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1. Introduction

New insights in the physicochemical investigation
of the vitamin B, nucleus using statistical physics
treatment: interpretation of experiments and
surface properties

Manel Ben Yahia*? and Mohamed Ben Yahia (2 *P

In this research paper, the equilibrium isotherms for the adsorption of cobalt(i)nitrate and cobalt(i)chloride
on tetrakis(4-tolylphenyl)porphyrin (H,TTPP) were obtained at four temperatures for modeling analysis. The
experimental data describing the adsorbed quantity of cobalt particles were measured using the quartz
crystal microbalance (QCM) strategy. Then, statistical physics formalism was employed to interpret the
complexation mechanism by applying the real gas law that contemplates the interaction between the
adsorbate particles in the free state. Advanced models treated with the law of van der Waals were
applied for the single and L.B.L adsorptions of Co®" at various temperatures (288-318 K). The
experimental adsorption data of CoCl, on porphyrins were satisfactorily fitted with the monolayer
equation, showing that the chlorine particles had no effect on the complexation system, while the nitrate
particles were involved in the adsorption of Co(NOgs), and contributed to the layer formation. The
physicochemical parameters of statistical physics models were estimated and used to compare the
complexation mechanisms of both adsorbates. The study of the cohesion pressure (a) and the co-
volume (b) confirmed that cobalt chloride guaranteed more stability during the formation of the vitamin
Bi> nucleus. Deeper energetic analysis demonstrated that cobalt ions were complexed by ionic or
covalent bonds in the case of cobalt chloride (complexation energy (—£1,) varies from —48.2 to —50.3),
while a physisorption process took place in the case of cobalt nitrate ((—£;) varies from —33.6 to —36.1),
thus indicating that CoCl,—H,TTPP was the most stable complex. The statistical physics models were
also used to investigate two thermodynamic functions that govern the adsorption mechanisms, namely,
the configurational entropy and the Gibbs free enthalpy.

a significant contribution to the dioxygen transport in the
human body." Also, it has been proved that tolylphenylpor-

In recent studies, the adsorption of various cationic ions (zinc,
iron, magnesium, etc.) on complexing macrocycle molecules
(helicenes, porphyrins, cyclodextrins, etc.) has been investigated
due to their interesting contribution to several biological
responses.™” To study the complexation mechanism of biosen-
sors in adsorption systems, experimental adsorption isotherms
were obtained using the quartz crystal microbalance strategy.’ A
theoretical description of experimental data was carried out by
applying statistical physics formalism to evaluate the physico-
chemical properties of the sorption process at the solid-liquid
interface.* In particular, it has been demonstrated that tetra-
phenylporphyrin can be used as a sensor for Fe** and Fe*" and
forms a steady complex called heme, which assumes
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phyrin can complex with the Mg>" ion, which comprises the
chlorophyll core.” However, the complexation mechanism of
other particles on porphyrin has not been totally considered
and understood. In this paper, we have focused on another
complex of porphyrin which is more imporant than the other
metalloporphyrins. It is a cobalt-porphyrin complex (Fig. 1),
which constitutes the nucleus of vitamin B,,.°

Vitamin By,, named cobalamin, is necessary for the ordinary
working of the brain and the nervous system. In addition, it
plays an important role in the formation of blood. It is included
as a cofactor in the cell metabolism of the human body,
particularly in DNA synthesis and its regulation, as well as in the
synthesis of fatty acids and in energy production. Plants and
animals cannot produce this vitamin.® Only a few bacteria,
archaea, micro-fungi and microalgae’ have the necessary
enzymes for its biosynthesis.

A definitive thought on this examination is to provide
another strategy for the fabrication of this vitamin. The Quartz

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Illustration of the complexation reaction of the tetrakis(4-tol-

ylphenyl)porphyrin (H,TTPP) with cobalt(i) particles, resulting in the
chemical structure of the vitamin By, nucleus.

Crystal Microbalance (QCM) is proposed to control the possi-
bility of complexing the tetrakis(4-tolylphenyl)porphyrin
(H,TTPP) with cobalt ions.** The QCM technique is used
because the experimental setup devoted to the achievement of
experimental isotherms is a precious mass detecting technique
at the nanogram scale. Moreover, this experimental strategy
offers the possibility to calculate the complexed amount of
cationic metal to the upper functional electrode while simul-
taneously carrying out the complexation of porphyrin in solu-
tion.™ This is possibly a unique property that cannot be found
in other experimental apparatus.

