




mailto:info@kwrwater.nl


Managementsamenvatting

IJzersterke tool: onderzoek naar, en software voor het analyseren van 

ijzer- en mangaanverwijdering in snelfilters 

IJzersterke tool

Visualisatie van resultaten met de software ‘IJzersterke tool’. De grafieken tonen (van links naar rechts) de verwijdering van 

mangaan, de oxidatie en sorptie van mangaan, en de zuurstof- en pH-profielen over de hoogte van het snelfilter (y-as).  



IJzersterke 

tool: een software-assistent voor het analyseren 

van ijzer- en mangaanverwijdering in snelfilters
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o 

 

Waarom is er zo een grote spreiding in sorptie? Zijn er competitie-

effecten tussen ijzer en mangaan? Waar is de oxidatiesnelheid (kinetiek) van afhankelijk

Kunnen waterbedrijven het model gebruiken?

 

 

o gebruiksvriendelijke, modulaire analysetool

o 



parametervariatie

databank

 

o inzichten

o sorptiemodellen

inzichten

theorie en sorptiemodellen

ontwerp, modulariteit databank



 

 

 

 

 

 

 

 

 

 

 

 Kinetiek:





b. Sorptie: 

 

 



 

 

 





 

 

 

 

 



 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0 50 100 150 200

q
 (

m
g 

m
et

al
 io

n
/g

 IO
C

S)

time (hour)

Sorption of
Mn(II)

Sorption of
Fe(II)







 



 



 





 





 



 





 

 niet

 veranderingen in pH

verwaarloosbaar

 flessenexperiment  inzicht

 

 

 

o 

o 



 

 

 

 

K

n

n

K

q

eenheid mg/g % - % 

Geen datafit mogelijk 

Geen datafit mogelijk 



eenheid 

 

 

 



 

 

 

 



Ce q



a

i

j

 i j

Q

KL

Q

S

 

𝑄 = 𝐾 𝐶

𝑄𝑖 =
𝐾 𝐶𝑖

∑ 𝑎𝑖 𝑗𝐶𝑗
𝑛
𝑗=1

𝑄 = 𝐾F𝐶
𝑛

𝑄𝑖 = 𝐾𝐹𝑖𝐶𝑖(𝑎𝑖 𝑗𝐶𝑗)
𝑛𝑖−1

𝑄 =
𝐾𝐿𝐶

1 + 𝐾𝐿𝐶
𝑄max

𝑄 =∑
𝐾𝐿
𝑖𝐶

1 + 𝐾𝐿
𝑖𝐶

𝑝

𝑖
𝑄max, i

𝑄 =
𝐾𝐿𝐶

𝑛

1 + 𝐾𝐿𝐶𝑛
𝑄max

𝑄 =
𝐾𝐿𝐶

1 + 𝐾𝐿𝐶 + 𝑆/𝐶
𝑄max



 

 

 

generalized double layer 

model

toenemende





M j

𝑆 − 𝑂𝐻 +𝑀𝑗 + 𝐻2𝑂 ↔  𝑆 − 𝑂𝑀𝑗−1 − 𝑂𝐻 + 𝐻+

K

 

 

w weak

s K

𝑆 − 𝑤𝑂𝐻 +𝑀𝑗 +𝐻2𝑂
𝐾1
→  𝑆 − 𝑤𝑂𝑀𝑗−1 − 𝑂𝐻 + 𝐻+

𝑆 − 𝑠𝑂𝐻 +𝑀𝑗 +𝐻2𝑂
𝐾2
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 IjzersterkeTool.exe – Shortcut

 

 

ftp://brrftp.cr.usgs.gov/pub/charlton/phreeqc/phreeqc-3.3.12-12704-x64.msi


unit 
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responding  
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𝐹𝑒2+

𝐻𝐹𝑂 − 𝐹𝑒(𝐼𝐼)+

k

k

K n

Mechanisme IJzer Mangaan

homog. oxidatiekinetiek
𝑑

𝑑𝑡
[Fe2+] =  −𝑘Fe,hom

[Fe2+][𝑂2]

[𝐻+]2
𝑑[Mn2+]

𝑑𝑡
=  −𝑘Mn, hom[𝑂𝐻]

