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ABSTRACT

Owing to their high specific surface and low production cost, carbon materials are among the most
important adsorption materials. Novel usages, for instance in pharmaceutical applications, challenge
existing methods because charged and strongly polar substances need to be adsorbed. Here, we system-
atically investigate the highly complex adsorption equilibria of organic molecules having multiple proto-
nation states as a function of pH. The adsorption behavior depends on intermolecular interactions within
the solution (dissociation equilibria) and between adsorbed molecules on the carbon surface
(electrostatic forces). For the model substances maleic acid and phenylalanine, we demonstrate that a
custom-made genetic algorithm is able to extract up to nine parameters of a multispecies isotherm from
experimental data covering a broad pH-range. The parameters, including adsorption affinities, interaction
energies, and maximum loadings were also predicted by molecular dynamics simulations. Both
approaches obtained a good qualitative and mostly also quantitative description of the adsorption behav-
ior within a pH-range of 2-12. By combining the determined isotherms with mass balances, the final con-
centrations and pH-shifts of batch adsorption experiments can be predicted. The developed modeling
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1. Introduction

Carbon materials belong to a group of low-cost and widely
employed materials. The range of applications extends from energy
storage, electronic devices, sensors and catalysts [1-6] to current
applications in biology and medicine [7]. Projections of a market
size in the range of more than USD 14 billion! by 2026 are mainly
based on the growing demand for carbon composites in key indus-
tries as aerospace and automotive energy and electronics. Further-
more, due to their high surface-to-volume ratio, adsorption
processes using carbon-based sorbents are technically widespread
and have long been the subject of scientific studies. However, the
majority of these applications and studies relate to the adsorption
of uncharged organic molecules, such as aliphates, aromates, natural
organic matter (NOM), etc. [8]. More recently, however, there has
also been an increased interest in the use of these sorbents for
charged species, which include biopharmaceuticals, micropollutants,
such as pesticides, or heavy metals, all of which may occur in low
concentrations. Another very important area of application is the
development of novel activated carbon filters in drinking water
treatment. Moreover, a growing number of systems and processes
use carbon-based sorbents. Some examples are fluidized bed elec-
trode reactors [9,10], capacitive deionization devices and other
preparative electrosorption techniques [11-17].

The key emerging challenge to develop scalable processes to
selectively filter charged species at low concentration is the com-
plex composition of the adsorbent mixture as a function of pH. Pre-
sently there is a scarcity of systematic experimental data for small
carbonic acids and other soluble molecules as amino acids and a
lack of models that can explain and ideally predict this behavior
on the basis of first-principles simulations. To overcome this short-
coming, we present a model that (1) predicts adsorption in systems
with complex dissociation behavior, (2) combines a molecular
dynamics (MD) model with the calculation of theoretical parame-
ters, (3) we demonstrate the validity of the method by comparing
the results with experimental data on pH dependent adsorption of
two small molecules with different physico-chemical characteris-
tics (e.g. different polarity and solubility).

There have been several publications concerning the adsorption
of charged organic molecules on carbon materials in the past.
Already in the early 20th century Bartell and Miller [18] investi-
gated the quality of their carbon material by adsorbing organic
dyes and later on stated that a hydrolytic effect caused the pH-
shift, which occurred during adsorption of organic acids like maleic
acid [19]. In a third publication the adsorption mechanism was
studied, taking into consideration the effects of the surface of acti-
vated carbon and the structure of the adsorbing species [20]. Leo-
pold et al. investigated the adsorption of herbicides on activated
carbon for a wide pH-range [21]. The experimental examination
of adsorption processes of charged organic molecules on carbon
materials continued in terms of the influence of the substitution
of single groups in benzene rings [22], the adsorption kinetics for
different carbon products [23], as well as for different solution
compositions [24] and temperatures [25,26]. More recent experi-
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tools can be easily adapted to other types of pH-dependent, multispecies adsorbates and therefore will
help to optimize adsorption-based processes in different fields.

mental investigations focus on practical applications, e.g. Zhang
et al. investigated a method to recover adsorbed fumaric acid from
carbon material [27]. However, a large amount of publications
show that the adsorption, separation or purification of different
molecules is an individual phenomenon of the composition of
the molecule species, the surrounding environment and at last,
the adsorbate. Until today there is no proper method to predict
and describe multicomponent molecule-surface interactions
completely.

Parallel to the experimental investigations, there have been
ongoing efforts to describe the adsorption of charged substances
on carbon materials on a theoretical basis. However, simple Lang-
muir or Freundlich isotherms are built on experimental results,
and are often insufficient to describe the interactions occurring
during the adsorption of this type of molecules. A description of
the simple Langmuir model and its extensions considering multi
species systems and interactions is nicely summarized in a recent
review by Swenson and Stadie [28]. Here, a first generalization of
the original Langmuir model is made by considering the adsorbate
to be a mixture of different molecular species competing for the
binding sites, which are assumed to be identical in their properties.
This version of the Langmuir model is called the competitive mul-
ticomponent Langmuir model. Once the different types of adsor-
bate species are identified, the experimental results are often
fitted to this model with binding affinities of the single species,
the ratios of their concentrations and the total number of adsorp-
tion sites (maximum loading) as parameters. The model thus can
capture the effect of external conditions on the adsorption, which
can alter one or more of these parameters. One of such external
conditions of interest is the pH-value of the adsorbate solution.
Depending on the pKa-value, the adsorbates protonate and depro-
tonate changing their concentration ratio in the solution at differ-
ent pH. The adsorbent surface can also chemically change altering
the adsorption affinity of the adsorbates. Getzen and Ward fitted
their experimental isotherms with this kind of multicomponent
Langmuir model for one-fold protonated aromatic organic acids,
which were adsorbed on activated carbon and underpinned the,
at that time controversial theory, that ionized molecules adsorb
on carbon as well as uncharged molecules [29]. Later on, they
investigated the pH influence on the adsorption and found the
pH to affect surface groups on the carbon material [30]. Jain and
Snoeyink modified the competitive Langmuir approach by consid-
ering the coexistence of different kinds of binding sites [31]. Hus-
son and King described the adsorption process for twice
protonated weak acids and compared a model based on a compet-
itive Langmuir equation with the ideal dilute solution theory [32],
which was previously described by Miiller et al. [33,34]. Xiao and
Pignatello measured the adsorption isotherm of several organic
acids and bases on graphite and fitted the isotherm with the mul-
ticomponent Langmuir model and also with the Freundlich model
[35]. The pH dependence was captured by the protonation and
deprotonation of the organic acids and bases. Next to approaches
based on Langmuir equations, approaches based on the Polanyi
adsorption potential theory were applied for the prediction of the
adsorption of organic compounds in different solutes [36]. After-
wards, the Polanyi adsorption potential theory was extended to
predict the adsorption of competitive molecules on activated car-



bon [37]. Thereupon, Rosene and Manes tested the model by exam-
ination of the

pH-shift during the adsorption of aromatic substances and a com-
petitive compound [38].

