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Abstract

Single crystals of bis(3-aminopyridinium)tetrachlorocobaltate(II) were successfully synthesized and structurally characterized
using single crystal X-ray diffraction. This study shows that the structure is built on inorganic anionic and organic cationic
subnetworks stabilized by CI...Cl and antiparallel offset face to face n-w stacking interactions, respectively. The cohesion
of the overall packing is ensured by N-H...Cl hydrogen bonds leading to a three dimensional network. Structural geometry
optimization and gap energy determination were performed thanks to DFT calculation. Thermal decomposition of the title
compound powder, at 450 °C in air atmosphere, leads to nanostructured Co;0, as confirmed by X-ray powder diffraction.
The obtained cobalt oxide was used as adsorbent for the removal of hexavalent chromium ions from aqueous solution. The
effect of contact time was investigated and showed an unusual behavior consisting of the existence of two equilibrium plateaus
at 11 mg.g~! and 15 mg.g~! which were attributed to surface heterogeneity, as elucidated by scanning electron microscopy
analysis. As a consequence, the kinetic data were analyzed in steps and fitted using non linear pseudo-first order and non
linear pseudo-second order models. A comparative study with other adsorbents demonstrated the potential of the synthesized
Co50, via thermal decomposition of the title compound for hexavalent chromium ions removal.

Keywords Crystal structure - DFT calculation - Nanostructured cobalt oxide - Adsorption kinetic study - Removal of
hexavalent chromium ions
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Introduction

Weak intermolecular interactions such as hydrogen bond-
ing, n-n stacking and Van der Waals contacts have been
recognized of enormous importance in the structural
arrangement and consequently in the design of hybrid
organic—inorganic systems [1-4]. Furthermore, these weak
interactions help to explain some physical properties like
magnetism which is transmitted through intermolecular
X...X contacts in A,[MX,] compounds (A = protonated
base, M = +1I transition metal ion and X=CI" or Br™).
For example, (2-amino-3-methylpyridinium),[CoBr,] (1)
and (2-amino-3-methylpyridinium),[CoCl,].H,0 (2) [5]
compounds showed different magnetic behaviors even they
crystallize in the same space group with almost similar
lattice parameters. Compound (1) presents a ladder struc-
ture unlike compound (2) where the presence of a water
molecule that develops O-H...Cl hydrogen bonds avoid
the ladder structure formation and thus the ferromagnetic
interaction observed in (1).

Among the aforementioned A,[MX,] compounds,
the family of bis(substituted pyridinium cations)
tetrachlorocobaltate(II) formulated as (spyH),[CoCl,].
xH,O presents a particular structural richness [5-13].
Review of previous published works shows that, depend-
ing on the used organic cation, different types of C/N-H...
Cl interactions and n-m stacking are observed. As illus-
trated in Fig. 1, centrosymmetric [5-8, 10, 11] and non-
centrosymmetric [9, 12] compounds were effectively
synthesized. From 1997 until 2022, efforts have been
made to synthesize salts of this family. The first two rep-
resentative compounds were developed in 1997 and 2003
using n-dimethylaminopyridinium with n=2 [6] and 4 [7]
respectively. The n-aminopyridinium counterions were
tested forn=2 [8] and n=4 [9]. As for n=4, the resulting
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salt is non-centrosymmetric (P2,2,2, space group). In
2010, 2-amino-n-methylpyridinium cations (n=3 and
5) [5] were investigated and showed the formation of a
hydrate compound for n=3. Several years later, a renewed
interest was given to these compounds by Mghandef and
co-workers [10] and Ben Moussa’s research team [11]
where 2-amino-5-chloropyridinium and 2,6-diaminopyri-
dinium were exploited as organic cations, respectively.
Finally, in 2022, Alotaibi et al. [12] reported the structure
of a non-centrosymmetric compound with 4-tert-butylpyri-
dinium as organic cation.

