):

> SOH + H* => SOH; (19)
> S0~ + H* => SOH (20)

The corresponding mass action expressions based on the site-occupancy of the standard state are:

a + F
kf = —>3% 1(z7303rT 1)
a>soHanH+
a Fy
K$ = —=SO"  10z303RT (22)
a>so-ap+

where F is the Faraday constant (9.649x10* C-mol '), R is the gas constant (8.314 J-K '-mol ") and T is the absolute
temperature (K).

The equilibrium constants K17 and K2? can be calculated by using pHzpc and ApK,’ (see Sverjensky 2005):

ApK,

logK? = pHzpc — =" 23)
ApK

logK¢ = pHzpc + " (24)

The reference surface hydroxyl site in Visual MINTEQ is >SOH (Ch. 6.1.2). The relationship between the Visual
MINTEQ and ETLM equilibrium constants can be expressed by considering the relationship between the surface

activity and the mole fraction:

> SOH + H* => SOH} 25)
X F a LWL F
logk/™ = log (LH; 102.3(;@3?T> = log{ >SOH (N A ) 102.3(;@3?T}
X>soHQu+ Asson®u+ \ NsAs
0 N*A*
= logK 1 26
ogKy + Og<NsAs> (26)
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> SOH => SO~ + H* (27)
_ -F _ tEs _F
logk /™ :log(KEEQ_EEilozﬁﬁ%%j :10g{a>50 aH+<NrA >102§%%T}
>SOH a>soH NgAg
0 N*A*
= — 28
logK; + log <N5A5> (28)

The PSI factor (Ay;) in the ETLM reactions are different from those of Visual MINTEQ. Therefore, the PSI factors
in the “INTERFACE for ETLM” sheet must be based on the equation in Visual MINTEQ, i.e., relative to >SOH
(see Ch. 6.2).

The surface complexation reactions of electrolyte cations M* and anions L™ in ETLM can be expressed as:

> S0~ + M* =>S0~_M* (29)
> SOHZ + L~ => SOH} _L~ (30)

The mass action expressions are given by (Sverjensky, 2005):

a - M+ Fl/"l?
Kl\?ﬁ = >S0"M" 4 03303RT (31)
a>so-am+
Assont -, __F¥p
Kf— = _2>""2-" 1()2303RT (32)
A>soH}aL-

The relationship between the Visual MINTEQ and ETLM equilibrium constants can be expressed as:

> SOH + M* =>SO0~_M* + H* (33)
_ F(—=o+¥p) _ - pF F(—=yo+yg)
logKVIJ\r/I _ {M 10 2.3003RTB } = log{a>so M+ @>s0”Ant (N A >10 2.3003RTB }
X>son@m+ asso-am+ Asson \NsAs
logk S, — logK$ +1 <N* *> (34)
= log —log og
Mt 2 NgAg
> SOH + L~ + H* => SOH3 _L~ (35)
logk/™ = <M 10F§1l3)%;$7€)> = log < >soHf L~ 9>s0H3 <N*A*> 10—F§1§%;Zf))
X>son®L-au+ Asson; AL~ A>sonan+ \ NsAs

(36)

N¥A*
= logK?- + logk{ + log( >

NsAg

If the conversion equations for the generalized surface complexation reactions [Eqgs. (12) and (13)] are considered,

the conversion of the ETLM equilibrium constants to Visual MINTEQ [Eq. (14) to Eq. (16)] can be performed by
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using logK;’ and logK>’.

VM 0 0 ) N*Af
logK{probucts) = 108K[propucts) + alogKy — clogKy' + log NoAs (37)

When considering Eq. (15), the equilibrium constants *K?, K?, and K™ can be mutually related by using the following

equations:

vu - N*A¥ (38)
logK[PRODUCTS] = log Kiprobucts) + log NoAg
log *K[GPRODUCTS] = logK[gPRODUCTS] + alogKf) - ClOnge (39)

*K? and K™ can be related to *K° for the hypothetical 1.0-M standard states by using

0 (NSAS)a+b+C CS a+b+c—1
log *K[PRODUCTS] = log *K[%RODUCTS] + IOgW + log (N_A) (40)
i NSASCS a+b+c—1
1OgK[‘IIDIKODUCTS] = log K[(I)JRODUCTS] + log (_) (41)

A

Although ETL(MIN), does not use the equilibrium constants *K° based on the hypothetical 1.0-M standard states, a
number of previous studies with GEOSURF used the *K°. There are some misunderstandings with regard to the

definition and conversion equations of the equilibrium constants *K° to the K” (see below).

* Eq. (40) in Sverjensky (2003) and the following papers did not consider the presence of Ny [e.g., equation (57)
in Sverjensky 2003]. In addition, the N units in the relevant papers used sites-nm 2 instead of sites-m 2 (original
definition). These mistreatments led to incorrect K” values calculated from the *K° using hypothetical 1.0-M
standard states for reactions with multi-dentate (other than monodentate reactions) surface complexation
reactions (e.g., Sverjensky, 2006; Sverjensky & Fukushi, 2006a; Sverjensky & Fukushi, 2006b; Fukushi &
Sverjensky, 2007a; Fukushi & Sverjensky, 2007b; Nagata & Fukushi, 2010; Kanematsu et al., 2010; Usiyama
& Fukushi, 2016; Kitadai et al., 2018). The correction equation for the old equilibrium constants for the n-
dentate reactions with respect to those for ETL(MIN); can given by:

logK gLz = logKdy — (n — 1) x 5.78 (42)

The database of the surface complexation reactions in ETL(MIN), lists the values after the corrections.

6.2.  PSI factor calculation

The PSI factor (Ay,) in ETL(MIN), must be determined according to the following reaction, which has a reference
surface hydroxyl site >SOH:
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(a+b+c)>SOH+ (a—c+d)H* +eH,0+ Zfi [Comp.]; = [PRODUCTS] (13)
i

The general configuration of the PSI factor in ETLM can be summarized:
Protonation or deprotonation of the surface hydroxyl occurs at the 0-plane, i.e., the adsorption of nH" results in
a +nyyo PSI factor, while the desorption of nH" results in -nyy.
Outer spherically adsorbed cations and anions are coordinated at the S-plane; i.e., the adsorption of the ions
results in a nz;yp PSI factor, where n and z; respectively represent the stoichiometric coefficient and the valence
of the ith ion.
Inner spherically adsorbed cations (metals) are coordinated at the 0-plane (Usiyama and Fukushi, 2016). The
adsorption of metals results in a +nziwo PSI factor, where n and z; respectively represent the stoichiometric
coefficient and valence of the ith metal.
Inner-spherically adsorbed anions are coordinated at the f-plane, as are the outer spherically adsorbed anions.
In contrast, the adsorption of the inner spherically adsorbed anions is accompanied with the desorption of water
(dipole) from the surface hydroxyls (Sverjensky and Fukushi, 2006). The desorption of n water dipoles results
in a -nx(yo - yp) PSI factor.
Egs. (43) and (44) are examples of the configuration of PSI factors of the bidentate-binuclear inner-sphere
arsenate adsorptions (Fukushi and Sverjensky, 2007a).
2 > SOH + 2H* + As0;3 = (> S0),As0; + 2H,0
D = 2y — 395 — 2(Po — ) = — g (43)

2 > SOH + 2H* + HAs032 = (> S0),AsO0H + 2H,0
My = 2pg — 2thp — 2(1hy — Yp) = 0 (44)
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