Although the Langmuir models described so far are quite pow-
erful to capture a wide variety of adsorption processes, they fail in
case the adsorption is cooperative in nature. The cooperativity in
the Langmuir model is introduced by adding interaction between
the adsorbates. The adsorption of new molecules is influenced by
the interaction with another molecule already adsorbed. In the
case of a single adsorbate, the resulting Langmuir model is called
the cooperative Langmuir model. This cooperative Langmuir model
is further generalized in the case of multiple types of adsorbates
participating in many body interactions. This type of multicompo-
nent cooperative adsorption model was first derived by Moreau
et al., and therefore it is also known as the Moreau model in liter-
ature [39]. Haghseresht et al. measured the adsorption isotherm of
various aromatic compounds on activated carbon and fitted the
results with the Moreau model [40]. Gritti et al. measured the
adsorption isotherms of various alcohols with porous silica and fit-
ted the isotherm with non-cooperative and Moreau model depend-
ing on whether the alcohol solution is buffered or not [41]. The
model we use in this article is a subclass of the Moreau model
where there are two or three different types of adsorbates present
and only two body interactions between the adsorbates are
considered.

Because of the consideration of interactions between the adsor-
bates, the Moreau model includes a comparably high number of
parameters defining the isotherm. Besides the extraction of these
parameters from experiments, there exist numerous simulation
attempts to understand and predict adsorption in different sys-
tems with the goal of easing the accessibility to these parameters,
thus reducing experimental time and costs. In simulation there are
mainly two different approaches taken. In the first approach, the
adsorption affinity of the molecule is computed using Density
functional theory (DFT)/ MD simulation and compared with the
adsorption affinity obtained from the experiment. Wang et al. cal-
culated the adsorption energy of 36 pollutant molecules adsorbed
to a carbon surface using DFT calculation [3]. The adsorption
energy values were fitted to an empirical free energy model to pre-
dict the binding free energy of arbitrary pollutants. Zou et al. calcu-
lated the adsorption energy of organic pollutants to carbon
nanotubes (CNT) using DFT calculation and then calculated the
adsorption affinity by Boltzmann weighting the adsorption energy
[42]. Geitner et al. performed discrete molecular dynamics (DMD)
simulation to calculate free energy for the pesticide nanoparticle
interaction and calculated the adsorption affinity the same way
as Zou et al. [43]. Comer et al., calculated the potential of mean
force (PMF) of adsorption of several mainly hydrophobic small
molecules to graphene, and further calculated the adsorption affin-
ity by integrating the PMF curve [44]. Veclani et al. performed PMF
calculation to quantify the studied the adsorption of the neutral
and zwitterionic forms of ciprofloxacin (CFX) on a single-walled
carbon nanotube (SWCNT) [45].

The second simulation approach to study adsorption is multi-
scale in nature, applying DFT/MD simulation to get the adsorption
affinity of a single molecule which s further used in different adsorp-
tion models to predict the adsorption behavior of a thermodynami-
cally large numbers of molecules. In our work, we take this approach
to study the adsorption of maleic acid and phenylalanine to carbon
materials represented by a graphene surface. We perform MD simu-
lation to calculate the energetic parameter of binding which we use
in the cooperative Moreau model. The innovative contribution is
that we consider a polar substance with complex dissociation behav-
ior and an amphiphilic molecule instead of the usually studied
strongly hydrophobic molecules. In a very recent work, a similar

multiscale modelling approach involving MD simulation and the
non-cooperative Langmuir model was adopted by Angelis et al. to
predict the adsorption of surfactants to the alumina [46]. Their work
demonstrates the advantages of combining MD simulation with the-
oretical calculations of thermodynamic nature.

In view of this literature survey, the aim of this work was the
development of a systematic workflow allowing the derivation of
an isotherm model describing the adsorption of multiple charged
and non-charged compounds onto carbon materials. Therefore,
we choose the experimental investigation and modelling of the
adsorption of organic compounds with multiple protonation steps.
Two organic model substances, maleic acid as a representative of
molecules with multiple deprotonation steps and phenylalanine
as a representative of a zwitterionic molecule, were selected. Their
adsorption properties onto two industrially relevant carbon mate-
rials, activated carbon (AC) and carbon nanotubes (CNT), were
investigated for different concentrations and over a wide pH-
range. In parallel, the adsorption process was simulated using a
cooperative Langmuir model, i.e. a model that takes the interaction
of the adsorbed species into account. The model parameters were
determined by means of a genetic algorithm from experimental
data on the one hand and by parameter predictions using MD sim-
ulations on the other hand. To the best of our knowledge, we are
the first ones to combine the cooperative Moreau model with the
MD simulation. This enables us overcoming the limitations of the
classical Langmuir adsorption model for the description of complex
protonation equilibria.

2. Material and methods
2.1. Adsorbents and adsorbates

In this study two different carbon materials were used as adsor-
bents. Activated carbon powder Carbopal SC11PG was purchased
from Donau Carbon (Frankfurt, Germany). For Carbopal SC11PG
we measured a specific surface area of 909 m?/g, an average parti-
cle size of 37.6 um and an average pore size of 1.83 nm. Multi-
walled carbon nanotubes (CNT-K) were purchased from Future
Carbon GmbH (Beyreuth, Germany). The CNT have an outer diam-
eter between 20 and 40 nm and a specific surface area of 200 m?/g
[11]. As the CNT are to a large extent end-capped (>70%), the
adsorption is expected to take place on the outer wall [11]. As
adsorbates, the organic substances phenylalanine (Phe) and maleic
acid (MA) were used as representatives for the interaction study.
They differ in their functional groups, dissociation constants and
the resulting charge. However, for both substances there exist
three differently protonated states which are present in solution
in fractions determined by the respective pKa-values and the
adjusted pH. The pKa-values of Phe are 1.83 and 9.13 and the iso-
electric point (IEP) is at 5.5. In consequence Phe has one positive
charge at acidic conditions, one negative charge at basic conditions
and is zwitterionic in a broad pH-range around neutral pH.

The two pKa-values of maleic acid are 1.92 and 6.23. In conse-
quence, maleic acid is neutrally charged in strongly acidic
conditions and negatively charged in moderate acidic (one negative
charge) as well as neutral and basic conditions (two negative
charges).

2.2. Batch adsorption experiments

The batch adsorption experiments for AC and CNT powders
were conducted at different institutions in the frame of a common
project. Therefore, due to the different morphologies of the mate-
rials and the available analytical equipment, the applied batch
adsorption methods slightly differ for the two carbon adsorbents



investigated. In both institutions the focus was on investigations
including a wide pH- and concentration range to obtain adsorption
data for all protonation states of the investigated substances.

2.2.1. Adsorption onto activated carbon

The experiments with AC powders were conducted with aratio of
adsorbate to carbon between 0.75 and 3.75 mmol/g (corresponding
to a mass ratio of 87-435 mg/g in case of MA and 124-619 mg/g in
case of Phe). The ratio was adjusted by keeping the applied amount
of AC always at 20 mg and adding 1.5 mL of solution with varying
concentrations between 10 and 50 mmol/L. Before mixing, the pH
of the adsorbate solution was adjusted to the desired pH by titration
using concentrated HCI (1 M, Titripur® Reag. Ph Eur, Reag. USP) or
NaOH (2 M, Titripur®). The solutions used for pH-adjustment, as well
as the adsorbates maleic acid (MA, >=99%) and L-o-phenylalanine
(Phe, >=98%) were purchased from Merck (Darmstadt, Germany).
After mixing the carbon material and 1.5 mL of the prepared solu-
tions in 2 mL Eppendorf cups, the suspensions were incubated for
24 hin a thermomixer (Thermomixer comfort, Eppendorf Hamburg,
Germany) while shaking at 1000 rpm at room temperature. After-
wards, the reaction vessels were centrifuged at 8000 rpm for one
minute to separate the carbon material from the solution. The super-
natant was filtered with a 0.45 pm PTFE syringe filter. Finally, the
concentrations of the adsorbate molecules remaining in the super-
natant were measured photometrically with an EnSpire Multimode
Plate Reader (PerkinElmer, Waltham, USA) at wavelengths of 230 nm
(L-a-Phenylalanine) and 254 nm (maleic acid). To ensure the repro-
ducibility, every experiment was conducted as triplicate or at least
twice.

