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Introduction

Charge regulation and surface complexation
modeling in nanoscale 2D geometries:
benchmarking and test cases of a novel code
(CRESCENDO)

Lasse Stausberg, ‘2 * Frank Heberling 2 and Johannes Lutzenkirchen

Mineral surfaces in contact with agueous solutions develop an electric double layer (EDL) through
surface (de-)protonation reactions and adsorption of ions, diffusion, and electrostatic forces, resulting in
a Stern- and a diffuse layer of ions. Most current models used for surface speciation calculations do not
consider changes in surface chemistry caused by charge regulation effects, i.e. effects of interacting
EDLs of surfaces in close proximity. Charge regulation modeling requires equilibrium calculation of every
involved surface simultaneously, while also solving the Poisson—Boltzmann equation (PBE) to quantify
electrostatic interaction. Since analytical solutions of the PBE for complex geometries do not exist it
becomes necessary to solve such problems numerically. A Python code is presented that combines a
general chemical speciation code, Three Plane Surface Complexation Model, and a Finite Element
solution of the PBE on two-dimensional domains. The Finite Element PBE solver is benchmarked against
analytical solutions and the speciation code is benchmarked against a PHREEQC model as well as an
existing 1D charge regulation code. A test case involving charge regulation in a corner of two
perpendicular surfaces is modeled. Charge regulation modeling on a nanoscale enables simulations of
the electrostatic environment and surface chemistry in nano-confined systems and interactions of
nanoparticles. This may also improve simulations of environmental and biological systems, cementitious
materials and modeling of the electrostatic environment and sorption on nanoporous clay materials.
Such information can be vital for the in depth understanding of natural and engineered barrier systems
of nuclear waste repositories or other environmental scenarios.

Capacitance Model (CCM) and the Diffuse Layer Model (DLM),
along with more detailed models, such as the Basic Stern Model

Surface chemistry plays a critical role in a wide range of fields,
particularly due to its influence on colloidal stability and
sorption processes. Gaining deeper understanding and creating
accurate predictive modeling capabilities for the effects of
surface chemistry is vital for environmental and technological
applications from remediation of polluted wastewater," (trace)
element mobility in natural and engineered systems,” and
colloid stability® to radioactive waste disposal in deep geologic
repositories.*

Electrostatic surface complexation models (SCMs) are com-
monly used to model chemistry at the solid-liquid interface,
determining the chemical speciation of the surface and the
adjacent solution. Common SCM variants include the Constant

Karlsruhe Institute of Technology (KIT), Institute for Nuclear Waste Disposal,
Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany.
E-mail: lasse.stausberg@kit.edu

This journal is © the Owner Societies 2026

(BSM) or the Triple Layer Model (TLM), Three Plane Model
(TPM), and Four Layer Model (FLM), which subdivide the
interface into distinct regions to account to some extent for
finite ion size effects.” The approaches that are most closely
related to the Stern-Grahame model feature at least one layer of
specifically bound ions at the surface (Stern Layer) and a diffuse
layer of mobile ions screening the remaining charge, which can
be modeled using the Poisson-Boltzmann equation (PBE) or
simplified versions such as the Debye-Hiickel or Grahame
equations. For certain cases (geometries and electrolyte com-
positions) analytical solutions of the PBE exist.>” A variety of
SCM approaches can be implemented in common (open source
or freeware) geochemical modeling software like PHREEQC,®
Visual MINTEQ,” FITEQL'® and others. Additionally, various
commercial software solutions with surface complexation mod-
eling capabilities and some custom-made codes exist, but these
are usually not freely available for use in research applications,
unlike the aforementioned options.
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One aspect of particular interest in nanoporous media is
the behavior of solid/liquid interfaces in situations where
electric double layers of two or more surfaces overlap."* Such
overlap leads to complex electrostatic interactions that are
challenging to model, like spillover of potential on mineral
faces and edges (like on mica and clay platelets),"> inhomoge-
neous surfaces," and confined geometries. In these cases, the
surface chemistry deviates from the equilibrium obtained by
standard calculations of a single surface in contact with
solution as the electrostatic interactions need to be taken into
account. Two classical boundary conditions for electrostatic
simulations are Constant Charge (CC) or Constant Potential
(CP) that represent an upper and a lower bound of the osmotic
pressure and particle interaction forces between interacting
surfaces. Another approach was introduced by Ninham and
Parsegian in 1971'* and later expanded by Chan et al.'® as well
as Behrens and Borkovec,'® called Charge Regulation (CR).
In this approach the interacting surfaces adjust their chemistry,
surface charges, and potentials in response to the overlapping
EDLs, utilizing intrinsic equilibrium constants for the chemical
speciation reactions. The resulting interfacial charges and
potentials are in between the upper and lower bounds set by
the CC and CP approaches. Approximation methods are sug-
gested in literature, e.g. by combining the CC and CP solutions
with a regulation parameter."® While such approximations
deliver good results for interaction forces, surface charges,
and - potentials, they do not involve the calculation of the
surface speciation, which is a particular focus of our model
developments.

Current popular modeling software for chemical speciation
does not include an option for charge regulated surface inter-
action and most of the rather few publications dealing with CR
calculations are focused on interpreting data in the context of
DLVO theory,""”'® with the full codes usually notopenly
available. The exception is the Python code SINFONIA, which
was created by Gil-Diaz et al.'® for calculating the chemical
speciation, surface charges and potentials as well as interpar-
ticle forces for the case of two approaching surfaces. It includes
a four-layer SCM that can be simplified to the other electro-
static models mentioned above and a 1-D numerical solution of
the PBE that is solved using an ordinary differential equation
(ODE) solver as included in SciPy.

In this study, we developed a comprehensive SCM which
includes CR, titled CRESCENDO (Charge Regulation, Electro-
static Surface Complexation and Equilibria on (2D) Nanoscale
DOmains). It is capable of simulating overlapping EDLs in
two dimensions on the Poisson-Boltzmann level, applicable
to arbitrary geometries with flat surfaces. Using the Finite
Element method, a numerical solution of the nonlinear PBE is
obtained and incorporated into a full SCM, simulating the
chemical speciation of all involved surface segments and
adjusting it depending on the mutual influences through
diffuse layer potentials. For this purpose, a custom, open-
source Python code was developed, utilizing the FEniCSx
library with a Newton solver for numerically solving the PBE
and iterating it with a custom up to three-plane SCM.
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The code is thoroughly benchmarked. First the numerical
solution of the PBE is compared against analytical solutions
for various electrolyte types, ionic strengths and diffuse layer
potentials. The results of the SCM for a simple 1D - single
surface system are compared to the implementation of an
equivalent system in PHREEQC, both the speciation of a simple
NaCl solution as well as monodentate Am-sorption onto a
quartz surface using the parameters of Garcia et al.>® These
are for the purpose of code validation as CR is not relevant for
this calculation. The code is then compared to two benchmarks
implemented in SINFONIA," validating 1D CR as well as
asymmetric interactions in the case of surfaces with dissimilar
chemistry.