On the other hand, from the field of interest and by
decomposing various outcomes presented in numerous inves-
tigations, it can be inferred that in most situations, scientists
can apply mathematical expressions to the experimental
data.">*> Many specialists have demonstrated that the inter-
pretation of the sorption isotherms can be given by several
model expressions.’™ Many of them are absolutely mathe-
matical and have no critical discussions.’*** Indeed, a funda-
mental thought of this paper is the use of statistical physics
treatment, which permits the establishment of advanced
models based on the grand-canonical ensemble of Gibbs. These
advanced models are applied for the microscopic description of
the complexation processes of porphyrins by the intermediate
of the physicochemical parameters involved in their analytical
expressions.">**

Interestingly, the goals of this research work are as follows:
(1) providing another technique for making the central core of
the vitamin B,,, which can be exceptionally valuable for
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producing this vitamin in industry. (2) Application of the QCM
strategy for the achievement of sorption isotherms. (3)
Choosing the appropriate type of adsorbate (cobalt nitrate or
cobalt chloride) for the fabrication of vitamin B,,. (4) Providing
theoretical analysis of the experimental results by the interme-
diate of statistical physics treatment. (5) Verifying experimental
results by statistical physics modeling. (6) Interpreting the
complexation process at the microscopic level through the
parameters given by the statistical physics models. (7) Providing
industrial recommendations for the fabrication of vitamin B,
based on experimental results and theoretical interpretations.

2. Experimental methodology: QCM
measurement

2.1. Materials

The adsorbent used in the experimental measurement is the
tetrakis(4-tolylphenyl)porphyrin (H,TTPP), which was synthe-
sized by the standard literature strategy (Adler-Longo tech-
nique).*® These porphyrins were chosen to be investigated in
this work because practically all metals can be coordinated with
their complexing cavities. Thus, since the experimental setup of
the QCM method implies the use of compounds that are soluble
in water, we chose to investigate the cobalt chloride and the
cobalt nitrate in the porphyrin adsorption. These two adsor-
bates are the most commonly used cobalt compounds in the lab
and they occur in the form of the hexahydrate (CoCl,-6H,0 and
Co(NOj3),-6H,0). Other compounds (e.g. cobalt sulfide) are
insoluble in water so they cannot be used for the achievement of
experimental isotherms using the QCM technique. Moreover,
these two adsorbates provide the metallic cobalt particle Co**
The complexation of the tetrakis(4-tolylphenyl)porphyrin
(H,TTPP) with cobalt(u) produces the core of the second form
of vitamin B;,."”” However, the use of a compound that delivers
cobalt(m) (for example, cobalt(m) nitrate) leads to the formation
of the third form of vitamin B;, (hydroxocobalamin) which
cannot be achieved by means of our experimental setup.*®

In this work we attempted to choose the reasonable adsor-
bate for the fabrication of vitamin B;, by comparing the com-
plexed quantities of cobalt ions that were estimated using the
QCM strategy.

2.2. QCM method

Generally, the QCM strategy is an advanced measurement
methodology that is devoted to the investigation of a large scope
of molecular systems at the solid-liquid interface, in particular,
biochemical and biopolymer systems." Thus, the QCM setup is
an effective mass-sensing strategy dependent on the piezoelec-
tric property of quartz crystal, ie., the microbalance device
detects all mass changes at the surface of the quartz crystal. In
addition, it is well established that porphyrins are suitable
materials for giving significant reactivity to an electrode coating
and different supporting porphyrin systems are known for their
excellent electro-catalytic characteristics in the detection of
many important analytes, for example, neurotransmitters,
nitric oxide and many others.”*”® Indeed, this experimental

RSC Adv, 2020, 10, 21724-21735 | 21725
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Fig. 2 Equilibrium adsorption data describing the complexation of cobalt(i)nitrate and cobalt(i)chloride onto tetrakis(4-tolylphenyl)porphyrin
(H,TTPP) collected at four temperatures (288-318 K) using the Quartz Crystal Microbalance method.

choice is due to the great interest given to the preparation of
functionalized electrodes with porphyrins.

The quartz crystal is the key constituent of the QCM setup. It
is AT-cut quartz that is covered on both sides with gold of
thickness varying from 100 to 1000 nm. Note also that all
crystals are polished with a fundamental resonance frequency
of 5 MHz. The thickness of the crystal is about 331 um and its
diameter is about 2.54 cm. The commercial quartz crystal is
protected by a resin layer, which should be removed using
a well-known cleaning protocol* in which the material is rinsed
with acetone and deionized water, followed by drying, then, it is
cleaned with a Piranha solution at room temperature for 1 to 5
minutes. After this cleaning treatment, the crystals are
completely rinsed with deionized water and ethanol, and then
dried by applying high purity nitrogen to remove any remaining
water. Modification of the active surface of the crystal is then
carried out by coating the porphyrin adsorbent.

