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Abstract

Cellulose derivatives have been synthesized and used in various applications with emphasis on possible application in envi-
ronmental remediation. In this context, the present work theoretically studied the adsorption of Cr’*, Cu®* and Cd** metal
ions in the carboxymethylcellulose (CMC) and cellulose xanthate (CX) matrices, both derived from cellulose. From the
calculations, it was possible to obtain map of electrostatic potential, frontier molecular orbitals, reactivity indices, and with
these, analyses infer that the cations would interact with the CMC and CX oxygen and also with the CX sulfo group. After
complexation, the results showed that the CX and CMC matrices studied have potential to be used to remove toxic metals
and presented chemical adsorption and the processes occur spontaneously (AG < 0). The topological analysis of quantum
theory of atoms in molecules allowed to characterize the nature of the interaction, in which the interactions in position “b”
of CMC—Cu?*, CMC—Cd** and position “a” of CMC—Cd** and “a” in the complexes XC—Cu?*, XC-Cd** and “b” in the
XC-Cr?* site (1) presented electrostatic characteristics, and the other interactions were partially covalent. The results found
when compared to the study of cellulose and cellulose acetate adsorption with the same metal ions showed that the theoreti-
cal data provide insights for a possible experimental approach and use of this matrices.
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1 Introduction

Natural biopolymers such as collagen, gelatin, chitosan and
cellulose have been extensively explored in various areas of
science [1]. Applications extend from the medical field, with
drug delivery system, healing products, surgical implant
devices [2—4], among other areas such as agriculture, filtra-
tion, hygiene and protective clothing [2, 5, 6]. Biopolymers
are derived from plant, animal and microbial biomass and
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are considered environmentally friendly and sustainable
[7-10].

Among the biopolymers found, cellulose is the most
abundant natural polymer in the earth [1] and has been used
as a chemical raw material for approximately 150 years [6].
It is a polysaccharide formed from repetitive b-glucose units,
bonded by S(1-4)-glycoside bonds [6, 11], and its chain con-
sists of hydroxyl groups and methanol and has an ordered
structure, without side chains [6, 11]. In addition to cel-
lulose, derivatives of this natural polymer have been syn-
thesized and used in industry and various applications [6,
12]. Recently, our research group studied using theoretical
calculations based on density functional theory (DFT) the
interaction of Cr>*, Cu?* and Cd** metal ions in cellulose
(CE) and cellulose acetate (CA) matrices [13]. The results
showed that the matrices interact with the metal ions and
are excellent alternatives for the removal of metal ions from
effluents. In addition to cellulose acetate, other derivatives
are noteworthy, such as cellulose xanthate (CX) and car-
boxymethylcellulose (CMC) [6].
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Xanthates are formed by the reaction of an organic substrate
with carbon disulfide under caustic conditions. Like any xan-
thate, cellulose xanthate is insoluble in water [6, 14] and when
compared to cellulose, it has higher ion exchange capacity
or adsorption, which makes its use for heavy metal removal
possible [15]. Carboxymethylcellulose is a cellulose deriva-
tive formed by reaction with sodium hydroxide and sodium
chloroacetic acid and when introduced into the cellulose poly-
mer, it promotes its solubility in water [16]. Its generation is
facilitated by part of its easy operational process, with constant
pressure and relying on reagents that are easily found, which
promoted its wide use in detergent, paint, textile industries,
among others [17], in addition to potential use in the removal
of toxic metals.

Both derivatives may have the potential to adsorb heavy
metals such as cadmium (Cd), copper (Cu) and chromium
(Cr), which cause problems in aquatic environments [18-21].
Cd is a metal that has the ability to bioaccumulate to bonding
with aspartate, cysteine, glutamate and histidine groups, lead-
ing to iron deficiency [22]. Cu has the ability to catalyze free
radicals [23], and Cr in its ion forms is highly toxic to living
things in general [24].

Given the harmful effects of toxic metals in aquatic envi-
ronments and the potential use of cellulose xanthate and car-
boxymethylcellulose derivatives in their removal, the present
work studied the interaction of the Cr>*, Cu** and Cd** metal
ions in CX and CMC matrices using the density functional
theory and quantum theory of atoms in molecules (QTAIM)
approaches.