Recently, theoretical studies of hybrid organic—inorganic
salts using ab initio calculation based on density functional
theory (DFT) have phenomenally gained popularity. Requir-
ing less time and leading to good agreement with experimen-
tal results, the theoretical approach proves efficient [14-16].
With regard to (spyH),[CoCl,].xH,O salts, DFT calculations
were recently carried for the first time by Xu et al. (2020) on
bis(2-aminopyridinium)tetrachlorocobaltate(II) and allowed
the estimation of the first hyperpolarisability value, a key
parameter for NLO application [13].

On the other hand, the conception of new coordination
compounds as precursors for the synthesis of nanometric
metal oxides has been recently exploited and showing prom-
ising findings. Several ligands such as Schiff base [17, 18],
hydroxyterpyridine [19], bipyridine [20] as well as carbox-
amide [21] were successfully used in this context for the
synthesis of cobalt complexes. The corresponding Co;0,
nanostructures afforded a wide spectrum of applications, in
particular, the removal of inorganic pollutants such as Cr(VI)
ions [20]. Hence, to extend the exploitation of the above
mentioned synthetic approach and to better understand how
n-aminopyridinium cations interact with [CoCl,]*~ complex,
it would be interesting to test n=3 and compare the obtained
results to those that have already been published for n=2 [8]
and 4 [9]. Once crystals were collected, they may be used
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Fig. 1 Historical overview of substituted pyridinium cations used in the synthesis of (spyH),[CoCl,].xH,0 compounds that crystallize in differ-

ent space groups
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in application as precursor for the elaboration of nanostruc-
tured cobalt oxide, efficient for the removal of Cr(VI) ions.

In the present work, an experimental and theoretical
structure study of a new hybrid organic—inorganic salt: bis(3-
aminopyridinium)tetrachlorocobaltate(II) (noted hereafter
(3-NH,pyH),[CoCl,]) is reported. Adsorption kinetic study
of Cr(VI) by the resulting cobalt oxide is also discussed on
the base of non linear pseudo-first/second order models and
correlated with its morphological features.

Experimental Details
Materials

All chemicals were purchased from Sigma-Aldrich and used
as received: CoCl,.6H,0 (98%), 3-aminopyridine (99%),
HCI (37%) and K,Cr,0; (99%). Distilled water was used
to dilute the HCI stock solution and to prepare all the solu-
tions for the synthesis of the title compound as well as the
adsorption experiments.

Synthesis of (3-NH,pyH),[CoCl,] and Co;0,

CoCl,.6H,0 (1 mmol) and 3-aminopyridine (2 mmol) were
separately dissolved in 25 cm?® of distilled water. The 3-ami-
nopyridine solution was acidified with 1 cm® of concentrated
HCI (2 M) and then mixed with Co**. The obtained solu-
tion was subjected to constant stirring at room temperature
for 2 h, poured into a Petri dish and allowed to evaporate.
Light blue rectangular crystals suitable for single crystal
X-ray diffraction analysis were obtained after two weeks of
slow evaporation. Subsequently, all crystals were collected,
grinded and finally subjected to thermal treatment in a fur-
nace at 450 °C for 4 h in air atmosphere; the cobalt oxide
Co;0, was identified using X-ray powder diffraction analysis
as the product of this thermal decomposition.

Single Crystal X-Ray Diffraction Analysis

Good-quality single crystals of (3-NH,pyH),[CoCl,]
were extracted (Fig. 2) and one of them with dimen-
sions 0.42x0.36 X 0.22 mm was mounted at room tem-
perature on an Enraf-Nonius CAD-4 diffractometer
(Mo ko =0.71073 A).