2.2.2. Adsorption onto carbon nanotubes

On suggestion of the manufacturer, the CNT powder is purified
with 1 M HCl at 80 °C for more than 4 h and neutralized afterwards
with DI-water. As CNT powder is electrostatically charged and
harmful, the CNT are stored in DI-water suspension and used as
slurry or wet pellet for all further experiments. At the beginning
of the static binding capacity experiments, particles from the stor-
age solution are centrifuged (4000g, 5 min, supernatant discarded)
and resuspend in DI-water in a particle to DI-water ratio of 2:3. For
the further experiments, 2 mL of the homogeneous particle slurry
are pipetted and centrifuged (3200g, 5 min), the supernatant is dis-
carded and the CNT pellet is incubated with 2 mL of the adsorbate
for 24 h, stirred at 250 rpm, at room temperature. The pH-value of
the sample is controlled before incubation and afterwards. The
supernatant is filtered with a 0.2 pm syringe filter and analyzed
in an Agilent HPLC at 258 nm. The experiments are performed as
technical triplicates, each sample is analyzed three times. The
adsorbates Maleic acid (MA, >=99%, Sigma Aldrich Chemie GmbH,
Taufkirchen, Germany) and r-Phenylalanine (Phe, >=98%, Sigma
Aldrich Chemie GmbH, Taufkirchen, Germany) were used with dif-
ferent initial concentrations between 5 and 30 mM. The pH of the
adsorbate solution was set between 1.5 and 9.5, adjusted with
either hydrochloric acid (Reg. Ph. Eu, 37%, VWR International) or
sodium hydroxide (>=99% p.a., ISO, Carl Roth GmbH & Co. KG, Karl-
sruhe, Germany).

2.3. Calculation of adsorbent loading using an extended Moreau
isotherm

The original Moreau isotherm [39] was developed for a binary
mixture of adsorbate molecules (A and B) being present in diluted

2 Moreau et al. also discussed the resulting equations if each binding site of the
adsorbent can hold a maximum of three adsorbate molecules. However, for the sake
of simplicity we restrict to the case of binding sites which can hold either none, one,
or a maximum of two molecules.

form in solution. The adsorbates can bind to the binding sites (ad-
sorption site) of the adsorbent. Each binding site of the adsorbent
can hold a maximum of two adsorbate molecules®. Moreau et al.
assumed an interaction between two molecules if they are adsorbed
to the same binding site, making the adsorption cooperative in nat-
ure. In this context ‘cooperative’ does not mean that the interaction
is always attractive; on the contrary if the two molecules carry the
same electrical charge their interaction always will be repulsive.
The concentrations of the adsorbates A and B in the solution are cp
and cg and their binding affinity constants to the adsorbent are K,
and Kp respectively. In case two A molecules are bound to the same
adsorption site, there is an interaction energy Uas between them.
The interaction energy for two B molecules is Ugg and in case there
is one A and one B molecule adsorbed in the same adsorption site the
corresponding interaction energy is Uag. In this case, the ratio
between the number of molecules A bound and the maximum num-
ber of molecules that can adsorb to the binding sites is given by:

Na _ Ga

Nimax Omax

B 2Kaca + 2¢a?Ka’e U + 2caKpcpKpe U

T 14 2¢aKa + Ca2Ka%eMm 1 2¢pKp + cp2KpZe MU 4 2¢caKacpKpeUns

(1)

The average number of molecules B bound can be expressed
analogously. If A and B are two variants (e.g. differing in their
charge) of the same compound, the total loading of this compound
can be expressed by simply adding the loadings of A and B:

Na + Np

Nmax
 Oges  2KaCa +2¢a%Ka’e Mm + 4caKncpKpe Um + 2Kpcp -+ 205°Kp e U
CQmax 1+ 20aKa + Ca2Ka?em + 205K5 + Cp Kg?e U + 2c,KacpKpe Ui

@)

To describe the adsorption in our systems using the Moreau
model described above, we first identify the fact that among the
three different protonation states (see Section 2.1) of maleic acid
and phenylalanine (A, B and C), only two of them (A and B or B
and C) are present at a particular pH in significant concentrations.
The assumption is quite justified, because the pka-values of the
maleic acid (pka-values: 1.92 and 6.23) and phenylalanine (pka-
values: 1.8 and 9.1) are well separated keeping the possibility of
A and C being together in the solution negligible. For the equation
of the final isotherm describing the total loading of the compounds,
maleic acid or phenylalanine over the full pH-range the contribu-
tion of a pairing of A and C in a binding site can be neglected.
Therefore, the isotherm of the total loading of a compound with
two clearly separated pKa-values is given by:

Gges _

Qnax
2Kach + 2€a%Ka%e PUm 4 dcaKacpKpe M 1 2Kpcp + 2c52Kp2e M + degKpecKee Ve + 2Kccc + 2c?Kc2e e

1+ 2caKa + ca2KaZe P + 2¢3Kp + cp°Kpe s 4 2ccKe + cc2Kc?e-Mee + 2caKacKpe Vs + 2c5KpecKee Vs

This equation contains eight parameters describing the affini-
ties and interaction energies of the differently charged variants of
the compound. A ninth parameter is given by the maximum num-
ber of available binding sites per mass of adsorbent. It must be
emphasized, that the parameters themselves are constants for a
given combination of carbon adsorbent and organic substance (ex-
isting as species with different protonation states depending on the
pH). The pH is accounted for by calculating the species distribution
in solution by means of the known pKa values and the correspond-
ing dissociation equilibria. Knowing the species distribution, the
cooperative multicomponent Moreau isotherm can be applied to
calculate the total loading of the substance.




2.4. Determination of isotherm parameters

2.4.1. Genetic algorithm

As described in the above section, the extended Moreau iso-
therm considering the cooperative adsorption of molecules having
three different protonation states includes nine parameters.
Although not all parameters are equally significant at different
pH-values, the reproducible determination of such a high number
of parameters by trial and error is practically impossible. Therefore,
a self-developed genetic algorithm (GA) was applied, because of
the known capability of this kind of algorithm to simultaneously
fit numerous independent parameters to experimental data [47].
General information about GA can be found elsewhere [48]. In this
context, equation (3) was fitted to the experimental results. To find
a set of optimal fitting parameters, the calculation was initialized
with 10 random parameter sets which were used to calculate the
total loading of the carbon material for each of the experimental
conditions (Nexp). In order to evaluate the quality or so-called fit-
ness (F) of these parameter sets, equation (4) was used as objective
function which sums up the squared differences of the experimen-
tal (gexp) and the calculated loadings (qcaic)-

Nexp

F= Z (qexp,i - qcalc‘i>2 (4)

i=1

By the help of their fitness, the parameter sets can be ranked (a
minimal value of F corresponds with the highest fitness) and new
parameter sets for the next evaluation step can be generated by
pairing the five best parameter sets, while the parameter of a set
was inherited to the new parameter set with a probability of
50%. For each inherited parameter, there was a probability of 20%
for a mutation which meant it was set to a random number within
the defined range of the parameter. An exception was applied to
the set which achieved the highest fitness so far. This set was
always preserved by copying it to the next evaluation step without
any change. In order to find an optimal parameter set, the
described procedure was repeated 50,000 times, which took
between approx. 20 s and 3 min, depending on the number of
experimental data points available.