2.56[𝑀𝑛2+]

heterog. oxidatiekinetiek
𝑑[Fe(II)ads]

𝑑𝑡
= −𝑘Fe,het[Fe(𝐼𝐼)𝑎𝑑𝑠][𝑂2]

𝑑[Mn(II)𝑎𝑑𝑠]

𝑑𝑡
= −𝑘het,Mn[Mn(𝐼𝐼)𝑎𝑑𝑠][𝑂2]

Adsorbtie Fe(𝐼𝐼)ads = 𝐾Fe[Fe]
1/𝑛Fe Mn(𝐼𝐼)ads = 𝐾Mn[Mn]

1/𝑛Mn
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 Determination of the chemical composition of filter material 



 

 Sorption 

 Sorption kinetics 



 Characterization of sorption 



 

 



 

 





 

     



 





 

 





 



 



 





 





 

TITLE test for surface complexation models 

 

SELECTED_OUTPUT 

 distance false 

 alkalinity true 

 charge_balance true 

 molalities O2 H+ HCO3- Fd+2 Hfo_wOFd+ Hfo_sOFd+ Hfo_wOFdOH 

GoetOFd+ GoetOFdOH GoetdixOFd+ GoetdixOFdOH 

 step false 

 file out_template.sel 

 time false 

 pH true 

 

# Only Hfo is defined in the database which uses actually the values 

of ferrihydrite as found in literature. 

# For sorption on goet new species need to be defined. One that uses 

the constants of Liger (Goet) and one that uses the constants of 

# Dixit (Goetdix) 

SURFACE_MASTER_SPECIES 

 Goet GoetOH 

 Goetdix GoetdixOH 

 

# Explicitly define the equilibrium constants of all surface 

complexes of hfo (ferrihrite) and two types of goethite 

SURFACE_SPECIES 

 GoetOH = GoetOH 

  -log_k 0.0 

 

 GoetOH + 1H+ = GoetOH2+ 

  -log_k 7.47 

 

 GoetOH = GoetO- + H+ 

  -log_k -9.51 

 

 GoetOH + 1Fd+2 = GoetOFd+ + H+ 

  -log_k 0.11 

 

 GoetOH + 1Fd+2 + H2O = GoetOFdOH + 2H+ 

  -log_k -7.64 

 

 GoetdixOH = GoetdixOH 

  -log_k 0.0 

 

 GoetdixOH + 1H+ = GoetdixOH2+ 



  -log_k 7.47 

 

 GoetdixOH = GoetdixO- + H+ 

  -log_k -9.51 

 

 GoetdixOH + 1Fd+2 = GoetdixOFd+ + H+ 

  -log_k -0.54 

 

 GoetdixOH + 1Fd+2 + H2O = GoetdixOFdOH + 2H+ 

  -log_k -10.89 

 

 Hfo_sOH + 1H+ = Hfo_sOH2+ 

  -log_k 7.18 

 

 Hfo_sOH = Hfo_sO- + H+ 

  -log_k -8.82 

 

 Hfo_wOH + 1H+ = Hfo_wOH2+ 

  -log_k 7.18 

 

 Hfo_wOH = Hfo_wO- + H+ 

  -log_k -8.82 

 

 Hfo_sOH + 1Fd+2 = Hfo_sOFd+ + H+ 

  -log_k -0.95 

 

 Hfo_wOH + 1Fd+2 = Hfo_wOFd+ + H+ 

  -log_k -2.98 

 

 Hfo_wOH + 1Fd+2 + H2O = Hfo_wOFdOH + 2H+ 

  -log_k -11.55 

 

# Define the surface. Note how here ferrihydrite is used and that 

the specific surface area is here 10 m2/g. For simulations with 

goethite Hfo_w is replaced by Goet or Goetdix; they do not differ  

between weak and strong sites. In that case, the constants differ 

and comply with the values given in table 3-3 in the BTO report: 

"IJzersterke tool: onderzoek naar, en software voor het analyseren 

van ijzer- en mangaanverwijdering in snelfilters".  

# The solution is equilibrated with the iron-free solution 2. 

SURFACE 3 

 Hfo_wOH 2.25 10.0 4.0  # sites per nm2 / specific surface 

(m2/g) / amount of surface (g) 

 Hfo_sOH 0.056 10.0 20.0 

  -site_units density 

  -equilibrate with solution 2 

 

# The same solution with and without iron. The latter is used to 

equilibrate with surface 3 to prevent charge inbalances. 