The unit cell parameters were determined from least-
squares refinement from 25 reflections in the range
10° <0 < 15°. Intensity data were corrected for Lorentz-
polarization and absorption (y-scan) effects. Of the
3525 measured independent reflections in the 0 range
2.46-27.16° with index ranges — 8 <h<1, - 10<k<10
and — 17 <1<17, 2847 were observed with I > 2c(I) and

3-
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Fig.2 Selected single crystals of (3-NH,pyH),[CoCl,]

\

Table1 Summary of the crystal data and structure refinement for
(3-NH,pyH),[CoCl,]

Formula C,oH4,Cl,CoN,
M (g.mol™) 390.98
Crystal system Triclinic
Space group P-1

a(A) 6.945(1)

b (A) 8.503(2)
c(A) 13.862(3)

a () 81.36(2)

B 89.40(2)

Y () 80.17(2)

V (A% 797.3(3)

Z 2

Peate (2.cm™3) 1.628

F(000) 394

p (mm™h 1.737

R, 0.042

GOOF on F? 1.041

R? and wR® indices (I>20(I)) 0.072,0.1823
CCDC No 2175244

R=(ZINF-IFI)/ZIF,,  PwR=(Z[o(\F)*IF)P)/E[olF)? )"
where @=1/(c*(F,2)+(0.1535P)? +0.0654P) and P=(F,>+2F 2)/3

used for structure refinement. The structure was solved by
direct methods using the SHELXS-97 program and was
refined by the full-matrix least-squares method on F? for
173 refined parameters using the SHELXL-97 program
[22]. All non-H atoms were treated anisotropically. Car-
bon and nitrogen H atoms were constrained to an ideal
geometry with d(C-H)=0.93 A, d(N-H)=0.86 A and

U, ,(H)=1.2U, (C or N). The residual maxima and min-
ima in the f1na1 Fourier difference map were 1.33 and
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- 176 e. A3 A summary of the crystall ographic data
and structure refinement is given in Table 1.

Computational Studies

The geometry of the title compound was optimized with the
DFT method [23] using the Gaussian 09 program [24] at the
B3LYP hybrid function [25, 26] with 6-311+ + G(2d,2p)
basis set level [27]. Starting from the X-ray geometry as an
initial guess structure, the optimization was performed with
the default convergence criteria without any constraint on
the geometry. Based on the optimized structure, the molecu-
lar electrostatic potential (MESP) and the frontier molecular
orbital (LUMO =lowest unoccupied molecular orbital and
HOMO =highest occupied molecular orbital) analyses were
performed.

Characterization Techniques

The synthesis of Co;0, was confirmed by X-ray powder
diffraction (XRPD) using a D§ ADVANCE Bruker diffrac-
tometer with Cu Ko radiation (A=1.5418 IOA) in the 20 range
of 10-80°. The adsorption of hexavalent chromium ions on
the cobalt oxide was followed by UV-6300PC double beam
spectrophotometer. The morphological characterization of
the cobalt oxide was carried out with a Quanta FEG 650
model of scanning electron microscope (SEM) operating
with a voltage of 20 kV.

Adsorption Experiments

Kinetic study of hexavalent chromium adsorption on the
obtained Co;0, was conducted at room temperature and
natural pH in a time range 0—80 min. First, 100 mL of

@) .
Cation 2 Cation 1

Fig.3 a Asymmetric units of the title compound with the atomic
numbering scheme. The thermal ellipsoids are drawn at the 50%
probability level at 298 K for non-H atoms b Anionic unit environ-
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chromium aqueous solution at a concentration of 60 mg.
L~! was prepared using an appropriate amount of K,Cr,0;.
Then, 0.2 g of Co;0, was introduced to the chromium solu-
tion under constant stirring and samples of 10 mL were
taken at selected times (5, 10, 15, 20, 30, 40, 50, 60, 70 and
80 min), filtered and analyzed using UV-Vis spectropho-
tometer at A,,, =371 nm which corresponds to the maxi-
mum absorbance of chromium solution as shown in Fig. S1.
The adsorption experiments were conducted in triplicate and
the adsorption capacity was calculated according to the fol-
lowing expression [28] where C, C,, V and m are the initial
concentration of Cr(VI) solution (mg.L™"), the Cr(VI) con-
centration at time t (mg.L~"), the volume of Cr(VI) solution
(mL) and the Co;0, mass (mg), respectively.