To make sure the genetic algorithm did not find a local mini-
mum, the genetic algorithm was conducted 100 times and an aver-
age value of the 30 best fits was used for further evaluation.
Additionally, by calculating the standard deviation (SD) of the cal-
culated parameters, an impression of the variation of the deter-
mined parameter sets could be gained.

2.4.2. Molecular dynamics

Compared to the extraction of the parameters of the extended
Moreau isotherm of a new substance from experimental data, a
direct insilico prediction of the parameters would be much less
laborious and faster. In the following such an insilico approach is
introduced, using graphene as a general representative [44,49] of
carbon materials. It's worth mentioning that, instead of construct-
ing two separate models for activated carbon and CNT, this
approach not only saves the computational cost but also provides
the transferability of our model to other carbon materials. To esti-
mate the binding affinities of different molecular species onto the
graphene surface, we calculated the free energy of binding using an
umbrella sampling (US) simulation technique [50,51]. A graphene
sheet of 4.26 x 4.18 nm? was built first using visual molecular
dynamics (VMD) software [52] and the atomistic models for the
different molecular species were built using AVOGADRO [53].
The force field parameters for the graphene sheet and the molecu-
lar species were determined using the software AMBERTOOLS [54]

with the Generalized Amber force field (GAFF) [55]. The charge on
different atoms of the molecular species was assigned using the
QM/MM (Quantum Mechanics/ Molecular Mechanics) method as
implemented in AMBERTOOLS. The pH dependent atomic model
of the molecules were constructed by considering the different
dominant protonation states (with different total charge) of the
molecules at different pH (see Scheme 1 and Scheme 2 in our
manuscript). The graphene atoms were kept without any charge.
A simulation box with the molecule in the middle and two gra-
phene sheets at the bottom was prepared thereafter. The entire
system was further solvated in water. TIP3P model parameters
[56] were used for all the water molecules in the system. Na*
and CI" counter ions were added to neutralize the full system.
The parameters for the interaction between the molecule, water,
ions and graphene were taken from AMBER99ILDN force field
[57]. It's worth mentioning that, we have used AMBER class of
force fields in our simulations, which is one of the most recom-
mended class [58,59] of force fields for biomolecular simulation.
Periodic boundary condition was imposed in all three (x, y and z)
directions. The x- and y-dimensions of the box were kept equal
to the x- and y-dimensions of the graphene surface, and the atoms
located at the edge of the graphene were connected through bonds
via the periodic boundary condition. The initial system prepared
for the MD simulation is shown in Fig. 1a below. For more details
on MD simulation and free energy calculation methodologies see
Supporting Information.

To quantify the relative binding affinity of the different molec-
ular species with the graphene surface, we calculate the binding
affinity constant by integrating the free energy curve [44]
weighted by Boltzmann probability as follows:

cutoff
Keae = C / exp(— W oai(2))dz (5)
0

cutoff
Kea' = Keac/C = /0 exp(— fWeare(2))dz (6)

Here Wy (2) is the calculated PMF profile, which is shown in
the Supporting Information (Fig. A2) and (1/ksT) is the Boltzmann
factor. cutoff is the distance upto which the molecule is interacting
with the graphene surface. Please note that the binding affinity is
determined only up to a constant C. However, irrespective of this
constant, the relative binding affinity can be well characterized

by Keaie (Keaie /C). As a first approximation, we take the value of C
to be 1 and report the binding affinity values. It is worth mention-
ing that there is another way of evaluating the binding affinity
where instead of integrating the full PMF curve, just the minima
of the PMF profile is taken [43,46]. However, evaluation of binding
affinity by integrating the PMF profile is physically more meaning-
ful, since the integration explores the full shape of the PMF profile.
Nevertheless, we also calculated the binding affinity by consider-
ing only the PMF minima, which provided comparable results
obtained with our choice of binding affinity extraction as shown
in the Supporting Information (Fig A3).

To measure the interaction energy between two equal adsor-
bate species, we chose the equilibrated geometry of maleic acid
as it adsorbed on the graphene and made 2 copies of it as shown
in Fig. 1c. One of the adsorbate molecules was kept frozen in that
geometry while the other molecule was pulled towards it. The
interaction energy between the two molecules was measured in
the course of pulling. The method of the calculation is schemati-
cally described in Fig. 1(c). The interaction energy between differ-
ent variants of the adsorbate, which was calculated the same way
is shown the Fig A4 in the Supporting Information.
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Scheme 1. Charge states of phenylalanine at different pH-values.
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Fig. 1. Molecular Dynamics workflow: (a) A Snapshot of the initial system prepared for molecular dynamics simulation. The two graphene sheets are positioned in one end of
the simulation box and maleic acid is kept in the middle. The surrounding water medium is shown in translucent color, but not in full atomistic detail for clarity. The
simulation box is shown in blue lines. Reaction coordinate for the free energy calculation is also highlighted. (b) Simulation snapshot when the maleic acid molecule is
adsorbed on graphene. (c) Initial snapshot of a system prepared to calculate the interaction energy between two adsorbed maleic acid molecules. One maleic acid molecule
was kept frozen to its adsorbed geometry while another molecule is pulled towards it and the interaction energy is measured. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

3. Results

3.1. Adsorption of maleic acid onto activated carbon and carbon
nanotubes

At the beginning of our experimental series, we studied the
adsorption of maleic acid onto AC and CNT in a broad pH-range
between approx. 2 < pH < 12. Maleic acid is a typical representative
of a two-protonic acid having pKa-values of pKal = 1.92 and
pKa2 = 6.23. In Fig. 2 the resulting experimental loadings, indicated
as colored circles, are plotted versus the equilibrium pH-value. The
color of the symbols shows the resulting equilibrium concentra-
tions. In addition, the continuous lines indicate the Moreau iso-
therms corresponding with different total equilibrium
concentrations of the adsorbate in solution. The required isotherm
parameters were obtained independently by MD simulations or via
the described genetic algorithm (GA). Having two different carbon
materials and two ways of parameter determination, this results in
four sets of isotherms shown in the plots (a) to (d) of Fig. 2. Fig. 2a
and b show the isotherms describing the adsorption of maleic acid
onto AC, with a parameter set determined by GA and MD, respec-

tively. Fig. 2c and d show the corresponding isotherms for the
adsorption onto CNT, again with the parameter sets determined
by GA and MD, respectively.