Finally, the code is used to model a simple test case of the
effect of overlapping EDLs on Am(u) sorption in a rectangular
corner of two equivalent quartz surfaces, as it might exist on the
rough surface of a mineral or as an approximation for a wall
segment in an angular nanopore. This case demonstrates the
capability of the algorithm to calculate the chemical speciation
and electrostatic interactions in complex geometries with gen-
eral electrolytes and nanoscale potential overlap.

Theoretical and technical framework
Surface charge and potential

Contact between a mineral surface and an aqueous solution
leads to the development of a surface charge due to the
presence of broken bonds and subsequent chemical reactions
at the surface. The charge created by (de-)protonation of oxidic
functional groups at the surface and specifically sorbed ions is
balanced by an opposite charge of counter-ions in a diffuse
layer at the solution side of the interface. This structure is
called the electric double layer (EDL). The inner part of the
interface and the specifically sorbed ions are referred to as the
Stern layer, the outer part of the EDL is called the diffuse layer.
The plane separating the Stern layer from the diffuse layer is
called the d-plane. This plane is often assumed to coincide with
the slip plane, and the d-plane potential is then approxi-
mated with the {-potential, but this assumption is frequently
inaccurate.”

Multiple numerical models for the EDL are available that
treat the diffuse and Stern layers differently. The simplest
model is the Constant Capacitance Model (CCM) that assumes
a linear potential drop from the surface into the solution,
effectively excluding a diffuse layer and assuming that the
entire surface charge is shielded by specifically adsorbed ions.
This model can be rather accurate in high ionic strength
solutions as such conditions suppress the extent of the diffuse
layer. The other extreme, relevant for low ionic strength, is the
Diffuse Layer Model (DLM) which assumes no Stern layer,
resulting in the entire surface charge being balanced by a
diffuse layer of counterions and a potential drop that follows
the PBE. The simplest model that assumes both a Stern layer
and a diffuse layer is the Basic Stern Model (BSM). Various
other models exist that split the Stern layer into multiple
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Fig. 1 Schematic graphs of the electrical potential of a surface in contact with an aqueous solution for different surface complexation models. The basic
Constant Capacitance Model (CCM) and Diffuse Layer Model (DLM) are shown in the top row and the three-plane model (TPM) in the bottom.
The relevant equations for the capacities and charge-potential relationships are shown where applicable.

smaller sections like the three-layer model (TLM), three-plane
model (TPM) or the four-layer model (FLM) (Fig. 1).

The electric charge of ions is located in hypothetical planes
within the Stern layer, resulting in a linear variation of the
potential () between these planes. Only in the diffuse layer a
continuous change in charge density and correspondingly an
exponential potential drop according to the PBE is considered.
The charge-potential relationship within the Stern layer equals
that of a flat plate capacitor

0o = Cl(l//O - '//d) (1)

This journal is © the Owner Societies 2026

¢, = o) @)

with the electric potential at the surface y, and at the d-plane
Wa (V), the surface charge density ¢, (C m™>), Stern layer
thickness d (m), capacity C; (F m 2), vacuum permittivity &,
(F m™"), and the relative permittivity of the Stern layer &;
(dimensionless).

In a model that subdivides the Stern layer, each section acts
as a flat plate capacitor with its own relative permittivity,
capacity and charged plane(s) (e.g., TPM in Fig. 1).
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The remaining unshielded charge at the head end of the
Stern layer (d-plane) is balanced within the diffuse layer. The
charge-potential relationship in the diffuse layer is typically
calculated using the PBE or its simplifications for certain
geometries, electrolytes and potential ranges like the Gouy-
Chapman or Grahame equations. The PBE can be obtained
from Poisson’s equation of electrostatics:

p
3
e (3)

Vi =—

with the relative permittivity ¢, (dimensionless) of the medium
and the volume charge density p (C m 3), which can be
calculated as the sum over all ion concentrations and their
respective charges through

p= Zc,-z,- e (4)

where ¢; and z; are the concentration (m®) and the charge
(dimensionless) of the i-th ionic species in solution and e is the
elementary charge (C). Assuming that the distribution of ions
follows Boltzmann statistics, due to the electric potential pre-
sent in the diffuse layer caused by surface and layer charges, the
expression for the local electric charge density changes to

p=3dz e exp (_”kﬁ#) 5)

with ¢} being the concentration in the bulk solution and the
Boltzmann constant kg (J K~') as well as the absolute tempera-
ture T (K). Inserting the expression for the volume charge
density into Poisson’s equation results in a nonlinear partial
differential equation for the potential profile in the diffuse
layer, the so-called Poisson-Boltzmann equation:

1 zi-e-Y(x,y,2)
2 = —. 0. . 0. L e
Vi = s % cizi-e exp< T (6)

with &, being the relative permittivity of the diffuse layer. When
working with molar concentrations a conversion factor of
1000 x N, converts the concentrations from mol L™* to m >,
where N, is Avogadro’s constant (mol ). The general form of
the PBE is valid for arbitrary electrolytes within the bounds
of the mean-field approximation of the Poisson-Boltzmann

theory.

Surface complexation models

The concept of surface complexation can be explained using a
simple system of a surface exposing the surface functional
group =SOH to a simple NaCl solution, described with a
TPM. The surface site can deprotonate, leading to the reaction:

=SOH = =S5O0 +H', KPP (7)

where KiPP is the apparent equilibrium constant for the depro-
tonation of the hydroxyl group bound to the surface site =S8,
calculated using the mass law equation:

_ [=SO"]{H*}

K™ = “T=son] (8)
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with square brackets representing concentrations and curly
brackets representing activities.

The apparent equilibrium constants KPP are calculated this
way for every relevant surface reaction.>? Cations are able to
adsorb to the surface following the reaction

=SOH + Na" = =SONa + H', K5"P. 9)

Alternatively, the surface site might also be protonated

=SOH + H" = =SOH,", KiPP (10)

and this positively charged site is then able to adsorb anions

(11)

The equilibrium constants are called apparent because they
depend on the surface potential. To obtain a true constant for
the modelling of surface reactions they have to be split into an
intrinsic term and a coulombic correction factor that includes
the energy necessary to move an ion from solution through an
electric potential towards the surface.>” The total free energy is
therefore split into an intrinsic and a coulombic term

=SOH," + CI” = =SOH,Cl, K5PP.