(Co—Cy) =V

Adsorption capacity (mg.g_1 )a; = m

Results and Discussion

Single Crystal X-Ray Diffraction and DFT
Calculations

The asymmetric unit of the title compound, shown in
Fig. 3a, consists of two independent 3-aminopyridinium
cations (noted hereafter cation 1 and cation 2 for N1 and
N3 pyridinium rings, respectively) and a [CoCl,]*~ anion.
This latter exhibits a tetrahedral geometry with Co—Cl dis-
tances ranging from 2.257(1) to 2.288(1) A and Cl-Co-Cl
angles ranging from 103.86(4) to 114.66(4) (Table 2), in
agreement with similar structures previously reported
for monoprotonated substituted pyridines [5—13]. The

ment ensured by H-bonds developed by cation 1 (blue dashed bonds)
and cation 2 (red dashed bonds)
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Table 2 Selected experimental and theoretical bond lengths and angles for (3-NH,pyH),[CoCl,]

[CoCl,]* unit

Bond lengths (A)

Bond angles (°)

Exp Cal Exp Cal
Cl(1)-Co(1)-C1(2) 108.83(4) 110.16
Co(1)-CI(1) 2.2570(11) 2.328 CI(3)-Co(1)-Cl(2) 103.86(4) 110.53
Co(1)-C1(2) 2.2880(10) 2.441 C1(3)-Co(1)-Cl(4) 111.08(5) 115.21
Co(1)-C1(3) 2.2801(11) 2.297 Cl(1)-Co(1)-Cl(4) 114.66(4) 110.27
Co(1)-Cl(4) 2.2570(11) 2.288 Cl(1)-Co(1)-C1(3) 106.76(4) 110.27
Cl(4)-Co(1)-C1(2) 108.83(4) 99.95
3-aminopyridinium cations
Bond lengths (A) Bond angles (°)
Cation 1
Exp Cal Exp Cal
N(1)-C(1) 1.338(5) 1.329 C(1)-N(1)-C(5) 124.0(4) 123.8
N(1)-C(5) 1.343(6) 1.339 N(1)-C(1)-C(2) 119.4(3) 120.6
N(2)-C(2) 1.352(5) 1.373 N(2)-C(2)-C(1) 120.7(4) 119.1
C(1)-C(2) 1.390(5) 1.396 N(2)-C(2)-C(3) 122.1(4) 124.0
C(2)-C(3) 1.397(5) 1.401 C(1)-C(2)-C(3) 117.2(4) 116.9
C(3)-C4) 1.361(6) 1.388 C4)-C(3)-C(2) 121.04) 120.4
C4)-C(5) 1.365(6) 1.381 C(3)-C4)-C(5) 120.4(4) 120.0
N(1)-C(5)-C(4) 118.0(4) 118.3
Cation 2
Exp Cal Exp Cal
N(3)-C(6) 1.327(7) 1.330 C(6)-N(3)-C(10) 125.5(4) 123.8
N(3)-C(10) 1.346(8) 1.342 N(3)-C(6)-C(7) 119.0(5) 120.6
N4)-C(7) 1.348(7) 1.368 N(4)-C(7)-C(6) 119.6(5) 128.8
C(6)-C(7) 1.382(7) 1.405 N(4)-C(7)-C(8) 123.6(5) 124.4
C(7)-C(8) 1.398(7) 1.402 C(6)-C(7)-C(8) 116.7(5) 116.7
C(8)-C(9) 1.356(7) 1.385 C(9)-C(8)-C(7) 121.4(5) 120.4
C(9)-C(10) 1.359(8) 1.380 C(8)-C(9)-C(10) 120.7(5) 120.1
N(3)-C(10)-C(9) 116.6(5) 118.2