Many techniques have been applied and used to immobilize
porphyrins and similar composites on the electrode surface.
Macromolecule coatings are commonly achieved either by
applying preformed polymer or by spin coating directly on the
electrode surface. Among these, the latter methodology is
attractive because it can easily follow the characteristics of the
resulting film by fitting the experimental results with mathe-
matical models.”" In this direction, modifying the surface of the
gold electrodes of quartz crystal with macrocyclic complexes is
appealing on several grounds. Specifically, exceptional atten-
tion has been targeted to porphyrin and metalloporphyrin-
based films.**

In the present work, the QCM strategy consists of the
deposition of substrate volume (porphyrin H,TTPP) by spin
coating onto the gold electrode of quartz.**** Here, 30 ul of
adsorbent is deposited at 3000 rpm for 1 min onto the quartz
crystal surface. The covered crystals are then dried at 100 °C for
2 hours. The goal is to obtain appropriate films, which should
be homogeneous over the entire surface of the quartz crystal.
The structure of such artificially modified electrodes controls

21726 | RSC Adv, 2020, 10, 21724-21735

whether the cobalt ions are captured by the macromolecules in
order to form a stable vitamin B,, product.

After the chemical functionalization of the gold electrode of
the quartz crystal with porphyrins, we proceeded with the
isotherm measurement.

2.3. Measurement protocol: adsorption isotherms

In the reactor filled with the buffer solution (V; = 100 ml), the
adsorption cell (porphyrin coated on quartz crystal) is
immersed until the stabilization of the frequency is reached.
Once the crystal is immersed in water, a change in frequency is
observed due to the hydrostatic pressure. The resonant
frequency of the polymer-coated crystal (F,) is measured by
a Maxtek frequency-meter PM700 (plating monitor). This
frequency will be used as a reference for our measurement.
Then, volumes of adsorbate solution are injected in order to
increase the cobalt concentration in the reactor. The slight
variation in the mass of one of the electrodes induces a slight
decrease in the quartz resonance frequency so the monitor
displays the values of the quartz resonant frequencies corre-
sponding to each concentration during the experiment.

In 1959, Sauerbrey** hypothesized that for small mass
changes, the added mass could be treated in the same way as an
additional mass of quartz. Therefore, the frequency-mass
relation is described as follows:****

-2
o = £ Fy= (32 Jam (1)
where F; is the measured frequency after the injection i, F, is the
reference frequency, A is the area of the sensitive surface of
quartz (cm?), p is the crystal density (g cm ™), v is the propa-
gation speed of the acoustic wave (3336 x 10° cm s~ ') and Am is
the additional mass deposited on the quartz (ug cm™>).
Finally, we obtain the equilibrium adsorption data for
cobalt(u)nitrate and cobalt(u)chloride on tetrakis(4-tolylphenyl)
porphyrin (H,TTPP), which are plotted in Fig. 2 at four different
temperatures. These experimental data are analyzed in order to

This journal is © The Royal Society of Chemistry 2020
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choose the most effective adsorbate for the achievement of the
vitamin B, nucleus by comparing the adsorption capacities of
both porphyrins.

2.4. Discussion of experimental data

The experimental adsorption data indicate that the two
complexation processes tend toward a saturation phenomenon
at high adsorbate concentrations. One saturation level
appeared for the cobalt(u)chloride adsorption and two satura-
tion levels were observed for the cobalt(u)nitrate. It can be
concluded that the adsorbate is the prevailing component in the
complexation mechanism. Moreover, the experimental results
demonstrated that the adsorption capacities were reduced for
cobalt(u)nitrate isotherms as compared to cobalt(u)chloride,
indicating that CoCl, is more suitable for the porphyrin
complexation. In light of this initial experimental result, we
suggest that cobalt(u)chloride is suitable for a real industrial
application.

This was analyzed by theoretical examination through
innovative statistical physics treatment. In light of sketching the
experimental isotherms, monolayer and double-layer models
can be adopted to analyze the adsorption curves via the fitted
parameters of advanced models. Consequently, the target of the
following stage is to incorporate experimental data and theo-
retical discoveries using these referenced models to acquire new
clarifications on the complexation mechanism of cobalt(u) on
porphyrin cavities.

3. Theoretical methodology:
statistical physics treatment

In recent works, Langmuir, Freundlich and other common
isotherm models have been successfully applied to estimate the
affinity and the adsorption capacity of adsorbent but they did
not provide any interpretation regarding the steric and ener-
getic perspectives.”** A deeper physicochemical investigation
of cobalt complexation on porphyrins was performed through
innovative statistical physics treatment that permits physical

View Article Online
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explanations of the sorption mechanism at the ionic scale.™*
Single-layer and L.B.L double-layers models were employed to
elucidate the complexation of cobalt on tetrakis(4-tolylphenyl)
porphyrin.>*