# The pH is changed for different simulations between 5.5 and 8 with 

steps of 0.25 

# The concentration iron is also changed between different 

simulations 

SOLUTION 1 

 units mmol/L 

 temperature 10.0 

 pH 8.0 

 Na 10  charge 

 N(5) 10.0 

 Fd 0.1 mg/L 

SOLUTION 2 

 units mmol/L 

 temperature 10.0 

 pH 8.0 

 Na 10  charge 

 N(5) 10.0 

 Fd 0.0 

END # initial surface/solution 



 

# Here the actual simulation is performed 

USE SOLUTION 1 

USE SURFACE 3 

END 

  



 

TITLE Phreeqc input file created with IJzersterke tool GUI. It is based on 

De Punt dpv5, Waterbedrijf Groningen from database. Not necessarry the same 

because values can be changed in the GUI. 

 

KNOBS  # With these knobs, the rate of convergence to obtain solutions of 

the speciation, transport and reaction problem is controlled 

 -convergence_tolerance 1e-09 

 -tolerance 1e-14 

 -iterations 100 

 

PRINT 

 -reset false 

 -selected_output true  # print the output of PHREEQC to a file 

        defined in the block selected_output 

 

 

SELECTED_OUTPUT 

# SELECTED_OUTPUT defines what will be written to ‘file’ 

(out_template.sel), i.e. distance, time, alkanitity, concentrations (in 

molar units) for different species, etc. 

 distance true 

 kinetic_reactants Floc 

 alkalinity true 

 molalities O2 H+ HCO3- Fd+2 Mnd+2 Filt_mat_layer_zeroOH 

Filt_mat_layer_zeroOHFd+2 Filt_mat_layer_zeroOHMnd+2 Fehomox Mnhomox 

 file <..>\IjzersterkeTool\models\output\out_template.sel 

 time true 

 pH true 

 

INCREMENTAL_REACTIONS true 

 

SURFACE_MASTER_SPECIES 

# SURFACE_MASTER_SPECIES defines the name and the formula of the solid 

phase that acts as a surface with binding sites for complexation. The first 

name is the abbreviation, the second is usually the OH-form of the surface. 

 Filt_mat_layer_zero Filt_mat_layer_zeroOH 

 

 

RATES 

Fd_ox_filt_mat_layer_zerooh  # name of the kinetic rate 

 -start 

  10  adsorb =  MOL('Filt_mat_layer_zeroOHFd+2') 

  40  O2 = MOL("O2") 

  50  k_ox = PARM(1) 

  100 Fd_ads_ox = k_ox * adsorb * O2 * TIME # the heterogeneous oxidation 

rate for Fe+2 

  190 if (Fd_ads_ox > adsorb) then Fd_ads_ox = adsorb 

  200 SAVE Fd_ads_ox 

 -end  

 

Mnd_ox_filt_mat_layer_zerooh # name of the kinetic rate 

 -start 



  10  adsorb =  MOL('Filt_mat_layer_zeroOHMnd+2') 

  40  O2 = 10^(SI("O2(g)")) 

  50  k_ox = PARM(1) 

  100 Mnd_ads_ox = k_ox * adsorb * O2 * TIME # the heterogeneous oxidation 

rate for Mn+2 

  190 if (Mnd_ads_ox > adsorb) then Mnd_ads_ox = adsorb 

  200 SAVE Mnd_ads_ox 

 -end  

 

 

SURFACE_SPECIES 

# The SURFACE_SPECIES block is used to define a reaction and log K for each 

surface species, including surface master species 

 

# definition of surface species (nothing happens here) 

 Filt_mat_layer_zeroOH = Filt_mat_layer_zeroOH 

  -log_k 0.0  

# In the reaction, the 1/n Freundlich parameter appaers 

# filter_material + 1/n Fe+2 <--> filter_material_Fe+2 

 Filt_mat_layer_zeroOH + 0.76Fd+2 = Filt_mat_layer_zeroOHFd+2 

 

  -log_k -2.8224 # log-value of Freundlich Kf * n_surface.  