[CoCl,]*" tetrahedron is almost perfect with a T, geometric
parameter for four-coordinate compounds of 0.95 as pro-
posed by Yang et al. [29]. This parameter was calculated for
bis(2-aminopyridinium)tetrachlorocobaltate(Il) and bis(4-
aminopyridinium)tetrachlorocobaltate(Il) and shows rela-
tively more distorted anionic units with t, values of 0.91 and
0.94, respectively. It is worth noting that the slight deviation
from ideal tetrahedral geometry is attributed to N-H...Cl
interactions between the tetrachlorocobaltate(II) complex
and (3-NH,pyH)* (Table 3) where chloride ions CI1, CI2
and CI3 act as doubly H-bond acceptors unlike Cl4 which
is simply acceptor. A [CoCl,]*~ unit is thus surrounded by
seven 3-aminopyridinium cations, as shown in Fig. 3b.
The optimization of bonding parameters, namely bond
lengths and angles, for the title compound (Table 2) leads

Table 3 Hydrogen bond geometry (A, °) for (3-NH,pyH),[CoCl,]

D-H...A D-H H..A D...A D-H...A
N1-HNI...ClI! 0.86 2.667 3.306(4) 132
N1-HNI...Cll 0.86 2.706 3.374(4) 136
N2-HN21...CI2 0.86 2.759 3.488(4) 144
N2-HN22...Cl4i 0.86 2.788 3.619(4) 163
N3-HN3...CI2" 0.86 2.481 3.232(4) 146
N4-HN41...CI3 0.86 2.570 3.399(6) 162
N4-HN42...CI3' 0.86 2.842 3.633(5) 154

Symmetry codes: (i) —x+2, -y, —z+1; (ii)) —x+1, -y, —z+1; (iii)
—x+1,-y+1, —z+1; (iv) x,y,z+ 1; (v) x—1,y,z+ 1

@ Springer
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Fig.4 a, b Graphical correlation between experimental and calculated bond lengths and angles, respectively ¢ The molecular electrostatic poten-

tials (MEPs) map of the title compound

to consistent values with data deduced from X-ray dif-
fraction analysis. The graphical correlation between
experimental and theoretical values is shown in Fig. 4a, b
with an R? coefficient of 0.995 and 0.74 for bond lengths
and angles, respectively. The slight differences observed
for both values are attributed to the fact that theoretical
calculations were performed in the gas phase. However,
to predict possible inter/intra-molecular interactions via
H-bonds, the positive and negative sites were identified
through the molecular electrostatic potential (MESP)
analysis. The red and blue regions correspond to the
most nucleophilic (electron-rich region) and electrophilic
(electron-deficient region) sites, respectively. The analy-
sis of the MESP map (Fig. 4c) shows that the chlorides
are the negative sites since they possess higher maximum

@ Springer

potential values which is in accordance with the experi-
mental results recorded in Table 3, where Cl1™ anions act
as acceptors of H-bonds.

The anionic framework of the title compound can be
described as layers parallel to (010) by considering the
shortest Cl...Cl contacts (3.723(2) and 4.044(2) 10\) (Fig. 5a).
These separation values, taken into account when magnetic
properties are explored, are in the same range as those found
by Ben Moussa et al. (3.889(2) and 3.986(2) A) [11] but
significantly less than 4.119(2) and [4.205(2) and 4.349(2)]
for compounds involving 2-amino-n-methylpyridinium
cations (n=3 and 5, respectively) [5]. The shortest Co...
Co distances are 6.945(1) and 6.123(3) A along a and ¢
axes, respectively (Fig. 5a). For bis(n-aminopyridinium)
tetrachlorocobaltate(II) salts (n=2 and 4), isomers of
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Fig.5 The title compound (a) anionic framework defined based on the shortest Cl...

centroid to centroid distances

the title compound for which n=3, [CoCl,]*~ layers par-
allel to (110) for n=2 and (001) for n=4 are observed
with Cl...ClI separations of [4.113(3)— 4.713(1) A] and
[4.391(1)- 4.452(1) 1&] and shortest Co...Co distances of
[6.890(1)— 8.147(1) A] and [7.701(1)=7.172(1) A] respec-
tively as shown in Fig. S2(a, b).