3.1. Statistical physics modeling

In order to develop the analytical expressions of statistical
physics models, some assumptions should be integrated:
(a) The reservoir of cobalt ions in solution is considered as
a reservoir of particles in equilibrium with the solid surface of
the adsorbent. Thus, the equilibrium between the free reservoir
(cobalt(u)nitrate or cobalt(u)chloride) and the adsorbed state
(solid support of tetrakis(4-tolylphenyl)porphyrin (H,TTPP)) is
described through the following equation:>**
n(Co) + Pr=(Co),, — Pr (2)
where Co is the cobalt ion, Pr is the tetrakis(4-tolylphenyl)
porphyrin, n is the number of bonded ions per complexing
site and (Co),~Pr is the complex cobalt(u)-porphyrin (H,TTPP).
(b) It is supposed that the studied system is in the grand-
canonical situation so the starting stage of analytical develop-
ment is the grand-canonical partition function (z,.). Moreover,
we just considered the translation degrees of freedom since the
adsorbate in the present investigation is a mono-atomic ion. In
this situation, we neglected all other degrees of freedom
(vibrational, rotational, electronic and nuclear degrees of
freedom).**?®
It should be also referenced that for the advanced single-
layer model, it is assumed that a single adsorbed layer is
formed and that the cobalt ions are adsorbed with the same
energy (-E). In the case of double-layer ionic adsorption, we
used a model that describes a layer-by-layer adsorption (L.B.L)
as we have shown in previous work."* In this case, the forma-
tion of the two adsorbed layers is founded on the alternating
adsorption of materials containing complementary charges.
This method is dependent on charge neutralization between
polycations and polyanions. First, the solid surface acts as
a template, and after the adsorption of cationic ions, it is

Table 1 The grand-canonical partition function (z4c), the average occupation number (No) and the adsorbed quantity expression (Q,) corre-
sponding to the single-layer adsorption and the L.B.L double-layer model

Adsorption model Single-layer

Partition function zg 1+ ePE+m

Average occupation "

number N, 1 + e BE+w
Adsorbed quantity Q, nPy

— be be n
1+ (Wl P 1= be apuce- l—h«)
C

Energetic parameter w;,, e
W, W wijs = Se kT, S: adsorbate solubility

This journal is © The Royal Society of Chemistry 2020

L.B.L double-layer

1 + BB+ 1) 4 B +E> + 20)

eB(Ertu) 1 Deb(Ei+Er+u)
1 + eB(Ei+r) 1 eB(E1+Er+u)

n 2n
¢ ¢
wi(1 — be)eXbace™T—be wa(1 — be)ebace™T—be

n 2n
¢ c
N - )
wi (1 — bc)ezﬁ“”efm wy(1 — bc)e26a¢'e*m

Lo
wiy = Se kT, S: adsorbate solubility

Py

nPy
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Table2 Numericalvalues of error coefficients (R?, RMSE and AIC) deduced from fitting experimental isotherms of cobalt(i) chloride and cobalt(i)
nitrate with the single-layer model (S—-L—M) and the L.B.L double-layers model (D—-L-M)

Temperature (K) 288 298 308 318
Adjustment coefficient R? RMSE AIC R RMSE AIC R RMSE AIC R? RMSE AIC
CoCl,/(S-L-M) 0.98 1.1 9.7 0.99 0.9 8.3 0.98 0.8 7.4 0.99 0.7 8.1
CoClL/(D-L-M) 0.96 2.4 14.3 0.97 3.2 15.2 0.97 3.1 15.1 0.97 3.5 14.6
Co(NO3),/(S-L-M) 0.94 4.8 16.3 0.92 5.2 16.1 0.93 4.9 17.4 0.92 5.1 16.5
Co(NO;),/(D-L-M) 0.97 1.2 11.2 0.98 0.8 11.9 0.98 0.9 11.3 0.99 11 10.9

Table 3 Numerical values of the physicochemical parameters (a, b, wy,,, wy and w,) estimated from fitting cobalt(i) chloride isotherms with the

single-layer model (S—L—M) and cobalt(i) nitrate isotherms with the L.

B.L double-layer model (D-L-M)

Adsorption system CoCl,/(S-L-M)

Co(NO;),/(D-L-M)

Physicochemical a(107®*JmLmol™") b (107 mL wip(J  a(107**JmLmol™) b (1077 mL wy (J w, (J
parameters mol ) mol ) mol ) mol ) mol )
288 K 12.3 9.4 0.011 18.6 15.4 0.005 0.099

298 K 9.4 12.6 0.012 15.6 18.7 0.0059 0.096

308 K 5.9 14.8 0.014 11.4 20.2 0.0061 0.092

318 K 4.8 15.8 0.013 10.2 22.4 0.006 0.09

refunctionalized and acts as a new template for the subsequent
adsorption of anionic ions. We define the energy (-E,) that
characterizes the adsorption of the first layer (cationic ions
Co0°") and the energy (-E,) that reflects the arrangement of the
second adsorbed layer (anionic ion Cl~ or NO;™)."*?

The subsequent stage in the statistical physics methodology
published in previous works comprises the calculation of the
average occupation number (N,) of identical porphyrin sites
(PM).ZG

(c) Finally, the last assumption consists of applying the
chemical potential of a real gas in order to introduce the lateral
interactions between the adsorbates, which are depicted by the
van-der-Waals parameters a and b:*’
1 1

1 be
O +2

T T he TET b 2

(3)

where u;, is the chemical potential of a perfect gas, a is the
cohesion pressure and b is the co-volume.