AG?ot = AG(i]nt + AG(c)oul- (12)
The coulombic term AGZ,, can be expressed as
AG’cJoul = AZF‘:” (13)

where Az is the amount of charge transferred to the surface by
the reaction, F is Faraday’s constant (C mol ') and y is the
potential value of the plane the ion is moved to, in the case
of the surface yy = Y, When combining the equations this
results in

KMt = KPP . exp (AZFI’// ) (14)

RT

where K™ is the so-called intrinsic equilibrium constant of a
given reaction.*?

The reactions along with their equilibrium constants and
coulombic correction factors can be used to calculate the
chemical equilibrium of the surface and solution.

Following the method of Westall,* a linearly independent
set of components is defined in a way that each species can be
written as the product of a reaction of components and no
component can be written as the reaction product of other
components. Then the reactions forming all species present in
the chemical system are formulated.

For the calculation of the chemical equilibrium the coulom-
bic correction factors are treated as components of the system.
The concentrations of species and components are gathered in
vectors and vectors of activity coefficients are also calculated.
The activity coefficients in this study were calculated using the
Davies equation, an empirical formula only dependent on the
ionic strength (IS) and ion charge

VIS

s Is> (15)

log,y7; = 0.50922,-2(

This journal is © the Owner Societies 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cp00143b

Open Access Article. Published on 13 March 2026. Downloaded on 4/6/2026 8:15:21 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

. 1
with IS = EZ ¢iz? (16)
In the present example the species (C) and components (X)
vectors would be

Nat r Na+ 1
- Cl-
H* H+
OH"™ =SOH
C=| =SOH |, Xx= F
exp (_R_‘PT)
=S0-

Fy
~SOH,* exp (—ﬁ‘)
=SONa

F

exp (__*”d)
| =SOH,ClI | L RT J |

In the next step all reactions with their respective equilibrium
constants and stoichiometries are defined, the equilibrium
constants are gathered in another vector while the stoichio-
metries are written in matrix form, the so-called A-matrix. For
convenience it is usual to write the reactions in log,, scale. The
resulting full description of the chemical system is shown in
Table 1.

The components coul y; represent the decadic logarithm of
the coulombic correction factors for the relevant planes. These
vectors and the matrix define the chemical system. The entire
system can be solved by

(log10C + logioys) = log1o K + A - (logioX + logioye)-  (17)

To solve the chemical equilibrium problem a vector of the total
analytical concentrations of the components, T, is also needed.
The error in the material balance is calculated by obtaining the
difference between the predefined total amount of components

and the ones obtained by an initial guess using the equation
y=4T.C—-T (18)

where Y is a vector of material balance residuals that need to be
minimized in order to solve the equilibrium problem. In this
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study the optimization was done using the Newton-Raphson
method as described by Westall.>*

In the above example the elements Y[4] to Y[6] are T, ,T,,
and T,, the molar plane charges of the 0, B, and d planes
(mol L™%), which can be converted back to surface charge
densities (C m~?) using a conversion factor

T,

O',':—-F
S-da

(19)

where s is the solid-liquid ratio (g L™') and a the specific
surface area of the solid (m* g ').>* The electrostatic balance
can now be determined using the previously described
methods of calculating the surface charges and potentials.

In the case of non-interacting surfaces, charge neutrality
demands that at an infinite distance the electric charge is zero,
meaning that all layer charges when added must be of equal
charge and opposite sign to the diffuse layer charge

0o + UB + 04 = —O0gdiff [20)

This assumption does not hold with interacting surfaces as the
electric potential in the diffuse layer does not necessarily drop
to zero with a non-infinite distance to the EDL of another
surface. Instead, it is possible to use Gauss’ law to determine
the integrated charge density in the Stern layer by calculating
the derivative of the electric potential at the d-plane in the
surface normal direction.

Imagining a thin cylindrical Gaussian surface with radius r
(“pillbox”) on the charged surface we obtain the following
equation for the plane charge through Gauss’ Law:

,?gpkme 5 -d4 = eree,enclosed (21)

Because the D-field is perpendicular to the surface the equation
for the flux can be calculated using ®p, = nr’D. The free
enclosed charge can be calculated through the surface charge
density on the analyzed surface Qcn. = n7°0. Inserting these into

eqn (20) leads to the following equation:
D=0, with D = ¢geE (22)

where E = Vi is obtained from numerical solution of the
PBE.

Table1 Vectors and matrix used for calculation of mass and material balance for a 2-pK triple layer surface model with (de-)protonation of the surface
site as well as specific sorption of anions and cations. Setup of the vectors and matrix follow the method of Westall>®

Species Components Eq. const.

logio C + 10g10 75 = A - (logyo X + logi7e) —log;0 K
Na* cl- H* =SOH coul Yo coul g coul g

log;o[Na'] 1 0 0 0 0 0 0 0

log;0[C17] 0 1 0 0 0 0 0 0

log1o[H'] 0 0 1 0 0 0 0 0

log;o[OH ] 0 0 -1 0 0 0 0 —logo Kon

log;0[ =SOH] 0 0 0 1 0 0 0 0 i

log;o[ =S07] 0 0 -1 1 -1 0 0 —logyo K™

log;o[ =SOH,"] 0 0 1 1 1 0 0 —log;o K3

log;0[ =SONa] 1 0 -1 1 -1 1 0 —logio Kf;“

log;0[ =SOH,CI] 0 1 1 1 1 -1 0 —log1o Ky

This journal is © the Owner Societies 2026
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For the current example this results in the equations
7o = Ci(ho — W) (

o = Ca(¥p — Vo) + Ca(¥p — V) (24)
0a = Ca(Ya — ¥p) — eotr - VY (

with the layer capacitances C; defined for the TPM (Fig. 1). The
surface charges and potentials get optimized iteratively in the
same procedure as the rest of the chemical system.

23)

25)

Charge regulation between surfaces at small separations

The first calculations of interacting EDLs were done under the
assumptions of either constant surface charge, allowing the
potential to vary (CC) or constant potential while varying
the charge (CP). While generally inaccurate to describe the
equilibrium situation these two simplifications represent the
upper and lower bounds of the actual charge-potential relation-
ship in the case of interacting charged surfaces.’® Ninham and
Parsegian'® were the first to describe a system where the
electric potential between approaching surfaces is regulated
by the equilibria of surface reactions, leading to a feedback
between the surface charge and potential frequently called
Charge Regulation (CR). A good approximation for full CR is
the constant regulation approach in which a regulation para-
meter is used to obtain values between constant charge and
constant potential solutions.'® The parameter can vary between
0 (CP) and 1 (CC), the values in between approximating charge
regulation. It can be interpreted as a measure for how easy
charge can be stored in the Stern layer(s) versus the diffuse
layers. In cases where the Stern layer capacity dominates, the
system exhibits constant charge properties. When the diffuse
layer capacity dominates, the interaction is closer to constant
potential.'® For decreasing surface separation the approxi-
mation error increases in comparison to an electrostatic SCM
full regulation approach.*