In our discussion we start with the experimentally determined
loadings of maleic acid onto AC (filled circles in Fig. 2a and b).
Because the same experimental data set is used, the corresponding
filled circles in Fig. 2a and b are identical. The loadings show a clear
relationship towards both, the equilibrium pH as well as the equi-
librium concentration. The decrease of the loading with increasing
pH can be explained by the related change of the dissociation state
of maleic acid [27,32]. If a negatively charged maleic acid species is
adsorbed onto the carbon surface, the adsorption of further nega-
tively charged species is hampered. In case of species which are
twice negatively charged, this effect is even more pronounced.
The isotherm sets in Fig. 2a and b show, that this effect is correctly
described by both parameter sets, regardless of whether the deter-
mination was made by GA or MD. The isotherms display three
plateaus and intermediate transition sections which are in accor-
dance to the pKa-values of maleic acid. Below pH ~ 2 a high frac-
tion of uncharged, fully protonated species of maleic acid is
present, resulting in maximum loadings of the adsorbent. A second,
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Fig. 2. pH-dependent loading of maleic acid onto AC and CNT: pH dependence of the experimental and predicted loadings of maleic acid onto AC (Fig. 2a; Fig. 2b) and CNT
(Fig. 2c; Fig. 2d), respectively. The circles represent experimentally determined loadings and the squares are calculated with the extended Moreau isotherm model for the
same conditions. In Fig. 2a and Fig. 2c, the isotherm parameters are extracted from the experimental data by an GA. In Fig. 2b and Fig. 2d, the isotherm parameters are
calculated by MD simulations. The continuous lines indicate the Moreau isotherms calculated for the GA or MD parameter sets and constant total equilibrium concentrations
of maleic acid of 2, 5, 10, and 20 mM. The experimental standard deviation (SD) is based on experiments conducted as duplicates in case of Carbopal SC11 and as triplicates in

case of CNT.

lower plateau can be found for pH-values around 3 < pH < 6, where
the main fraction of maleic acid is in a one-fold deprotonated state.
And finally, the third plateau can be seen at pH > 8.5 with twice
deprotonated maleic acid dominating, resulting in loadings less
than one tens of the maximum loadings.

It should be mentioned that for most MD predictions of binding
affinities reported in literature are based on free energy calcula-
tions of a system where a single molecule approaches the surface
of the adsorbent. Therefore, this type of MD simulation cannot cap-
ture the interaction effects between multiple adsorbed species. In
order to achieve the degree of quantitative agreement shown in
Fig. 2b, an extended MD simulation as described in Section 2.4.2
was necessary. When judging the quantitative agreement between
the experimental data and the predicted isotherms one encounters
the problem that the isotherms are calculated for a fixed total equi-
librium concentration of dissolved maleic acid species cj, - In
contrast, in the experiments the ¢, remaining in solution is
varying, depending on the amount of maleic acid adsorbed. There-
fore, it cannot be expected that an experimentally determined
loading directly hits one of the exemplary isotherms. In order to
overcome this problem, we further calculated the theoretical load-
ing corresponding with the equilibrium pH and c;,,, of each
experiment and included the results as colored squares in the
plots. The corresponding pairs of experimental (circles) and pre-

dicted (squares) loadings can be identified by the fact that they
share the same pH,, (position on the x-axis) and the same ¢, .,
(color). From Fig. 2a, it can be seen that the predicted loadings
based on parameters fitted via the GA deliver a very good approx-
imation of the experimental loadings over a broad pH-range
(2 < pHeq < 10.5) as well as a concentration range of c;y, ., between
2 and 25 mM. This observation shows that the applied extended
Moreau isotherm is basically capable of describing the complex
interrelationships of the adsorption of mixtures of charged and
non-charged organic species. While this fact might be expected
considering the high number of parameters which can be fitted
by the GA, the good agreement between the predictions of the iso-
therm based on parameters determined by MD and the experimen-
tal results (see Fig. 2b) is remarkable. The only exception of the
good agreement is the pH-range below pH =~ 4, where the
uncharged, fully protonated species of maleic acid starts to form
a significant fraction of cjy, ... The reason for this discrepancy can
be found in Table 1, which summarizes the parameters resulting
from GA fitting and MD simulations for the adsorption of maleic
acid onto AC and CNT. Comparing the affinity constant of the
uncharged species (Ka) calculated by GA and MD it shows that
MD postulates a rather high value of around 63,000 while the GA
finds only 22,000. Apart from this, the GA predicts a small repulsive
interaction between the adsorbed uncharged species, while in the



Table 1

Moreau isotherm parameters of the adsorption of maleic acid onto CNT and AC, determined by GA and MD, respectively. The standard deviation of the GA parameters and the

coefficients of determination are based on 30 parameter sets determined with the algorithm.*

MA on CNT
Parameter GA GA SD
Ka (L/mol) 2516 +79
Kg (L/mol) 1728 +25
Kc (L/mol) 0.1 +0.0001
(max (Mmol/g) 0.095 +0.0004
Uaa (kJ/mol) 5 +0.1
Uag (kJ/mol) 30 +0.1
Ugs (kJ/mol) 30 +0.01
Ugc (kJ/mol) 30 +0.4
Ucc (kJ/mol) 30 +0.5
R? 0.68 +0.0004

MA on Carbopal

MD GA GA SD MD
62,856 22,046 +56 62,856
2391 412 +1 2391
6 11.6 +0.009 6
0.06 1.37 +0.001 1.05
0 53 +0.004 0

0 30 +0.02 0

17 10.7 +0.02 17

6 30 +0.006 6

17 30 +0.005 17
0.49 0.99 +0.000001 0.89

" The corresponding plots to the determination of R? can be found in Fig. A1 for the GA-fits.

MD calculation there is no interaction between uncharged species
because the interaction energies are scaled with respect to the neu-
tral-neutral interaction energy (setting the neutral-neutral inter-
action energy to be zero.) (for more details see Table A3 and
Fig. A4 of the Supporting Information). In consequence, all equilib-
rium concentrations of uncharged maleic acid above approx. 1 mM
result in a full saturation of the carbon adsorbent in the calcula-
tions based on the MD parameters, independent of the actual con-
centration value. Fig. 2b shows that this is not the case in the
experiments, indicating that the MD overestimates the affinity of
uncharged maleic acid towards carbon materials.

Before looking onto the parameters in Table 1 in more detail,
the adsorption of maleic acid onto CNT will be discussed (Fig. 2¢
and d). From the experimental data and the isotherms based on
parameters fitted by the GA (Fig. 2¢) it can be seen that the pH
dependency of the adsorption follows the same trend. Again,
uncharged species at low pH show a stronger adsorption affinity
than the one-fold charged species around pH 5, and the one-fold
charged species show a higher adsorption affinity than the two-
fold charged species at pH 8. In absolute numbers, it also shows
that the loading capacity of CNT is less than 10% the one of AC. This
discrepancy can only be partly explained by the 4.5 times higher
specific surface area of the AC. Additional reasons may be differ-
ences in the pore size distribution and the tridimensional structure
in solution. Moreover, the existence of defects or functional groups
on the surface, which depend on the synthesis conditions, may also
lead to a different adsorption behavior. Another problem arising
from the low loading capacities of CNT is the increased standard
deviation of the experimental data, influencing also the quality of
the isotherm parameters determined by the GA. Nevertheless,
the set of pH-dependent isotherms plotted by the help of the GA
parameters in Fig. 2¢ nicely show the three plateaus and the inter-
mediate transition areas discussed above for the case of the
adsorption of maleic acid onto AC. Again, also the isotherms based
on the MD parameters are able to describe the experimental data
to a satisfying degree.