The final analytical expression of the adsorbed quantity (Q)
corresponding to the single-layer model and the L.B.L double-
layer model is determined from the resulting product of the
number of ions per site n and the average occupation number
N, corresponding to each model.>**’

0 =nNy (4)

The grand-canonical partition function, the average occu-
pation number and the analytical expression of each advanced
model are reported in Table 1.

All the sorption isotherms were adjusted with the two
advanced models.

From the numerical simulation of the experimental
isotherms, three error coefficients were derived:*®

(1) The first correlation coefficient R> demonstrated the good
quality of the adjustment when its value is close to unity.

21728 | RSC Adv, 2020, 10, 21724-21735

(2) The second coefficient RMSE indicates that the distinc-
tion between the theoretical values and the experimental values
is negligible when its value is less than 2.

(3) The third error coefficient AIC is a helpful factor for
comparison of the adjustment with the two models: the model
with the lowest AIC value is the most appropriate for the
microscopic explanation of the experimental data.

The numerical values of the adjustment errors of the two
models are given in Table 2.

Based on the numerical values of error coefficients, the L.B.L
double-layer model was satisfactorily chosen for the theoretical
analysis of cobalt(i) nitrate isotherms (R* ~ 1, AIC and RMSE
are the lowest values for all temperatures). On the other hand,
the advanced single-layer model shows the best numerical
adjustment with the cobalt(n) chloride-H,TTPP system (0.98 <
R*<0.99, 7.4 < AIC <9.7 and 0.7 < RMSE <1.1). This leads to the
conclusion that the anionic ions ClI” do not influence the
complexation mechanism, while the nitrate ions take part in the
formation of adsorbed layers in keeping with the previous
examinations of Zn(NO;), and Fe(NO;3), on similar
adsorbents."*??

As per the fitting results, we illustrate an approximate image
in Fig. 3 describing the single-layer complexation of cobalt(u)
chloride and the layer by layer adsorption of cobalt(u) nitrate on
tetrakis(4-tolylphenyl)porphyrin. From this numerical deduc-
tion, we can confirm the experimental results given in Section
2.4: cobalt chloride is affirmed to be the best adsorbate since the
chlorine (Cl7) ions remain in solution and have no impact on
the procedure for the complexation phenomenon.

3.2. Microscopic interpretation of the complexation process
through model parameters

The two adsorption models have common parameters which
are the number of cobalt ions per porphyrin site n, the
porphyrin density Py; and the van-der-Waals variables (cohesion

This journal is © The Royal Society of Chemistry 2020
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pressure a and co-volume b). n and Py, are considered as steric
checking parameters. The role of # is to gauge the maximum
number of cobalt ions that can be brought into the porphyrinic
cavity. The adjusted values of Py give information about the
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number of sites accessible to ions for every temperature. These
two parameters are related to the monolayer adsorption
capacity (Qmono = 7Pum) SO they characterize the complexation
phenomenon in a quantitative manner at the first adsorbed
layer level. Since the difference between the two complexation
processes is basically energetic, we consider that the interpre-
tation of the adsorption of cobalt chloride and cobalt nitrate
from the comparison of the two models by means of these
common steric parameters will not give any obvious and helpful
information. However, the cohesion pressure a and the co-
volume b describe the lateral interactions between the adsor-
bates. As such, the study of these parameters can give useful
results on comparison of the two adsorbates.

Moreover, the distinction between the two models is essen-
tially seen in the energetic parameters. The monolayer model
gives rise to a single energetic parameter wy, and the L.B.L
model involves two energy levels via w; and w,. From this
finding, one can conclude that the sorption energies have the
most relevant influence on the sorption capacities. In this way,
it suffices to compare the adsorption energies of the two
adsorbates to select the adsorbate that can form the steadiest
complex with porphyrins.
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Fig. 4 Effects of the van-der-Waals parameters (cohesion pressure a and co-volume b) on the isotherm behaviors describing the influence of
the lateral interactions on the single-layer adsorption of cobalt chloride and the double-layer adsorption of cobalt nitrate.
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The fitting values of the van-der-Waals parameters and the
energetic parameters influencing the complexation of cobalt
chloride and cobalt nitrate on porphyrin (H,TTPP) are given in
Table 3.

3.2.1 Lateral interactions: van-der-Waals parameters. The
van-der-Waals variables are useful for evaluating the nature of
the sorption system (endothermic or exothermic) and the
complex stability.>”**

First of all, it is helpful to comprehend the impact of these
parameters on the adsorbed quantity. The effects of the van-der-
Waals parameters on the isotherms behaviors are reported in
Fig. 4.