As far as organic cations are concerned, their geomet-
ric parameters (Table 2) are very close and comparable
to previously reported works including non-coordinating
(3-NH,pyH)™* [30]. Protonation of the heterocycle nitro-
gen (N1 and N3) occurred as expected and is confirmed by
the opening of the C1-N1-C5 (124.0(5)°) and C6-N3-C10
(125.5(4)°) angles compared to the neutral 3-aminopyridine
(117.7(1)°) [31]. The angle between the rings mean planes
of cations 1 and 2 is 65.59° as shown in Fig. S3. Two sets

Cl contacts (b) illustration of n-x stacking interactions with

of offset face to face and antiparallel n-n stacking interac-
tions were observed: parallel mean planes of cation’s 1 pairs
are spaced by 3.453 A with a centroid to centroid distance
of 3.739(2) A. Cations 2, on the other hand, define chains
developed along b axis with centroid to centroid distances
of 3.917(1) A and 4.652(1) A and interplanar separations
of 3.538 A and 3.493 A, respectively (Fig. 5b). These two
types of cationic stacks are further hydrogen bonded to
[CoCl,]*" units.

For the overall hybrid structure, organic and inor-
ganic components are held together through N-H...
ClI hydrogen bonds where cations 1 and 2 interact with
three and two [CoCl,]*~ units, respectively, as shown in
Fig. 6. A careful examination of the bis(n-aminopyridin-
ium)tetrachlorocobaltate(I) (n=2, 3 and 4) structures
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Fig. 6 Illustration of the crystal packing of the title compound viewed along the a axis. Dashed lines correspond to the hydrogen bonds devel-

oped between cations 1 (blue) and cations 2 (red) with [C0C14]2" units

crystallizing in different systems (monoclinic, orthorhom-
bic and triclinic, respectively) reveals that they exhibit dif-
ferent supramolecular features. Unlike the title compound,
neither the 2-aminopyridinium nor the 4-aminopyridinium
corresponding compounds have n-n interactions. As far as
N-H...Cl H-bonds are concerned, several arrangements
were observed. For the three compounds, each hydrogen
of the exocyclic amino group develops a single interaction
with chloride ions connecting thus three [C0C14]2_ units for
n=3 and two units for both n=2 and 4 (Fig. S4). In con-
trast, the hydrogen bound to the ring nitrogen leads to single
and bifurcated interactions. For the title compound (n=3)
and n=4, which are constructed by two crystallographically
independent organic cations, both interaction types exist; the
bifurcated ones link two anionic units for n=3 and interact
with two chloride from the same unit for n=4. For n=2,
however, the Co atom lies on a crystallographic twofold rota-
tion axis and the asymmetric unit contains thus a 2-amino-
pyridinium cation where the nitrogen of the pyridine ring is
singly H-bounded to Cl atom. Therefore, it is quite clear that
the interaction between anionic-cationic networks differs

@ Springer

from one compound to another depending on the organic
base used i.e. the three possible positions of the -NH, group.

To estimate the energy gap value of the title com-
pound, frontier molecular orbital analysis was performed
as shown in Fig. 7. The HOMO orbital is localized in the
[C0C14]2_ anion which may thus act as an electron donor,
whereas the LUMO orbital is localized in the 3-aminopyri-
dinium cation that can perform as an electron acceptor. The
energy gap values, deduced from the expressions: E; ;j;o(a)
— Epomo(@) and E; yyo(B) — Egomo(B), are found as 3.74
and 3.41 eV, respectively. These values are comparable to
those found in similar compounds: (C,3H,,N),[CoBr,] [32]
and (C4HgN,),[CoCl,] [33] synthesized by Dgachi et al. and
indicate that the title compound exhibits a semiconductor
behavior [32-36].