  # calculation:  

  # c_sand = concentration sand (kg/L water), n_surface defined 

    in EQUILIBRIUM_PHASES (see below), units of Freundlich 

    constant Kf in (g/g) / (g/L)^1/n. 

# log_k = log10(Kf * M_Fe^(1/n - 1) * c_sand * 1000/n_sites) 

  -no_check #  due to the inherent non-balance caused by 

    Freundlich, disable checking charge and  

    elemental balances 

  -mole_balance Filt_mat_layer_zeroOHFd+2 # needed for correct 

stoichiometry for the surface sites  

 

Filt_mat_layer_zeroOH + 1.31Mnd+2 = Filt_mat_layer_zeroOHMnd+2 # 

similar as with Fe(II) sorption, see above 

  -log_k -0.790393443419 

  -no_check 

  -mole_balance Filt_mat_layer_zeroOHMnd+2 # needed for correct 

         stoichiometry for 

               the surface sites 

 

KINETICS 1 

 Fd_ox_hom  

# stoichiometry of homogeneous oxidation reaction of Fe+2 

 -formula     H 2.0 H2O -2.5 Fd -1.0 O2 -0.25 Fehomox 1.0 

 -parms       2.2e-15  # homogeneous oxidation rate constant for 

       Fe+2, in 1/(M^2 sec), Davison & Seed, 1983 

 -step_divide 0.001 

 

 Mnd_ox_hom 

# stoichiometry of homogeneous oxidation reaction of Mn+2 

 -formula      H 2.0 H2O -1.0 Mnd -1.0 O2 -0.5 Mnhomox 1.0 

 -parms       0.0208 # homogeneous oxidation rate constant for  

     Mn+2, , in 1/(M^2.56 sec),  

     Davies & Morgan, 1989 

 -step_divide 0.001 

 

 

SOLUTION 1-3  # assume (ground)water at Holten for first (stagnant) cell(s) 

    in CSTR transport, see MIX block further below 

 units mg/L 

 temperature 10 

 pH 7.0 

 Alkalinity 1.975 mmol/L as HCO3 

 pe 10.0 

 O(0) 10.0 

 P 0.0 

 Fd 5.43 



 C(-4) 0.0 

 Cl 10.0 

 Na 10  charge 

 Ca 0.0 

 Mnd 0.2 

 

SOLUTION 0 Inflow solution  # (ground)water at De Punt 

 units mg/L 

 temperature 10 

 pH 7.0 

 Alkalinity 1.975 mmol/L as HCO3 

 pe 10.0 

 O(0) 10.0 

 P 0.0 

 Fd 5.43 

 C(-4) 0.0 

 Cl 10.0 

 Na 10  charge 

 Ca 0.0 

 Mnd 0.2 

END 

 

MIX 1 # MIX block used with TRANSPORT to simulate CSTR mixing by defining a 

stagnant cell in the TRANSPORT BLOCK. See also: 

http://www.hydrochemistry.eu/exmpls/cstr.html 

 

# Here: mix a fraction 1-x of solution 0 (groundwater) with a x fraction of 

water in the stagnant layer, the result is a new solution 1 that will be 

copied to 0 (see further below). 

 0 0. 012147834234 # 1-x 

 1 0. 987852165765 # x = exp(-t_residence/10 sec), t_residence is mean 

        residence time of supernatant layer (in sec.). 

time step is chosen as 10 sec. (see TRANSPORT 

        block) 

 

TRANSPORT  # Block for calculating the transport through the supernatant 

layer with a CSTR 

 -dispersivities 0 

 -warnings  true 

 -print_cells  1 

 -correct_disp  true 

 -time_step  10 # in sec. 

 -diffusion_coefficient  3e-10 

 -flow_direction  diffusion_only 

 -lengths  0.3 # supernatant height (in meter) 

 -cells   1 

 -boundary_conditions  flux constant 

 -punch_cells  1 

 -shifts  1000   # make sure that there are enough  

      shifts to model CSTR mixing 

 -stagnant  1  0  0  0  # stagnant_cells, exchange_factor, 

      theta_m, theta_im (see below) 

 

 # -stagnant defines the maximum number of stagnant (immobile) cells 

associated with each cell in which advection occurs (mobile cell). 