This is remarkable, because the same set of MD parameters was
used, calculated for the interaction of maleic acid with a plain gra-
phene surface. The only exception is the maximum capacity, which
cannot be predicted by MD and therefore must be fitted to the
experimental results. This fit gives a maximum capacity for the
adsorption of maleic acid onto CNT of 0.06 mmol/g, while in the
case of AC this value is 1.05 mmol/g. Besides this difference, the
calculated isotherms in Fig. 2b and 2d are based on the same set
of parameters. Looking at the interaction parameters determined
by the GA, a limitation of the Moreau model gets obvious. Despite
one exception, all interaction energies U,y involving at least one
charged species are set to the maximum of 30 kj/mol by the GA.
This value (30 kJ/mol) represents a strong repulsive interaction

and is the maximum of the allowed range for all Uy, parameters
(X represents A, B and C). If the maximum was set at even higher
interaction energies, the GA also selected these values (data not
shown), indicating that in these cases the algorithm always
approached the maximum repulsive interaction. The reason for
this originally unexpected behavior can be found in the circum-
stance that no matter how large the repulsive interaction Uy is
selected, the loading predicted by the Moreau isotherm is reduced
to 50% at max, compared to the loading predicted without the
repulsive interaction. However, in the experimental data the
reduction of the achievable loadings due to repulsive charge inter-
actions seems to be even stronger. Therefore, the GA tries to
approach this situation as well as possible by pushing the repulsive
interaction parameters to their limits. This is a general problem of
Langmuir isotherm variants restricting the interaction of adsorbed
species to binary pairs. There are other variants considering also
the interaction of e.g. triples, however, the respective equations
get even more complex and the number of parameters increases.
Therefore, we choose the Moreau isotherm despite its limitations.

3.2. Adsorption of phenylalanine onto activated carbon and carbon
nanotubes

A second example for the adsorption of an organic substance
with multiple protonation states onto carbon materials was inves-
tigated by measuring the adsorption of phenylalanine onto AC and
CNT at different initial pH and concentration values. As described
in the materials section, phenylalanine differs from maleic acid
by the fact that its main conformation over a broad pH-range
between approx. 2 and 9 is a zwitterionic form having a positive
as well as a negative charge. Besides this zwitterionic form a catio-
nic form dominates at pH < 2 and an anionic form at pH > 9. There-
fore, the adsorption of phenylalanine at different pH-values is an
interesting case, which covers cations, anions, but also species
which have a zero net charge but showing negative and positive
regions. As in the case of the adsorption of maleic acid, the exper-
imental results were compared with the predictions of the
extended Moreau isotherm using parameters of a GA fit and MD,
respectively (Fig. 3). In comparison to the adsorption of maleic
acid, the adsorption of phenylalanine shows a rather different
adsorption behavior in dependency of the pH. Looking at the
adsorption onto AC, the first thing which becomes obvious is that
the equilibrium pH of the experiments ended up in a rather narrow
pH-range between 6.5 < pH < 9, although the initial pH-values of
the solution before mixing with the AC were adjusted to values
between pH 4 and pH 9.5. In case of initial pH-values below pH
6, the addition of AC resulted in a strong increase of the pH, ending
up in the mentioned narrow pH-range. The reasons for this pH shift
will be discussed separately in Section 3.3. Because of the limited
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Fig. 3. pH-dependent loading of phenylalanine onto AC and CNT: pH dependence of the experimental and predicted loadings of phenylalanine onto AC (Fig. 3a; Fig. 3b) and
CNT (Fig. 3c; Fig. 3d), respectively. The circles represent experimentally determined loading and the squares are calculated with the extended Moreau isotherm model for the
same conditions. In Fig. 3a and Fig. 3c, the isotherm parameters are extracted from the experimental data by a GA. In Fig. 3b and Fig. 3d, the isotherm parameters are
calculated by MD simulations. The continuous lines indicate the Moreau isotherms calculated for the GA or MD parameter sets and constant total equilibrium concentrations
of phenylalanine of 1, 2, 5, 10, and 20 mM. The experimental standard deviation (SD) is based on experiments conducted as duplicates in case of Carbopal SC11 and as

triplicates in case of CNT.

equilibrium pH-range, the GA only can deliver meaningful param-
eters for the affinity constants (Kg, K¢) and the interaction terms
(Ugg, Upc, Uce), but not for the parameters of species ‘A’ (cationic
phenylalanine), because this species is practically absent above
pH 4. While the pH dependency is not fully covered in the experi-
ments, the results show a clear dependence of the equilibrium
loading with the equilibrium concentration remaining in solution.
This relationship is satisfactorily described by the Moreau iso-
therms using the parameters determined by the GA (Fig. 3a). Also,
the isotherms show a high sensitivity of the loading with respect to
the equilibrium concentration in the pH-range between 6 and 8. In
the form of dashed lines, Fig. 3a also shows a rough estimation of
the course of the loadings at lower equilibrium pH. The estimation
of the isotherm parameters defining this course is based on the
observed pH-shifts, and will be discussed in Section 3.3.

The calculated adsorption isotherms based on parameters
determined by MD show that also in this case the MD derived
parameters are able to approximate the general trend of the pH
dependency (Fig. 3b). However, as in the case of uncharged maleic
acid, the MD calculations overestimate the affinity of the zwitteri-
onic phenylalanine species towards AC. As a result, even low equi-
librium concentrations of 2 or 5 mM correspond to almost
saturated loadings. In consequence, the fit algorithm for the only
unknown parameter (ma.x Selects a medium value of around
1.3 mmol/g and the concentration dependence is not sufficiently

reflected. In Fig. 3¢ and 3d the pH dependency of the adsorption
of phenylalanine onto CNT is plotted. In case of the experiments
with CNT also low equilibrium pH-values could be realized, show-
ing a clear drop of the achieved loading. Again, the zwitterionic
form of phenylalanine shows a strong dependence between its
adsorption and the equilibrium concentration in solution. While
the isotherms based on GA parameters are able to describe these
relationships satisfactorily, the MD derived parameters (which
are the same than the ones used for the adsorption of phenylala-
nine onto AC) give the correct trend with respect to pH, but cannot
explain the concentration dependency quantitatively, because of
the overestimation of the binding affinity. Just like the adsorption
behavior of maleic acid, the qualitative dependency of the loading
of phenylalanine in relation to the pH can be explained by the
charge of the molecules. Phenylalanine is charged positively in
its fully protonated conformation and behaves in most respects
like a neutral molecule in the one-fold deprotonated, zwitterionic
form due to a neutralization of the positive and the negative charge
[60]. Therefore, the zwitterionic form shows the strongest ten-
dency to adsorb onto carbon surfaces. In order to describe this
trend correctly, the MD calculations have to consider the interac-
tion energies of the charged molecule species. Calculating only
the affinity parameter for the adsorption of a single molecule onto
a graphene surface, the cationic phenylalanine species shows a
remarkably high value (see Table 2), which on its own would pre-



Table 2

Moreau isotherm parameters of the adsorption of phenylalanine onto CNT and AC, determined by GA and MD, respectively. The standard deviation of the GA parameters and the
coefficients of determination are based on 30 parameter sets determined with the algorithm.”