X-Ray Powder Diffraction Analysis

The thermogravimetric analysis was not performed to
determine the appropriate calcination temperature of the
title compound leading to pure Co;0, phase. Instead, the
authors relied on the literature that dealt with the synthesis
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Fig.7 Calculated HOMO- (a)
LUMO energies and energy gap
values of the title compound (a)
alpha a (b) beta
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of Co;0, by thermal decomposition of organic-based
cobalt complexes. Specifically, Ben Salah et al. [37] con-
ducted a detailed study of the thermal behavior of the chiral
[R-(CgH ,N);][CoCL,]Cl using TGA-DTA and temperature-
dependent X-ray powder diffraction and found that Co;0,
was formed during the last step of thermal decomposition

Q9

— EHOMO: -6.3052eV prm—

(b)

2 9
et

® :
9
@
9 9

A
= ELUMO: -2.5616eV
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between 350 and 550 °C. Thus, as a first attempt, the title
compound was treated at a temperature of 450 °C for 4 h
and the resulting product was systematically subjected to
X-ray powder diffraction analysis to identify it. With regard
to (spyH),[CoCl,].xH,0O compounds, it has to be noted that a
deeper study of their thermal behavior has never been done.

Fig.8 “Profile Matching” result !
for Co;0, powder pattern
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Fig.9 a Kinetic study of the adsorption capacity of Cr(VI) by Co;0,
(error bars represent the standard deviation of triplicate measure-
ments) b NLPFO and NLPSO kinetic models applied for the adsorp-

Xu et al. (2020) [13] and Alotaibi et al. (2022) [12] have
recently reported the thermal stability of (CsH;N,),[CoCl,]
(1) and (CoH 4,N),[CoCl,] (II) respectively under N, atmos-
phere. TGA curves revealed a final constant weight plateau
after 725 °C for (I) and 625 K for (II), however, no further
characterizations were done to identify the obtained products
at these temperatures.
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tion modeling of Cr(VI) by Co;0, c—f SEM images of Co;0, with
different magnifications

Figure 8 depicts the X-ray powder diffraction pattern
of the obtained black powder after calcination of the title
compound at 450 °C for 4 h. Diffraction peaks identified
at 20=19.1, 31.2, 36.8, 38.5, 44.8, 55.6, 59.3, 65.2 and
77.3° are attributed to the spinel Co;0, phase according to
the JCPDS card No. 42—-1467. Besides, a “Profile Match-
ing” refinement carried out in this direction leads to a
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Table 4 Kinetic parameters deduced from NLPFO and NLPSO mod-

els
Parameters 0—40 min 40-80 min
NLPFO q, (mg.g™" 11.12+0.14  15.18+0.08
4 =0(1-e) [40] g (min~) 026+0.02  0.28+0.07
x> 0.07 0.02
Aq(%) 2.56 0.68
NLPSO q, (mg.g™" 1215+£0.14  15.34+0.11
— kgt
4= B e me minl) 0.036+0.003 0.22+005
x> 0.02 0.01
Aq(%) 1.53 0.47

Je Kk, and k, are the adsorption capacity at equilibrium (mg.g™"),
the kinetic rate constants for NLPFO (min~") and NLPSO (g.mg’l.
min~!) models respectively

_ 2
X2=Z (ql.cx: cal) . SD=Aq(%) =
t.cal

— 2
1 Y [q..exp q..m] %100

n—1 Geexp

good agreement between theoretical and experimental data
(Rp= 5.43, pr= 6.94 and X2 =1.24) without additional
peaks as shown in Fig. 8. Scherrer equation, D = (kA)/
(BcosB) (k, A, B and O are the shape factor (taken as 0.9),
the X-ray wavelength (A=1.5418 10%), the full width at half
maximum (FWHM) and the Bragg angle of the diffraction
peak, respectively) [38], was applied for the most intense
diffraction peak to estimate the crystallite’s size; a value of
D ~ 40 nm was found.

Adsorption Experiments of Cr(VI) by Nanostructured
Co;0,

Figure 9a shows the adsorption capacity kinetic study
results (q, vs t). Two equilibrium plateaus at ;=11 mg.
g ' and 15 mg.g~! were reached after 20 min and 50 min
as contact time, respectively. In the first five minutes, the
adsorption is rapid (q,=8.23 mg.g™!) and then gradually
increases between 5 and 20 min to reach the first equilib-
rium state over = 20 min. After 40 min, the adsorption
increases again from 40 to 50 min to achieve the final equi-
librium state (q,= 15 mg.g~"). This unusual behavior was
also observed by Bizi (2020) [39] for the sulfamethoxazole
adsorption on activated carbon (AC) and was attributed
to texture heterogeneity of AC in terms of pore’s size