We note that the adsorbed amount Q decreases with the
increase in the value of a. The increase in the cohesion pressure
reflects an expansion in the lateral interactions involving the
adsorbates. In this situation, the free state is more attractive
than the adsorbed phase and the adsorption of cobalt ions on
tetrakis(4-tolylphenyl)porphyrin is difficult. An opposite impact
is noted for b since the expansion in co-volume induces a rise in
the complexed quantity Q. In reality, the rise in the value of
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Influence of the energetic parameters wy,,, wy and w, deduced from the single-layer and the double-layer models on the isotherm

curves: (a) evolution of the single-layer complexed quantity Q of cobalt chloride for various values of wy,,. (b) and (c) Impacts of wy; and w, on the

double-layer complexed quantity Q of cobalt nitrate.
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b reflects the increase in the distance between the adsorbates,
which supports their adsorption by the porphyrin surface.

The values of these parameters and their variations versus
temperature for the two complexation processes are shown in
Fig. 5.

As shown in Fig. 5, the cohesion pressure declines with the
increase in the temperature for the two adsorption systems. The
impact of this variable is greater at low temperatures, so the
interaction between the adsorbates is low at high temperature.
Therefore, it was concluded that the cobalt ions are easily
caught by the tetrakis(4-tolylphenyl)porphyrin at high temper-
atures. Conversely, it was noticed that an increase in the
temperature results in an expansion of b, meaning that the
repulsion between adsorbate ions is stronger at high tempera-
tures, which encourages their adsorption by the porphyrinic
surface. Consequently, the behavior of these two parameters
clarifies the reproducibility of cobalt adsorption at high
temperatures and demonstrates the endothermic nature of the
complexation processes.

The fitted values of a and b are the highest for the adjust-
ment with the adsorption isotherms of cobalt nitrate:
a(Co(NOs3),) > a(CoCl,) and b(Co(NOs),) > b(CoCl,). This leads to
the conclusion that the lateral interactions and the distur-
bances during the complexation processes are the lowest in the
case of cobalt chloride. The use of this type of adsorbate guar-
antees greater stability during the formation of the vitamin By,
nucleus. This interpretation is in agreement with the experi-
mental results but it obviously requires confirmation through
the calculation of the adsorption energies of both complexation
systems.

3.2.2 Sorption energies: energetic parameters. The two
complexation processes were fundamentally assessed as
dependent on the model parameters. In particular, the choice of
the best adsorbate is dependent on the nature of the interaction
between the two adsorbates and the complexing tetrakis(4-tol-
ylphenyl)porphyrin.

The energetic parameters that govern the complexation
process dynamics are w,, for cobalt chloride and w; and w, for
cobalt nitrate. Note that these variables present the affinity of
tetrakis(4-tolylphenyl)porphyrin sites for related particles.

Fig. 6a shows the evolution of the complexed quantity Q of
cobalt chloride for various wy/, values.

One can see that a rise in the value of the energetic param-
eter w,,, causes a decrease in Q. Table 1 includes a relation
between the complexation energy -E,,, and w;,. This relation
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demonstrates that high values of w,,, reflect low values of
complexation energy -E,,, i.e., a low complexed quantity Q.

The impacts of w; and w, on the complexed quantity Q of
cobalt nitrate are illustrated in Fig. 6b and c.

First, it should be noted that an expansion in the values of w,
influences the isotherm plot at low cobalt nitrate concentra-
tions. The influence of w; on Q is similar to the impact of wy,
because both characterize the cobalt-tetrakis(4-tolylphenyl)
porphyrin interaction. Thus, Q increases as w; decreases but
only in the low concentration range. On the other hand, w, acts
on the isotherm behaviors at high cobalt nitrate concentration
because it characterizes the interaction between the two
adsorbed layers. At saturation, an increase in the value of w,
causes an expansion of the complexed quantity Q: a high w,
value corresponds to low interaction between the two adsorbed
layers (low value of sorption energy -E,), reflecting that the
adsorbed ions of the second layer are more attractive to the
porphyrin surface and then Q increases.

The description and identification of the interaction type
were carried out through complexation energy calculations. The
adjusted values of the energetic parameters, w;,, deduced from
the single-layer adsorption and w; and w, deduced from
the L.B.L double-layer model, were used to compute the
complexation energies.

The adsorption energies |(-Ey5)|, |(-E1)| and |(-E,)| were
determined under various temperatures by the following
formulas:

B Wi
~Eyjy=ksT In (m) §
W12
Fia =T In (m) )

where S(Co(NOj3),) is the solubility of cobalt(u) nitrate in
aqueous solution, S(CoCl,) is the solubility of cobalt(n) chloride
in aqueous solution, T is the temperature and kg is the Boltz-
mann coefficient.

The values of the calculated energies (in modulus) are given
in Table 4. Their variations via temperature are delineated in
Fig. 7.