PHE on CNT
Parameter GA GA SD
Ka (L/mol) 0.1 +0.04
Kz (L/mol) 97 +2
K¢ (L/mol) 78 +2
(max (Mmol/g) 0.45 +0.004
Uaa (KJ/mol) 29 +1
Uag (kJ/mol) 30 +0.07
Ugg (kJ/mol) 30 +0.004
Ugc (kJ/mol) 30 +0.01
Ucc (kJ/mol) 30 +0.4
R? 0.32 +0.002

PHE on Carbopal

MD GA GA SD MD
56,525 2000* +0 56,525
3347 1485 +109 3347
4518 10,593 +697 4518
0.16 1.71 +0.01 1.33
38 30* +0 38

0 30* +0 0

0 2.6 +0.3 0

0 5 +0.2 0

19 30 +0.03 19
—-0.09 0.38 +0.002 0.31

" These parameters are estimated by the help of the course of the resulting pH-shift discussed in Section 3.3.
" The corresponding plots to the determination of R? can be found in Fig. A1 for the GA-fits.

dict a high adsorption of phenyalanine at low pH-values. However,
even this high affinity parameter is overruled by the strong repul-
sive interaction between adsorbed molecules originating from
their charge.

3.3. pH-shifts during the adsorption of maleic acid

In many of our experiments, we observed a pronounced pH-
shift occurring during the adsorption of the mixed adsorbates onto
the carbon materials. This effect is also often described in literature
(see e.g. [38]), however, in most cases without detailed explana-
tions or attempts to model the pH shift quantitatively. The reason
for the pH-shift during the adsorption of substances with multiple
species having differing protonation states, is mainly the preferred
adsorption of one of the dissolved species and the subsequent
restoration of the equilibrium between protonated and deproto-
nated species. In the following, the introduced extended Moreau
isotherm is applied to predict the pH-shift by combining the equa-
tion of the isotherm with the equations of dissociation equilibria in
solution and mass balances. The details of the resulting equation
system are listed in the Supporting Information.

The discussion of the accuracy of this set of equations starts
with the comparison of the experimental and calculated pH-
shifts occurring during batch experiments investigating the
adsorption of maleic acid onto AC. As shown in Section 3.1, the
extended Moreau isotherm delivers an accurate description of
the loadings obtained in these experiments, raising the expectation
that also the connected processes in solution should be described
correctly. As can be seen in the right part of Fig. 4a, this is perfectly
true for the prediction of the total equilibrium concentrations of
maleic acid, which is the sum of the concentrations of fully proto-
nated as well as one-fold and two-fold deprotonated maleic acid.
For all investigated initial concentrations, the measured equilib-
rium concentrations (colored circles) fully match the predicted val-
ues (colored lines) over the whole pH-range. The left part of Fig. 4a
shows the measured and calculated pH-shifts (pHeq - pHo) during
the same experiments. Although the data basis is not very dense,
the measured pH-shifts clearly show two peaks around pHg = 3
and pHo = 7, at which the resulting equilibrium pH-value is
increased by more than two pH units compared to the initial pH
(see the results of the experiments starting at 20 mM and the
added dashed line representing the Makima® interpolation of the
experimental pH-shifts). This means for example that the equilib-

3 Modified Akima piecewise cubic Hermite interpolation (https://blogs.math-
works.com/cleve/2019/04/29/makima-piecewise-cubic-interpolation/).

rium pH of the batch binding experiment of 20 mM maleic acid onto
AC starting at pH 3 reached a final pH-value of 5.6. Keeping in mind
the logarithmic nature of the pH, this means that the H* concentra-
tion dropped around a factor 400 during the experiment. The effect
of an enhanced pH-shift towards higher pH-values at or slightly
above the pKa-values of maleic acid is within our expectations and
will be explained for a system starting at pHg ~ pKal in the follow-
ing. In the mentioned pH-range, the initial solution contains about
equal concentrations of fully protonated and one-fold deprotonated
maleic acid. When getting into contact with AC, the adsorption of the
fully protonated species is strongly preferred, resulting in a deple-
tion of this species in solution. However, the solution almost instan-
taneously re-equilibrates the dissociation equilibrium of maleic acid
by protonating a small part of the one-fold deprotonated species.
This reaction consumes protons and consequently increases the
pH. An analog explanation holds for batch experiments starting
around pHg ~ pKa2, where the adsorption of one-fold deprotonated
species is preferred against the adsorption of two-fold deprotonated
species. In between, around pH 5, the solution contains almost only
the one-fold protonated species. The adsorption of such a ‘single spe-
cies’ system does not disturb the dissociation equilibria of maleic
acid and the resulting pH-shift is comparably small.

As can be seen from Fig. 4a and b, the simulation of batch exper-
iments by means of the Moreau isotherm and parameters derived
by GA, but also MD, nicely follows the experimental trend. How-
ever, the extend of the pH-shift is reduced, reaching values only
slightly above one pH unit. As will be discussed in more detail
for the case of batch adsorption experiments of phenylalanine onto
AC (see next section), the most likely reason for this discrepancy
can be found in functional groups at the AC surface. Furthermore,
the surface itself also influences the pH; this is one more reason
for the discrepancies between model and experimental values.
The protonation or deprotonation of these functional groups
results in an additional pH-shift if an aqueous solution is contacted
with the AC. Independent of the absolute extend of the pH-shift,
the model also reflects the trend that solutions with low maleic
acid concentrations experience a higher pH shift. The effect can
be led back to the increased pH buffering in presence of a higher
maleic acid concentration. For the adsorption of maleic acid onto
CNT a similar trend of the experimental pH-shift, which is less pro-
nounced due to the smaller specific surface area, can be observed
between 2 < pHy < 8. The pH-shift around pKal is less pronounced,
resulting in a course of the pH-shift not having two clear peaks but
rather a continuous rise with a small dip around pH 5. The same
dependencies can also be seen in the calculated pH-shifts, how-
ever, with almost no pH-shift predicted in case of pHy ~ pKal
and the adsorption parameters determined by GA.
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Fig. 4. pH-shift simulation of maleic acid onto AC and CNT: Experimentally observed (symbols) and predicted (continuous lines) pH-shift during the adsorption of maleic acid
onto AC (a,b) and CNT (c,d). The prediction of the equilibrium pH and concentration uses the Moreau isotherm based on GA (a,c) and MD (b,d) parameters. The dotted red line
shows a Makima-fit for the experimental pH shifts in order to visualize the course of the experimental data. The experimental standard deviation (SD) is based on
experiments conducted as duplicates in case of Carbopal SC11 and as triplicates in case of CNT. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

3.4. pH-shifts during the adsorption of phenylalanine

Because of its multiple protonation states, it can be expected
that also the adsorption of phenylalanine should affect the pH of
the solution which gets in contact with the carbon material. From
the previous section, we know that both carbon materials show a
preferential adsorption of the zwitterionic form of phenylalanine
because of its neutral total charge. As a result, the concentration
of this species is reduced to a higher degree than the concentra-
tions of the charged species of phenylalanine. At low pH a fraction
of the positively charged phenylalanine molecules deprotonates in
order to readjust the dissociation equilibria related to pKal. In con-
sequence, protons are released to the solution and the pH should
drop. At pH-values >7 still the zwitterionic form shows preferred
adsorption. Therefore, the amine group of negatively charged
phenylalanine species captures a proton to readjust the dissocia-
tion equilibria related to pKa2 and the pH of the solution rises.
Therefore, the pH effects caused by the selective adsorption of dif-
ferent species of phenylalanine should differ from the one
observed for the adsorption of maleic acid, where we predicted
and measured a rise of the solution pH around pKal and pKa2.