In previous studies CR is most commonly employed to
model interaction forces between approaching surfaces in
terms of DLVO theory."'®'® However, the changes in surface
speciation and diffuse layer potential are also significant for
effects like anion exclusion in small pores® or trace element
mobility mediated by surface sorption.>® CR therefore needs to
be included in the modeling of nanoporous or nano-structured
media like clays or silica particles.”*>°

Full charge regulation in the current study is done by
numerically solving the PBE. In the case of two or more
interacting EDLs from multiple surfaces the calculation of the
potential through the PBE is still valid, but the chemical system
definition has to include every surface so that the chemical
equilibria can be calculated simultaneously. The PBE gets
solved on an entire domain that contains the relevant surfaces
and Gauss’ law is applied by calculating the gradient of the
electric potential perpendicular to the d-plane, and obtaining
the respective values along the d-plane of the various surfaces.
The resulting values are subsequently used for the next itera-
tion of the Newton-Raphson solver until convergence (ie.,
equilibrium) is reached. It is not necessary for the various

8160 | Phys. Chem. Chem. Phys., 2026, 28, 8155-8171
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surfaces to be described by the same chemical system as long
as they are well defined within the chosen components, species,
and equilibrium constant vectors as well as the stoichiometry
matrix.

Finite-element solution for the Poisson-Boltzmann equation

Analytical solutions for the non-linear PBE are only known for
simple geometries and electrolyte solution types. Exact deter-
mination of the diffuse layer charge for simple electrolytes is
possible in the cases of a 1-D semi-infinite plane, and approx-
imations for spheres and cylinders exist,* but solutions for
more complicated geometries and electrolyte types remain
elusive. It is therefore common to solve the PBE, like other
partial differential equations, numerically. A common mathe-
matical method for this is the so-called Finite Element Method
(FEM).?> A rigorous derivation of the mathematical fundamen-
tals for the FEM is beyond the scope of this study, but a very
brief overview for the steps needed to convert the PBE to a form
that can be entered into a Python-based FE-solver will be
provided. For a detailed description of the FEM and approaches
to solving it in Python we refer to other works.**™**

The very basic idea of the FEM is to solve the partial
differential equation (PDE) only at certain nodes in space
instead of covering the continuous domain and approximate
the function between those nodes. The necessary step to
achieve this is to rewrite the PDE as the variational formulation
over an interval I = [0, L], also sometimes called the weak form.
Taking as an example the 1D PBE this is achieved by multi-
plying both sides of the equation by a test function v(x), which
is defined as vanishing at the endpoints of the interval and
then integrating by parts:

2 ey (s
fdiff)=q<¢<x>>=$zcizieexp(— k'“T)) vel

(26)
" (b [T
J s = [ EHEEar— | W) @)
L (Y () di(x)
[ aweoneiar = [ HEEa ey

The step from eqn (27) and (28) is only possible when the
assumption that v(L) = v(0) = 0 is fulfilled and it simplifies the
equation by reducing the order of the derivative of (x) from
two to one. Analogous to the test function v(x), the other
function ¥(x) is often called the trial function. Both are part
of a function space V,. With the test function v(x), trial function
¥(x) and source function g(i/(x)) defined, the weak form of the
PDE can be used to solve the equation on a defined domain,
with a properly defined function space, V,, and boundary
conditions.*?

In the case of this study the FE solver for the non-linear
problem used was a Newton Solver implemented using
FEniCSx.
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Benchmark setup

The implementation of the numerical PBE solver was bench-
marked against analytical solutions on a square domain,
meshed using quadrilaterals and a first order Lagrange space.
The side length of the domain was scaled to be a multiple of the

Debye length
e = 1 o SgﬁrkBT
b= 2-Np-e?-1IS

as the ionic strength IS of the solution has a major impact on
screening of the surface charge and therefore the extent of the
diffuse layer. The domain was meshed with 40 by 40 nodes and
the mesh density was increased towards the side of the domain
to which the diffuse layer potential (}q) was applied as a
boundary condition. To achieve this, the side lengths of the
cells were scaled by a geometric series with an exponent of 1.1.
For the test cases with high d-plane potential (—100 mV) the
mesh density was increased to 80 by 40 nodes. This was done to
reduce the numerical error of the FE approximation in the
region where rate of change of the potential is maximal.

The analytical solutions are valid for the assumption of a
planar, semi-infinite solid surface. Analytical solutions were
calculated for a symmetric electrolyte, 1:2 and 2:1 asymmetric
electrolytes as well as an approximate analytical solution for
1:1-1:2 mixed electrolyte.>”*" The concentrations of the dif-
ferent ionic species were 0.1 M, 0.01 M, or 0.001 M. In the
asymmetric and mixed cases this was the concentration of the
divalent ion and the monovalent ion had its concentration
doubled. The d-plane potential applied to the surface as a
Dirichlet boundary condition was chosen to be —100 mV,
—10 mV or —1 mV.

An identical mesh to the one from the PBE solver bench-
mark was used for comparing the solution obtained by CRES-
CENDO against an equivalent system implemented in
PHREEQC. The geometry is shown in Fig. 2(a). The surface
and solution speciation of a quartz surface in equilibrium with
a 0.01 M Nacl solution was modeled. In a second benchmark

(29)

Vv 92e4NnS
Vv 90BLINS

View Article Online
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the sorption and speciation of Americium(m) on the same
quartz surface was calculated. The speciation scheme from
Garcia et al.®® was used, with Am as a chemical analogue to
Eu and the assumption that the speciation and sorption
behavior of Eu and Am are very similar.® The side length of
the domain for this benchmark was fixed at 30 nm. This was
roughly equal to 10 x /Ap as the ionic strength of solution was
around 0.01 M for most pH values and Am-concentrations.
Towards the very low and very high end of the pH scale the
ionic strength increases due to the necessary addition of NaOH
or HCL

As a final benchmark the SINFONIA code benchmarks from
Gil-Diaz et al.'® were obtained from the GitHub repository
linked in the paper to validate charge regulation. The model
“Bench_1a_Silica” calculates the charge regulation of two
approaching silica surfaces (Fig. 2(b)) for varying pH in a
0.01 M NacCl solution utilizing a simplified surface speciation
scheme that includes only a single deprotonating surface site
and no specific sorption of electrolyte ions from the solution.
This same model was implemented in CRESCENDO, the
d-planes of the two surfaces were defined as the left and right
edges of the domain and for the distance variations the
horizontal extent of the domain was changed from 28 nm down
to 0.1 nm. The surface charge and d-plane potentials are
compared for various pH values and distances between the
surfaces. The calculation “Bench_3c_Goethite-Rutile” simu-
lates two approaching surfaces of different chemistry, with
=TiOH and =FeOH functional groups respectively, in a
0.001 M NaCl solution implemented using a 1-pK charging
formalism with fractional charges. This is replicated in CRES-
CENDO through the use of a separate B-Matrix in the mass-
balance equation to handle partial charges. The same method
of varying the horizontal extent of the domain was used,
modeling d-plane separation distances from 50 nm down to
0.1 nm at three different pH values. The values of {4 and ¢, of
the two surfaces are compared between the codes.