(intraparticle diffusion in micropores followed by diffusion
in mesopores). In order to check if this is also our case,
SEM images of Co;0, powder with different magnifica-
tions were recorded as shown in Figs. 9c—f. These latter
revealed two types of clusters as pointed in Fig. 9d using
green and red rectangles (Fig. 9e—f). This heterogeneity
leads thus to a two-step adsorption process. To accurately
model the experimental data from O to 40 min (Region I)
and 40 to 80 min (Region II), two-step fitting using non
linear pseudo-first order (NLPFO) and non linear pseudo-
second order (NLPSO) kinetic models was applied. The
obtained results, illustrated in Fig. 9b and gathered in
Table 4, showed that the NLPSO model provided a better
fit for both regions based on X2 [40] and standard devia-
tion Aq [40] values.

A comparative study of our findings with those reported
in the literature for different nanometric metal oxides
including iron, copper and nickel oxides [41-43] shows
promising adsorptive properties for hexavalent chromium
ions in terms of equilibrium time and adsorption capacity
(Table 5). Indeed, for Cr®* and adsorbent concentrations
of 60 mg.L™! and 2 g.L ™! respectively, the synthesized
Co;0, by thermal decomposition of the title compound
exhibits the highest adsorption capacity of 15 mg.g~!' com-
pared to 10 mg.g~! for Fe;0,-NPs [41] and 7.8 mg.g~! for
NiO-NPs [43]. Besides, for NiO-NPs, the obtained value
of 7.8 mg.g~! was reached after 30 min. After the same
contact time, our compound presents a g, value of 11 mg.
g~ ! which is always greater than 7.8 mg.g~". For CuO-NPs
[42], a lower amount of adsorbent (1.6 g.L™!) was suffi-
cient to achieve nearly the same q., however, it required
a contact time of 180 min which is more than three times
the obtained value for Co;0, (50 min).

Conclusion

The reaction of cobalt(Il) salt with 3-aminopyridine in acidic
medium resulted in the synthesis of (3-NH,pyH),[CoCl,].
On the light of the structural study, the crystal packing
was found to be governed by weak intermolecular inter-
actions involving H-bonds, n-n stacking and Van der
Waals forces. These interactions were of great interest in

Table 5 Comparative study

o Adsorbent Adsorption experiment conditions q. (mg.g™") Reference
with different adsorbent used for
hexavalent chromium removal pH [adsorbent] [Crf*] (mg. Contact time
(eL™) L™ (min)
Fe;0, 35 60 — 10 [41]
CuO 3 60 180 ~ 14.8 [42]
NiO 4.7 60 30 7.8 [43]
Co50, Natural pH 60 50 15 This study
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controlling the final arrangement and explained the struc-
tural variety observed with n=2 and 4. Structural optimiza-
tion using DFT calculations showed good agreement with
experimental data. The energy gap of the title compound
was calculated, suggesting a semiconductor behavior. The
tetrachlorocobaltate(II) salt was then treated at 450 °C lead-
ing to Co;0, powder which was tested for the removal of
hexavalent chromium ions by adsorption. The kinetic study
of the adsorption process, described by the pseudo-second-
order model, showed that the adsorption capacity reached
15 mg.g~! after an equilibrium time of 50 min. These
results show that the synthesized tetrachlorocobaltate(II)
salt involving 3-aminopyridinium cations has promising
potential as precursor for the elaboration of nanostructured
Co;0, to treat contaminated solutions with hexavalent chro-
mium ions.

Supplementary Data

CCDC No. 2175244 contain the supplementary X-ray crys-
tallographic data for the structure of (CSH7N2)2[CoCl4] in
CIF format. Copies of this information may be obtained free
of charge from The Director, CCDC, 12 Union Road, CAM-
BRIDGE CB2 1EZ, UK (fax: +44-1223-336-033; e-mail:
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).
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