In light of Fig. 7, one can see that the adsorption energy |(-Ey,
»)| and |(-E)| increases (in modulus) with the increase in
temperature. It can be clarified by the endothermic nature of
the cobalt particle complexation. Conversely, we find that an
increase in temperature causes a decrease in the sorption
energy |(-E,)|. Since the two adsorption processes are

Table 4 Values of sorption energies (—Ey,,) for the single-layer adsorption of cobalt(i) chloride and (—£,) and (—E5) for the L.B.L double-layer

adsorption of cobalt(i) nitrate adsorption given at four temperatures

Adsorbate-adsorbent (Co(NO3),)-H,TTPP

system
Sorption energy |—E;| (k] mol™)
288 K 30.6
298 K 35.6
308 K 38.9
318 K 39.1

This journal is © The Royal Society of Chemistry 2020

(CoCl,)-H,TTPP

|—E»| (k] mol ™) |—E15| (k] mol™)

19.1 48.2
17.6 50.3
171 53.9
16.7 56.3
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Fig. 7 Variations in the adsorption energies |—E;/,| of cobalt chloride
and |—E4| and |(—E5)| of cobalt nitrate as a function of temperature
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endothermic, it can be established that |(-E;.,)| and |(-E;)| are
the deciding factors in the complexation mechanisms. In
addition, based on Table 4, for the L.B.L adsorption system, the
estimated values of the energy |(-E;)| are higher than those of
|(-E,)|. This is entirely logical since (-E;) portrays the connec-
tion between the first layer formed with cobalt ions and the
complexing surface of porphyrins, whereas (-E,) reflects the
interaction between the two adsorbed layers (adsorbate-adsor-
bate interaction).*

Looking at the values |(-Ei;)| and |(-E;)| of the two
adsorption systems, we can note that the (CoCl,)-H,TTPP
interaction is stronger than the (Co(NO3),)-H,TTPP association.
This affirms the previous outcome that cobalt chloride is the
best adsorbate suited for the complexation of the cationic cobalt
ions. The sorption energies |(-E;)| of cobalt nitrate are lower
than 40 kJ mol ™, so the binding between cobalt nitrate and the
H,TTPP sites takes place via physical adsorption.**** All the
complexing energies of cobalt chloride are greater than
40 kJ mol; accordingly, we concluded that the complexation of
porphyrin H,TTPP by cobalt chloride is a chemical sorption
process and this solid binding occurs through covalent or ionic
bonds.*?

In the next part, thermodynamic properties* are determined
according to the statistical physics treatment in order to get
macroscopic information about the double layer adsorption of
cobalt nitrate and the single-layer adsorption of cobalt chloride.

3.3. Thermodynamics of the adsorption processes:
configurational entropy and Gibbs free enthalpy

The information given by the entropy is very important in the
characterization of the behavior of adsorbed particles. The
entropy is defined as a quantity that describes the disorder of
a studied system, which is proportional to the configurational
number needed to achieve this process.”* It is therefore the
configurational entropy that is considered. The entropy can be

21732 | RSC Adv, 2020, 10, 21724-21735

Table 5 Analytical expressions of the configurational entropy (S./kg) and the Gibbs free enthalpy (G/kgT) for the single-layer adsorption of cobalt chloride and the L.B.L double-layer adsorption
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Fig. 8 Evolution of the configurational entropy and the Gibbs free enthalpy versus concentration for the single-layer adsorption of cobalt

chloride and the L.B.L double-layer adsorption of cobalt nitrate.

calculated on the basis of statistical physics formalism by
exploiting the grand potential J and the grand-canonical parti-
tion function z,. of the considered system. It can be written in
the following formula:***

Sa 0 In zg

k_B:_ﬁPMT—i_PM In Zge (7)

The second thermodynamic function is the Gibbs free
enthalpy, which describes the spontaneity of the studied
adsorption system. Thanks to the grand canonical formalism in
statistical physics, the Gibbs free enthalpy values were calcu-
lated as follows:**

G=pxQ (8)

where u is the chemical potential of the adsorbed ion given by
eqn (3).

The analytical expressions of the entropy and the free
enthalpy determined for the two complexation systems are
given Table 5. Fig. 8 depicts the evolution of the entropy and the

free enthalpy versus concentration for the single-layer

This journal is © The Royal Society of Chemistry 2020

adsorption of cobalt chloride and the L.B.L double-layer
adsorption of cobalt nitrate.

According to Fig. 8a, for cobalt chloride, the entropy has two
different behaviors below and above w,,,. Indeed, the entropy
increases with concentration before w,,, and decreases after
this particular point. At the beginning of the single-layer
adsorption, the disorder at the adsorbent surface increases
where the mobility of cobalt particles is important since the
adsorbate ion has many possibilities to find an empty site. Then
the disorder reaches a maximum value at w,,,. After wy,, the
adsorbate particle has a low probability for choosing an
adsorbent site because the surface tends toward monolayer
saturation and therefore tends toward the order.