For the test case of CR between perpendicular surfaces
(Fig. 2(c)) the mesh had the same geometric progression of cell

L

Surface B

Surface B
v 22epns

Fig. 2 Schematic images of the geometries considered for the benchmarks and the test case of charge regulation between perpendicular surfaces with
isopotential lines (green). (a) Single surface in contact with solution as used for benchmarks 2 and 3. (b) Two parallel surfaces as used for benchmark 4.
(c) two perpendicular surfaces as used for the test case of charge regulation.
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Fig. 3 The mesh used for the charge regulation benchmark. The d-planes
of the surfaces were defined to be at the left and bottom edges of the
domain, the quadrilateral mesh units are refined towards both surfaces as
well as towards the corner.

side length applied to two edges (Fig. 3). The solution chemistry
and speciation scheme were identical to the ones used in the
previous benchmark. The number of nodes on the surfaces was
chosen to be 40 and the surface speciation as well as layer
charges and potentials were calculated at every node on the
surface. The resulting mesh density is therefore maximal in the
area of interest in the corner where the impact of charge
regulation is the highest, decreasing towards the flat edges
where interaction between surfaces is negligible and speciation
is almost equivalent to an isolated flat surface. This also
minimizes the numerical error of the finite element solution
in the corner where the change in the slope of the potential is
highest.

The surface speciation, plane charges, and potentials for
each segment of the surface were calculated individually, but
simultaneously. The domain was defined to be symmetrical
along the diagonal. When setting up the A matrix (similar to
Table 1) each surface segment had its own surface species
defined for proper calculation. This leads to a very large A matrix
with 40 nodes requiring 40 x 10 surface species. The total
amount of surface area in contact with solution for both surfaces
combined was set to 40 m* L™ " and the surface concentration of
each segment was calculated to scale the resulting surface
species’ concentration to the varying sizes of these segments.

View Article Online
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The code

All the tasks of solution and surface definition, mesh genera-
tion, finite-element solving of the PBE and Newton-Raphson
optimization of the chemical speciation are handled by the
code written in Python 3 (version 3.12.3). The mesh is generated
using the Python api of gmsh (version 4.12.1). The non-linear
PBE was solved using the open-source FEniCSx Python interface
(version 0.1) for solving partial differential equations utilizing
the FEM.

The inputs are entered in one Python file, requiring the
definition of the solution and surface as well as the speciation
reactions using the vector and matrix definitions described
earlier. The setup and the mesh can be adapted to a variety of
different applications and geometries.

The surface and solution speciation are optimized iteratively
using the Newton-Raphson algorithm with the various layer
charges and potentials also being recalculated and optimized at
each step. Once convergence is reached the data is stored in a
text file. The code for CRESCENDO, set up as it was used for
calculation of the CR Benchmark, is available on GitLab via
https://gitlab.kit.edu/kit/ine/Geochemistry/crescendo.

Results and discussion
Benchmarks

Benchmark 1: numerical vs. analytical PB solutions. The
maximum absolute differences between the analytical and
numerical solutions are summarized Table 2 and exemplary
data is shown in Fig. 4. Scaling the domain size with /p
causes the errors for different ionic strength values to be
identical. Therefore, only varying electrolyte type and potential
are shown.

As shown in Fig. 4, the absolute difference reaches its
maximum at the point in the potential profile where the change
of the slope is still high but the mesh density is already
decreasing, leading to a peak in numerical error. This effect
is most noticeable when the analytical value is changing
significantly in between finite element nodes. It is caused by
the approximation between nodes, resulting in the calculated
value oscillating between values slightly higher and slightly
lower than the analytical value. The relative error for the range
of interest close to the surface is less than one percent,
increasing towards the far end of the domain due to the
numerical noise where the analytical solutions approach 0.
Overall, differences and relative errors are low for every tested

Table 2 Maximum difference between the analytical and numerical solutions for various electrolyte types and d-plane potentials. Variation in ionic
strength is not listed as scaling the domain with the Debye length resulted in identical errors for changes in ionic strength

d-plane potential (i/4)

Electrolyte type —1mvV

—10 mV —100 mV

Symmetric (1:1)
2:1
1:

1:1:2:1

3.316 x 107 mv
5.016 x 10~ mv
3.327 x 107 mv
3.307 x 10" mv

8162 | Phys. Chem. Chem. Phys., 2026, 28, 8155-8171

3.305 x 107 mv
3.173 x 107 mv
3.412 x 107 mv
3.205 x 107 mv

2.524 x 107°> mv
1.809 x 10~ mv
2.736 x 107> mv
1.874 x 107 mv
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Fig. 4 Potential profiles, difference, and relative error of some of the analytical and numerical solutions for /4 = —10 mV. The concentration of the

lowest concentration ion was 10 mmol, leading to ionic strengths and /p values of 10 mmol and 3.04 nm for the symmetric electrolyte, 30 mmol and
1.76 nm for the 2:1 electrolyte, as well as 40 mmol and 1.52 nm for the mixed electrolyte. The top row shows the potential profiles with the blue line

being the numerical solution and the dashed red line being the analytical

solution. The middle row shows the difference A;naytical-numerical With the

maximum of the absolute difference also shown. The third row shows the relative error, the red dashed lines are a visual aid for 2% error. The error
between the numerical and analytical results are very low, the finite element solution is a very good approximation for the true values.

configuration. The maximum absolute difference is always
more than three orders of magnitude lower than the applied
d-plane potential in every case and the relative error remains
well below 2% for distances up to 5 x Ap at which point the
potential decayed to a value close to 0. These results show that
the numerical solution of the PBE implemented in the code is a
very good approximation for the actual values determined from
analytical solutions.

Benchmark 2: surface and aqueous speciation - PHREEQC.
The speciation scheme of Garcia et al.®® describes the silica
surface using a two-site protolysis model with a more acidic site
(=SOH, pK = —4.0, 1 site per nm?) and a regular site (=S,0H,
pK = —8.5, 3.7 sites per nm?). Overall surface concentration was
defined to be 1 m*> L~'. This was implemented in both
PHREEQC and CRESCENDO and the equilibrium speciation
of the surface in contact with a 0.01 M NaCl solution was
calculated.