When analyzing the pH shift of the respective adsorption exper-
iments with phenylalanine onto AC, at first sight it seems that the
results strongly deviate from this prediction. As shown in Fig. A5a

of the Supporting Information, the pH shift between the equilib-
rium pH and the initial pH is strongly positive even at low initial
pH-values around 3 or 4. However, the contradiction can be
resolved by looking at the pH-shift which is caused by pure AC
when suspended in unbuffered solutions of different pH. In
Fig. A5b it can be seen that already pure AC causes a strong pH-
effect in experiments with the same ratio of carbon to liquid, with
a positive pH-shift up to three pH units at a starting pH-value of
PHp = 4. Above pHg = 7 the pH-shift turns into negative values with
a shift of —2.5 units around pHg = 9. It is known that when dry car-
bon materials get into contact with water the protonation or
deprotonation of functional groups, e.g. carboxyl groups, causes
such a pH-shift in the adjacent solution [61]. The higher the speci-
fic surface area and the more functional groups are present, the
more distinctive is the influence on the pH-value. Therefore, in
order to extract the pH-effect caused by the adsorption of pheny-
lalanine, we subtracted the pH-effect caused by contacting AC with
pure water from our experimental values (see Fig. 5). After the
elimination of the pH-shift caused by surface groups, the remain-
ing pH-shift shows the expected trend moving from a negative
pH-shift in the range of pKal towards a positive pH-shift in the
range of pKa2. The calculation of the pH-shift applying parameters
determined by GA also shows this dependency qualitatively (see
Fig. 5a). However, the predicted degree of the pH-shift is too small.



(a) 4 0.03

15 mM
——20mM| o
3t|—30mm| 0.025 ? &
——40mM| ¢ B
e

ot (mol/L)

CPhe,

End

(b) 4 0.03
15 mM
——20mM °
3t—30mm| | 0.025 2 [
——40mM| ¢ =
e | ~
o 2 i SI 0.02 ®
T o ®
> é ]
T 1 -
5 ke
- F
o 0 *%
€
-1
-2 0
0 0 5 10
pHEnd

Fig. 5. pH-shift simulation of phenylalanine onto AC: Experimentally observed (symbols) and predicted (continuous lines) pH-shift during the adsorption of phenylalanine
onto AC. The experimental pH-shifts were corrected by the pH-shifts caused by AC in deionized water in order to highlight the pH-shift caused by the adsorption of
phenylalanine (see Supporting Information). The prediction of the equilibrium pH and concentration uses the Moreau isotherm based on GA (a) and MD (b) parameters. The
dotted red line shows a Makima-fit for the experimental pH shifts in order to visualize the course of the experimental data. The experimental standard deviation (SD) is based
on experiments conducted as duplicates. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

A possible reason might be the high sensitivity of non-buffered
solutions in the neutral pH-range around 4-10 towards small inac-
curacies in the absolute H" concentration. In contrast to the calcu-
lated pH shift applying GA parameters, the predicted pH shifts
applying MD parameters cannot describe the trend of the pH shift
correctly (Fig. 5b). The cause can be found in the very high value of
the parameter Ka, predicting a preferred adsorption of the posi-
tively charged species of phenylalanine, correlating with a positive
pH-shift instead of a negative one.

The measured and calculated pH-shifts in case of adsorption
experiments of phenylalanine onto CNT are plotted in Fig. A6 in
the supporting information. Because of the comparably small
adsorption capacities, the calculated pH-shifts are very small, inde-
pendent if parameters determined by GA or MD are used. In con-
trast, the measured pH-shifts show a sharp negative peak in the
pH-range between approx. 5-7. Again, it is likely that this pH-
shift is caused by functional groups at the surface of the CNT. How-
ever, despite its extent, the pH-shift in the neutral pH-range does
not have a significant influence onto the adsorption behavior.
The zwitterionic form is by far the most dominant species of
phenylalanine in a pH-range stretching from approx. 3-8. There-
fore, the pH-shift does not influence the species of phenylalanine
in solution. In consequence, according to our model, there is also
no influence on the adsorption behavior. It should be mentioned
that the situation would differ if the functional groups causing
the pH-shift would significantly contribute in the adsorption pro-
cess. However, looking at Fig. 3d, it shows that the prediction of
almost no pH-dependence of the adsorption of phenylalanine in
the mentioned pH-range is confirmed by the experiments.

4. Conclusions

In this study we demonstrated a two-pronged approach for the
description and prediction of the adsorption of organic molecules
with multiple protonation states onto carbon materials. Both
approaches use a cooperative Langmuir model - the extended
Moreau isotherm - to calculate the total loading of the organic
compound in dependence of the pH and the total equilibrium con-
centration cj,, of the compound in solution. Together with the
known pKa-values of the compound, the species distribution in
the solution is fully defined by pH and c;,. The extended Moreau

isotherm uses individual affinity constants for the various protona-
tion states and mutual interaction energies of adsorbed species to
predict the loading. While the extended Moreau isotherm is used
in both approaches, they differ in the way how the named param-
eters are determined. In the first approach, the parameters are
derived by an inhouse-developed genetic algorithm from experi-
mental data. In the second approach, sophisticated molecular
dynamics calculations using umbrella sampling are used to calcu-
late the parameters only from the known molecular structures of
the compounds and MD force fields. In the case of maleic acid as
adsorbate, both approaches were able to achieve a good fit
between experimental and calculated loadings in a wide pH-
range between 2 and 11. This shows that it is essential to include
mutual interactions of adsorbed molecules in case of charged spe-
cies, however, such interactions commonly have been neglected in
most multicomponent adsorption models [62]. In the case of
phenylalanine as adsorbate, the quality of the fit between experi-
mental and calculated loadings was less satisfying. However, the
main reason for the reduced correlation is given by the stronger
scattering of the experimental data and the limited pH-range in
which they are available. Nevertheless, the general trend of the
dependency of the loading on the pH, and therefore on the species
distribution in solution, was captured by both approaches also in
this case. Besides the calculation of loadings for given pH and con-
centration values, we applied the derived isotherms also for the
more complex task of predicting the outcome of batch adsorption
experiments, something which has not been shown for models
considering interactions between the adsorbates before [32,63].
The different affinities of different protonation states of a com-
pound result in a preferred adsorption of one of the dissolved spe-
cies, corresponding with a disturbance of the dissociation
equilibria of the compound in solution. In consequence, the
adsorption process is accompanied by chemical reactions in the
solution, resulting in a more or less pronounced pH-shift. In com-
bination with mass balances and equations for the description of
dissociation equilibria, the derived extended Moreau isotherms
were able to explain the observed pH-shifts at least qualitatively.
Therefore, this work shows that the derived extended Moreau iso-
therm allows an improved prediction of the adsorption of sub-
stances with multiple protonation states. An important key for
the applicability of the isotherm is the description of two system-
atic procedures enabling to derive the numerous required isotherm



parameters either by a genetic algorithm based on experimental
data or via sophisticated molecular dynamics calculations. The
same isotherm model and procedures should also be suitable to
derive accurate adsorption isotherms and the required parameters
for other compounds with multiple charged species, such as
charged oxoanions or heavy metal hydroxides. There are many
important industrial processes, where such a generalized adsorp-
tion model can be used to optimize products and processes, such
as the production and purification of carboxylic acids by fermenta-
tion of waste biomass and subsequent concentration using acti-
vated carbons [64], the adsorptive purification of numerous
amino acids [65], or the common removal of arsenate and selenate
using charcoals [66].
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