For the double-layer adsorption of cobalt nitrate (Fig. 8b), the
entropy reaches two maximum values at w, and w,, and the peak
corresponding tow, is higher than that corresponding to w;. This
can be possibly explained by the nature of the interaction of the
energetic parameters: w; describes the adsorbate-adsorbent
interaction and therefore the first peak of the entropy translates
to the disorder resulting from the interaction between the cobalt
ions and the solid surface only at the first layer level. w, is linked
to the adsorbate-adsorbate interaction; at this particular point,

RSC Adv, 2020, 10, 21724-21735 | 21733
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we can speak of a total disorder at the whole system level. The
disorder decreases when the saturation is reached.

Fig. 8c and d show that all the values of enthalpy are negative,
indicating that the two adsorption processes of CoCl, and
Co(NO3), evolve spontaneously. It was also noted that the free
enthalpy becomes constant at high concentrations, i.e. the singe-
layer and the double-layer systems become more stable when
saturation is reached. Interestingly, one can see that the enthalpy
of cobalt chloride presents only one stability state (Fig. 8c).
However, Fig. 8d shows two states of stability of cobalt-nitrate
adsorption: the first partially stable state returns to the satura-
tion of the first layer and the second corresponds to the total state
of stability after the formation of the two adsorbed layers.

4. Conclusion, comparison with other
works and recommendations

The objective of this paper is to provide an experimental
strategy for fabricating the vitamin B;, nucleus based on the
Quartz Crystal Microbalance method. Thus, it was ensured that
the QCM method was a helpful experimental tool for the
measurement of experimental complexation isotherms of
cobalt() chloride and cobalt(u) nitrate on tetrakis(4-
tolylphenyl)porphyrin (H,TTPP). The experimental data were
analyzed in order to estimate the best adsorbate that can be
used for the achievement of the vitamin B;, nucleus.

Two advanced models were established in light of the grand
canonical formalism and the real gas law. The single-layer
model was found to be the best for the theoretical character-
ization of cobalt(u) chloride adsorption, demonstrating that the
chlorine particles are not engaged in the complexation process.
The advanced L.B.L model, which assumed that two layers of
adsorbed ions were formed, was affirmed to be the best-
embraced model for the hypothetical portrayal of cobalt(u)
nitrate adsorption. These modeling results are in acceptable
concurrence with recent works dedicated to the adsorption of
cationic metals on porphyrins. For example, it was shown that
the adsorption of magnesium nitrate, iron nitrate and zinc
nitrate onto porphyrin molecules took place via layer-by-layer
adsorption, so the anionic particles NO;~ are associated with
the sorption mechanism and contribute to the layer arrange-
ment. It was likewise shown that the chlorine particles are not
associated with the adsorption of magnesium chloride on
porphyrins, which is in agreement with the present examina-
tion of the cobalt chloride. However, in the case of the L.B.L
adsorption, the difference between cobalt nitrate adsorption
and the others specially appeared in the number of formed
layers. In the referenced works, it was established that a vast
number, sometimes an infinite number, of layers was adsorbed
onto the porphyrin surface, whereas in the case of cobalt nitrate
it was demonstrated that only two layers of adsorbed ions were
formed, which led to the use of a double-layer L.B.L model for
the theoretical modeling. Moreover, the L.B.L model used in
this paper is an advanced form of the double-layer model, which
considers the lateral interactions (parameters a and b) between
the adsorbates and it has not been used in any previous papers.
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Without considering the lateral interactions, we acquire
another type of the double-layer model established on the basis
of the ideal gas approach. This model expression was developed
and published in previous papers.’® Both model expressions
were developed through statistical physics formalism and
constitute advanced model expressions as opposed to the
empirical models whose parameters generally have no physical
significance. We have shown in the present work the helpful-
ness of the van-der-Waals variables a and b in elucidating the
nature of the complexation mechanisms (endothermic type). In
addition, it was demonstrated that the lateral interactions act
strongly in the case of cobalt nitrate and that Co(Cl),~H,TTPP is
the most stable complex.

The energetic study showed that (-E;) is the determining
factor for the choice of the best complexing porphyrin. By
looking at the complexation energy (-E;/,) and (-E;) of each
adsorption system, we found that the interaction between
cobalt chloride and tetrakis(4-tolylphenyl)porphyrin (H,TTPP)
can be covalent or ionic bonds. The thermodynamic study
showed that the disorder reaches its maximum value at w;, for
the single-layer adsorption of cobalt chloride and presented two
peaks at w; and w, for cobalt nitrate. The study of the Gibbs free
enthalpy indicated that the complexation process is sponta-
neous for the single-layer and the double-layer adsorptions on
porphyrins. It was concluded that the statistical physics devel-
opment can be a fascinating strategy for the description of
experimental isotherms and that this physics formalism assists
with ascribing physical hugeness to the model parameters.

Finally, relating the experimental results, the numerical
findings and the theoretical interpretations, we suggest the use
of cobalt chloride as material for producing the nucleus of the
vitamin B;, in a genuine industrial application.
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