The surface charge density and d-plane potential values were
obtained from EDL calculations using a CD-MUSIC model in
PHREEQC. A BSM was employed with a Stern layer capacitance
of 2.0 F m~'. CRESCENDO reproduces both the surface and
aqueous speciation of the PHREEQC results (Fig. 5a) as well as
the surface charge and d-plane potential values (Fig. 5b and c)
very well. The ionic strength of the solution is increased
towards low and high pH due to the necessary addition of
HCl and NaOH to reach the pH values while maintaining
charge neutrality of the bulk solution.

Benchmark 3: Am-adsorption - PHREEQC. For this bench-
mark a setup identical to the previous was used, but the

This journal is © the Owner Societies 2026

solution now also contained 10°® M of AmCl;. The Am-
species that were considered in solution and at the surface
are Am**, Am(OH)**, Am(OH),", Am(OH);, AmCI**, AmCl,",
=SOAm** and =SOAm(OH),. Bidentate sorption of Am on
quartz is considered to be the actual binding mode,*® but a
monodentate sorption model was implemented here for
simplicity and to avoid ambiguous handling of bidentate
sorption in different speciation codes.*” The implementation
can be adjusted for multidentate sorption if necessary. The
surface speciation of Am as well as ¢, and /4 values were then
compared between PHREEQC and CRESCENDO (Fig. 6a-c).
The results of CRESCENDO again perfectly reproduce the
values obtained from the PHREEQC implementation.

The values of Y4 and ¢, are significantly altered by the
presence of Am at the surface (Fig. 6b and c). The d-plane
potential no longer shows a monotonic decrease as it did for
the silica surface without AmCl; in solution: after a slight
decrease it increases towards a local maximum at pH 5.5-6
before it decreases again, indicating that the sorption of
positively charged Am(m) species increases 4 at circumneutral
pH. The graph of ¢, is identical for low pH values until uptake
of Am** begins at around pH 4. Towards higher pH values a, is
consistently more negative compared to the system without
AmCl;. The sorption of Am*" in the Stern layer enhances
the deprotonation of the hydrolyzed surface groups, leading
to a more negative surface charge.

An Am sorption edge was calculated from the speciation
data of both codes (Fig. 6d). Uptake begins at around pH 3.5.
At pH < 5.8 the dominant surface species is the positively

Phys. Chem. Chem. Phys., 2026, 28, 8155-8171 | 8163
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NaCl, calculated in PHREEQC (red squares) and CRESCENDO (solid lines). The ionic strength (d) increases towards both ends of the pH scale due to the
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Fig. 6 Surface speciation (a), d-plane potential (b) and surface plane charge density (c) of a quartz surface in contact with a solution containing 0.01 M
NaCl and 107® M AmCls, calculated in PHREEQC (red squares) and with CRESCENDO (solid lines). The relative fraction of the Am surface species (d)
shows that at medium pH the positive surface species is dominating while at pH > 5.8 the neutral species is prevalent.

charged =SOAm**. At pH ~ 5.8 the fraction of both species
is about equal and at pH > 7.5 all Am is present as the
neutral species =SOAm(OH),. At pH > 7 almost all Am in
the system is adsorbed to the surface. These observations
explain the changes visible in the surface charge and
d-plane potential graphs of the quartz surface with and with-
out Am>" present.

8164 | Phys. Chem. Chem. Phys., 2026, 28, 8155-8171

Benchmark 4: comparison of charge regulation codes. Sur-
face charge density and d-plane potential values obtained from
SINFONIA calculations are compared with the ones obtained
from CRESCENDO. Fig. 7 shows the values for two interacting
quartz surfaces. With decreasing distance between the surfaces,
the absolute value of /4 increases towards a more negative
potential while g, becomes less negative, indicating suppressed
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Fig. 7 Comparison between the values for d-plane potential ¥4 (a) and surface charge density oo (b) obtained from SINFONIA (red dots) and
CRESCENDO (solid lines) for a simple quartz surface model in contact with a 0.01 M NaCl solution. The distance between the surfaces for which the
charge regulation was calculated was varied between 28 nm and 0.1 nm, shown on the line labels. For low separations the d-plane potential becomes

more negative while the surface charge density increases.

surface deprotonation due to charge regulation effects. This
effect is more noticeable at higher pH. CRESCENDO reproduces
the values from SINFONIA for all pH values and interplanar
distances.

The effects of CR between surfaces of different chemistries
are shown in Fig. 8. At high separation and low pH, the rutile
surface (TiOH) is positively charged, with decreasing distance
the surface charge density becomes more negative. The goethite
surface (FeOH) shows an opposite trend, with very little varia-
tion at pH 3.8. Y4TiOH is lower than 4 FeOH at high separa-
tion. With decreasing separation between the two surfaces the
d-plane potentials change, /4 TiOH increasing and 4 FeOH
decreasing as the surfaces interact in close proximity.

Charge regulation in a corner of perpendicular flat surfaces
Two quartz surfaces were modeled in contact with a solution
containing NaCl and AmCl;.

The flat surfaces are perpendicular and interact with each other
on a two-dimensional square domain with a side length of 30 nm.
The surfaces meet at a right angle in the bottom left corner of this
domain, which becomes the area of interest for CR. The mesh used
for this model is shown in Fig. 3. The speciation, plane charges,
and d-plane potential of the flat part of the surfaces far away from
the corner are almost identical to a single surface in contact with
the solution while the interacting diffuse layers in the corner cause
significant deviation from that behavior (Fig. 9 and 10).
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Fig. 8 Comparison between d-plane potentials 4 (a) and (c) and surface charge density oo (b) and (d) obtained from SINFONIA (red dots) and
CRESCENDO (solid lines) for two approaching surfaces of different chemistry at various separations in contact with 0.001 M NaCl. One surface
represents Rutile (top row) interacting with Goethite (bottom row), modeled at three different pH values.
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Fig. 9 Exemplary modeling result for charge regulation and constant potential at pH 6. The difference in potential across the domain (a) and (b) shows
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y = 0 (c) and (d) shows strong influence of CR, with higher values when compared to the CP case which decreases down to 0 V m™. Potential profiles
over the entire domain (e) and (f) show two-dimensional variation in potential. In the CP case the potential at y = O is flat whereas in the CR case it
decreases towards the corner. The step size in y between each line is 0.75 nm.

Charge regulation is observable in the bottom left corner of
the false-color potential maps, shown with isopotential lines
(Fig. 9a and b). Comparison to a Constant Potential case shows
that for most of the flat surface the potentials are identical
while in the corner the potential deviates significantly. The deriva-
tive of i perpendicular to surface is the electric field used as input
for Gauss’ law in eqn (25) to calculate the Stern-layer charge (Fig. 9¢
and d). pH and AmCl; concentration were varied in numerous
simulations and the results are described in the following sections.
Multiple effects of charge regulation can be observed.