 The immobile cells are usually defined to be a 1D column that is 

 connected to the mobile cell; however, the connections among the 

 immobile cells may be defined arbitrarily with MIX data blocks. Each 

 immobile cell that is used must have a defined solution.  

 theta_m: porosity in each mobile cell 

 theta_m: porosity in each immobile cell 

 -punch_frequency 2 

 

COPY SOLUTION 1 0 # # # copy the result (at height=lenghts) to solution 0 

END 

 

# Code blocks below are written for the filter bed part. Here the total 

depth of the bed is divided in 20 layers (cells) 

http://www.hydrochemistry.eu/exmpls/cstr.html


SURFACE 1-20 

# surface binding-site formula, name of equilibrium_phase, sites_per_mole, 

specific_area_per_mole: 

 Filt_mat_layer_zeroOH Ferrihydrite equilibrium_phase 1 53300.0 

  -no_edl  # do not use the electrostatic double layer (since 

  we calculate with Freundlich) 

  -site_units absolute # the number of sites is given in moles 

  -equilibrate with solution 21 # first equilibrate with a 

solution without Fe+2/Mn+2 (see below) 

 

KINETICS 1-20 

 Fd_ox_hom 

 -formula      H 2.0 H2O -2.5 Fd -1.0 O2 -0.25 Fehomox 1.0 

 -parms       2.2e-15 # homogeneous oxidation constant for Fe+2 

 -step_divide 0.001 

 

 Mnd_ox_hom 

 -formula      H 2.0 H2O -1.0 Mnd -1.0 O2 -0.5 Mnhomox 1.0 

 -parms       0.0208 # homogeneous oxidation constant for Mn+2 

 -step_divide 0.001 

 

 Fd_ox_filt_mat_layer_zerooh 

 -formula      H 2.0 H2O -2.5 Filt_mat_layer_zeroOHFd+2 -1.0 Fehetox 

1.0 Negatron 1.0 O2 -0.25 

 -parms       73.0 # heterogeneous oxidation constant for Fe+2 

 -step_divide 0.001 

 

 Mnd_ox_filt_mat_layer_zerooh 

 -formula      H 2.0 Filt_mat_layer_zeroOHMnd+2 -1.0 H2O -1.0 Mnhetox 

1.0 Negatron 1.0 O2 -0.5 

 -parms       2.4e-06 # heterogeneous oxidation constant for Mn+2 

 -step_divide 0.001 

 

 

SOLUTION 1-20 # we start with a clean filter bed, i.e.    

    no Fe+2 and Mn+2 present 

 units mg/L 

 temperature 10 

 pH 7.0 

 Alkalinity 1.975 mmol/L as HCO3 

 pe 10.0 

 Cl 10.0 

 Na 10  charge 

 Ca 0.0 

 O(0) 10.0 

 P 0.0 

 Fd 0.0 

 C(-4) 0.0 

 Mnd 0.0 

 

EQUILIBRIUM_PHASES 1-20 

 Ferrihydrite 0.0 25000 # saturation index and amount in moles (here 

        n_surface = 25000, see comment in  

        SURFACE_SPECIES).  

 

SOLUTION 21 Equilibration solution # we start with a clean filter bed, i.e. 

       no Fe+2 and Mn+2 present 

 units mg/L 

 temperature 10 

 pH 7.0 

 Alkalinity 1.975 mmol/L as HCO3 

 pe 10.0 

 Cl 10.0 

 Na 10  charge 

 Ca 0.0 

 O(0) 10.0 

 P 0.0 

 Fd 0.0 



 C(-4) 0.0 

 Mnd 0.0 

 

TRANSPORT # Code block to describe advection transport in the filter bed 

 -dispersivities 0 

 -warnings  true 

 -print_cells  1-20 

 -correct_disp  true 

 -time_step  48.06818  # time step in seconds 

 -diffusion_coefficient 3e-10 

 -flow_direction forward 

 -lengths  0.1175   # each cell is 0.11 meter 

 -cells   10 

 -boundary_conditions flux flux 

 -punch_cells  1-20   # 20 cells of length 0.25 are used 

 -shifts  899.0 # shifts * time_step is simulated  

      filtration period 

 -punch_frequency 20 