Surface speciation, charges, and potentials vs. pH

The surface speciation of a solution containing 0.01 M NacCl
and 10~° M AmCI; was calculated for a range of pH 3 to 10. The
results are shown in Fig. 10. Changes in the amount of Am**
sorbed to the surface, g, and /4 in relation to distance from

8166 | Phys. Chem. Chem. Phys., 2026, 28, 8155-8171

the corner are immediately obvious (Fig. 10a, e and g), the
variation in o, is more subtle (Fig. 10c).

The total amount of Am at the surface increases with pH,
leveling out on the flat part of the surface distant from the
corner around pH 7 (in agreement with the sorption edge
calculated in Fig. 5d). Charge regulation increases the uptake
of Am in the corner compared to the flat surface at all pH
values, with a peak of excess uptake between pH 5 and 6
(Fig. 10a and b). This value coincides with the pH at which
the positively charged =SOAm”* species is the dominant Am
surface species (Fig. 5d). At pH > 6, when the dominant Am
surface species is the neutral species =SOAm(OH),, the excess
sorption decreases until the amount of Am sorbed in the corner
and on the flat surface are almost equal.

The surface charge density o, for different pH is shown in
Fig. 10c and the difference in o, between the corner and the flat

This journal is © the Owner Societies 2026
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Fig. 10 Effect of charge regulation at perpendicular quartz surfaces in contact with a solution containing 0.01 M NaCl and 10°® M AmCls. The left
column shows the amount of sorbed Am(in) (a), the surface charge density o (c), the B-plane charge density (e), and the d-plane potential (g) across the
surface. The x axis represents the distance from the corner at x = 0. The right column shows the excess sorption of Am(i) in the corner (b), the excess
surface charge in the corner (d), the excess B-plane charge in the corner (f) as well as the d-plane potential at the corner and a point far away from the
corner, compared to the PHREEQC model of an isolated surface (h), versus pH.

part is shown in Fig. 10d. 6, of quartz in contact with this
solution is negative for pH > 3, positive difference values
therefore mean that o, on the flat part is lower (more negative)
than in the corner, negative difference values mean o, in the
corner is more negative. At low pH overall sorption is low and
the difference is positive, decreasing towards higher pH.
Between pH 5.5-7, where the excess sorption of Am in the
corner is maximal, the difference is negative, indicating a more
negative o, in the corner. At higher pH values, where the excess
sorption in the corner is negligible, the difference increases
again.

The charge density in the B-plane oy increases with increas-
ing pH, with the corner showing a more positive charge for all
calculated pH values (Fig. 10e). The difference in g between
the corner and the flat part of the surface (Fig. 10f) increases
with increasing pH up to a local maximum around the pH of

This journal is © the Owner Societies 2026

maximum excess sorption. Towards higher pH the difference
decreases slightly before increasing again at high pH > 9.
Sorption of Am at pH < 7 is predominantly via the positively
charged =SOAm** species, which involves deprotonation of
the surface sites, leading to the negative g, difference, and
positive o difference at the pH of maximum excess sorption.
When the dominant Am species changes to the neutral
=SOAm(OH), species at higher pH o difference decreases
slightly because this species moves less charge into the p-plane
compared to the positive species. The increase at high pH is
due to sorption of Na* in the B-plane.

Y4 in the corner is more strongly negative for all pH values
calculated here (Fig. 10g and h). The d-plane potential values of
the flat part of the surface distant from the corner are identical
to a PHREEQC model of the quartz surface without charge
regulation. The difference between /4 in the corner and on the
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flat surface is relatively constant at around —9 mV for pH > 6,
at which point the d-plane potential in the corner becomes even
more negative compared to the flat part. At pH > 7 the
difference is mostly constant again, around —17 mV. The pH
value of this change correlates well with the excess Am sorp-
tion, the changes in surface charge density, and the change in
dominant Am surface species. Higher sorption of positively-
charged Am species in the corner shields the negative surface
charge less than H' ions on the flat part of the surface. At
higher pH the overall neutral Am species cannot shield the
charge more strongly than on the flat part of the surface so the
difference remains constant between pH values.

Surface speciation, charges, and potentials at varying Am(m)
concentrations

For pH 6 the surface speciation was calculated at varying AmcCl;
concentrations between 10~'> M and 10> M (Fig. 11). pH 6 was
chosen because the effects of charge regulation were strong for this
value in the previous calculations. The values for concentrations of
AmMCl; < 10°® M are almost indistinguishable but significant
differences are observable for higher concentrations.

Va (Fig. 11a) shows more negative values in the corner for
all concentrations. For higher concentrations the difference in
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d-plane potential between the corner and the flat part decreases
and the absolute value of the d-plane potential decreases as well
(becoming less negative).

The values of o, are less negative in the corner for concen-
trations less than 10”7 M while at higher concentrations a, in
the corner is more negative than on the flat part of the surface
(Fig. 11b). g, for 107> M AmCl; is significantly more negative
than for lower concentrations, the sorption of Am*' to the
surface enhances the deprotonation of the surface functional
groups. At low concentrations the sorption of AmCl; in the
corner does not shield the surface charge well, so H" ions are
also attracted into the corner which leads to an increase in o,.
The trend in the B-plane charge density is opposite, with higher
concentrations showing higher positive charge densities due to
Am(ur) sorption. In the corner the B-plane charge densities are
more positive than on the flat part for all concentrations
(Fig. 11d). In this plane the variation in charge density for
concentrations less than 10~® is again indistinguishable.

The relative amount of sorbed Am normalized to the concen-
tration at the surface distant from the corner (Fig. 11c) shows
that for lower concentrations of AmCl; the amount of Am in the
corner is higher by factor of 3.5 compared to the flat part of

the surface while for increasing concentrations this factor
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Fig. 11 Effect of charge regulation on perpendicular quartz surfaces in contact with a solution containing 0.01 M NaCl and varying amounts of AmCls at
pH 6. The changes in d-plane potential (a) and surface charge density aq (b) are shown in the top row while the middle row shows the excess sorption of
Am in the corner normalized to the flat part of the surface (c) and the B-plane charge density g (d). The bottom row shows the relative amount of Am
sorbed from solution, summed up over both surfaces, (e) and the speciation of Am across the surface (f). The x axis for all graphs except (e) is the distance

from the corner at (x = 0).
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decreases. At 10> M AmCl, the distribution is almost flat, with
only a slight increase towards the corner.

When investigating the amount of Am sorbed to the surfaces
compared to the total amount of Am present in solution it is
observable that about 99.9% of Am is sorbed to the surface
for concentrations <10~ ° mol L™, decreasing to 99.3% at
107> mol L™ " of AmCl, (Fig. 11e). This is likely due to reduced
attraction of Am®* as the positive charge of sorbed Am®" repels
cations and the negative surface charge is shielded more
strongly.

Comparison of the speciation of Am at the surface shows
that at pH 6 the positively charged =SOAm>" is the dominant
surface species for all concentrations but the relative fraction of
the neutral species =SOAm(OH), increases with increasing
AmCl; concentration (Fig. 11f) until the fraction of the two
surface species is almost equal at 10> M. Charge regulation in
the corner results in a higher fraction of the positive species
compared to the flat part of the surface for all concentrations.

Comparison of computation time

Computation time for the chemical equilibrium simulations
varies between the different programs. The time to calculate the
solution and surface speciation of an equivalent simple system
(Am() complexation on a silica surface like in Benchmark 3)
on the computer used for this study was about 0.13 seconds for
PHREEQC, 1.4 seconds for SINFONIA, and 22 seconds for
version 1.0.0 of CRESCENDO.

PHREEQC, written in C++, is significantly faster than either
of the Python-based codes. However, as their capabilities are
significantly different this comparison is not simple. PHREEQC
only calculates a 1D solution of a single surface in contact with
the electrolyte using an analytical solution of the PBE and
SINFONIA can calculate a 1D solution of two interacting
parallel surfaces using an ODE solver for the PBE. Meanwhile
CRESCENDO is able to calculate the chemistry of interacting
planar surface segments, numerically solving the PBE on an
arbitrary 2D domain with the FEM. Calculating the Jacobian
matrix and solving the PBE on a 2D domain using the FEM
every iteration are computationally intensive tasks and there-
fore slow, but other available software has so far not been able
to calculate electrostatic interaction of surfaces either at all or
in more complex geometries than parallel surfaces.

Furthermore, optimizations to improve the runtime of
CRESCENDO calculations are being explored and will be
implemented in future versions, with potential to reduce the
calculation time by more than a factor of two.

Comparison to experimental studies

Few previous studies have used SCM to determine the chem-
istry of interacting surfaces while taking CR into account. The
results of benchmarks included in the 1D CR code SINFONIA"®
have been reproduced in this study and confirm the observa-
tions that CR effects cause a quartz surface in close proximity to

This journal is © the Owner Societies 2026

View Article Online

Paper

another identical surface to show more positive surface charge
and more negative d-plane potential than an isolated surface.

Some other studies investigating charging behavior of silica
have been conducted using a simple chemical model for the
silica surfaces. A CR model involving silica surfaces of varying
roughness has recently been demonstrated by Ozcelik and
Barisik.’® In their model the dips of the rough surface show
less negative surface charge densities and more negative poten-
tials due to overlapping EDLs when compared to a flat surface
in contact with an equivalent solution. Yang et al.*® investigated
charge regulation in silica nanopores of varying sizes in depen-
dance of pH and ionic strength of the solution. Their results
show that interacting EDLs in nanopores cause g, of small
pores to be less negative when compared to larger pores, with
an asymptotic limit at the pore size at which opposing EDLs do
not influence each other anymore. Sen and Barisik observed
similar effects in silica nanochannels*® and mesoporous
silica.** These results are consistent with the effects of charge
regulation observed in the case of CR between perpendicular
quartz surfaces shown in this work, with less negative surface
charge density and more negative d-plane potential in the
corner where the silica surfaces interact. These changes
then lead to the altered sorption behavior of Americium(m) in
the corner.

Some studies of trivalent Lanthanide sorption on meso-
porous silica have also observed increased uptake of various
Ln*" ions in smaller pores, compared to larger pores with less
diffuse layer interaction or non-porous surfaces. In the study by
Iigen et al.*® overall Ln*" uptake was higher for mesoporous
SiO, with mean pore diameters of 4.4 nm than 7 nm. However,
both were lower than the uptake on non-porous SiO,, which the
authors attributed to diffusion limited transport of the lantha-
nide ions through the long silica nanochannels. A later study by
Fashina and Ilgen® then observed higher uptake by the porous
SiO, compared to the non-porous fumed silica while using the
same silica material but increasing equilibration time for the
sorption experiments.

The main differentiating aspect of CRESCENDO when com-
pared to previous 2D charge regulation approaches is the
flexible layout of the chemical solver, allowing for compara-
tively simple implementation of complex solution and surface
chemistries as demonstrated with the Am(m)-silica example.
Previous implementations relied on hard-coded chemical reac-
tions and charging equations, including only a very limited
number of surface reactions and mostly disregarding solution
chemistry.

Conclusions

Various benchmarks and test cases for CRESCENDO, a new
Python-based surface complexation model code, have been
described and their results presented. The code includes elec-
trostatic calculations of up to a TPM, surface and solution
speciation, and surface sorption under charge regulation
conditions. The FE solution of the non-linear PBE has been
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validated against analytical solutions for a 1D semi-infinite
planar geometry. The speciation code reproduced an equivalent
model implemented in PHREEQC for solution composition,
surface speciation and sorption. Benchmarks for 1D charge
regulation of opposing planar surfaces implemented in SINFO-
NIA were also reproduced in the new model. An example for 2D
charge regulation has been presented for the case of two
interacting perpendicular quartz surfaces and effects of charge
regulation on surface speciation as well as interface charges
and potentials have been extensively discussed. This work
expands on previous charge regulation codes by enabling
the modeling of two-dimensional systems including arbitrary
configurations of flat surfaces on the nanoscale at the Poisson-
Boltzmann level, whereas previous codes were limited to
one-dimensional simplifications of opposing planar surfaces
or simplified surface chemistries.

The consideration of charge regulation is vital for more
accurate modeling of surface complexation, sorption, and
interparticle forces on the nanoscale. Solving the PBE numeri-
cally allows for the consideration of complex geometries for
which analytical solutions are not available, obtaining the elec-
trostatic environment and surface speciation of nanoparticles
or surfaces in nanoconfined settings. This can be of interest for
a large variety of questions in many fields like material or
environmental science. Being able to calculate accurate diffuse
layer potentials for arbitrary electrolytes is another advantage
of solving the full PBE as opposed to simplified analytical
solutions which often only work for specific electrolyte types.
This allows the code to be used for more complex systems with
general solution compositions as encountered in biological
applications, cementitious materials, and most environmental
settings.

Next development steps will include application of the
model to a variety of systems like nanopores and -particles
with rounded surfaces or sorption on inhomogeneous surfaces,
as well as problems like spillover effects on mineral edges.
Further development of the model will allow it to be applied to
problems like retention of radioactive isotopes in natural and
engineered clay barriers in deep geologic repositories or trace
element sorption in nanoporous media in general.
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