2 Computational details

The structures of carboxymethylcellulose and cellulose xan-
thate (CX) have been optimized to the minimum of energy
using DFT with the hybrid function M06-2X [25]. The basis
set used was 6-31+G(d,p) for the atoms: C, H, S and O. For
Cu?*, Cd** and Cr** metal ions, the basis set LANL2DZ [25]
was used. The effect of water as solvent was considered using
the SMD continuous solvent model [26]. The theory level
MO06-2X/6-31+G(d,p)/LANL2DZ was used for all analyses.
All calculations were performed using the Gaussian 09 pro-
gram [27]. The representation of some molecular structures
has been obtained from the Gaussview software [28].
Gibbs energy calculations are calculated following Eq. 1.

AG=) Gp— ) Gy (1)

The interaction energy has been determined from Eq. 2:

Eim = complex_(Emolecule + Emetal ion) (2)

where E; is the energy of interaction, E.x corresponds

to the energy of the complex (polymer +ion), and E,

molecule
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and E,...1i0n are the energy of the isolated polymer and metal
ion, respectively.

The chemical hardness (1) and softness (§) reactivity
indices are calculated using the energy of the molecular
orbitals HOMO and LUMO following Eqs. 3 and 4. The

Koopmans theorem [29] was considered for the calculation.

_ LUMO - HOMO

> 3)

S=- 4
p “
The QTAIM analysis was realized to characterize the
interactions between the metal ions and matrices [30-34].
All QTAIM analyses were performed using the AIMAII
package [34].

3 Results and discussion
3.1 Structures before complexation

The interaction studies of the carboxymethylcellulose—
CMC and cellulose xanthate—CX matrices with Cu>*, Cd**,
Cr** metallic ions were performed using two monomeric
units of biopolymers. A previous study by our research
group evaluated the interaction of the metal ions with the
cellulose (CE) and cellulose acetate (CA) matrices [13], and
the same methodology was used in this work, in which, after
cutting the structure the ends of the molecules were com-
pleted with hydrogen atoms.

To verify the reactivity of complexation between the
CMC and CX matrices and the Cu?t, Cd**, Cr’* metallic
ions, the studies of map of electrostatic potential (MEP),
frontier molecular orbitals (FMOs) and the reactivity indices
were performed. The HOMO, LUMO energies and reactivity
indices hardness (1) and softness () for adsorption matrices
and metallic ions are represented in Table 1. The results
were also compared with data previously published by the
research group for cellulose acetate and cellulose matrices
[13].

The results show that the adsorption matrices CE, CMC
and CA present values close to softness, being that CA
is relatively softer than CMC which is softer than CE, as
shown in Table 1. Ralph Person [35, 36] defined species
more polarizable as soft (acid or base) and less polarizable
as hard (acid or base). Analyzing the results qualitatively, it
is possible to infer that CA presents greater softness because
it is more polarizable and this fact can be justified by the
resonance that occurs in the substituent. The CMC shows
resonance only in the carboxyl group (COOH) and is softer
than the CE, which has only hydroxyls.
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Table 1 FMOs and reactivity

indices hardness (7) and Polymer or ion HOMO LUMO (@) ) References
softness (S) for adsorption CMC —208.352 10.43548 109.3937 0.009141 This work
matrices and metallic fons cx —148.776 0439257 74.60774 0.013403 This work

CA —210.473 2.033131 106.253 0.009411 [13]

CE —208.703 11.11319 109.9083 0.009098 [13]

cd —433.785 34.9711 234.3779 0.004267 [13]

Cu?t —75.6525 —49.749 12.9518 0.077209 [13]

et —214.489 —202.504 5992716 0.166869 [13]

Data in kcal mol ™

For metallic ions, Cr>* has the highest softness, followed
by Cu?* and finally Cd**. It can be inferred from the reactiv-
ity indices that the softer cation will interact more strongly
with the softer polymer according to Pearson’s concept where
soft interacts with soft and hard interacts with hard [35], but
like the CE, CMC and CA have very close values of hardness
and softness, and it can be inferred that Cr* becomes the best
candidate for interaction in these three polymers. Comparing
CX with the other polymers, it is possible to observe that
it is the polymer that presents the greatest softness among
all polymers resulting from the negative charge and atomic
volume of sulfur. Thus, CX is the polymer that becomes the
best candidate for Cr’* adsorption. It is worth mentioning
that the values presented in Table 1 are results obtained from
the orbitals of Kohn—Sham, as shown in Eqs. 3 and 4.

Structures

(b) cx

The chemical structures, MEPs and FMOs are repre-
sented in Fig. 1. The MEPs were generated with density
0.001 a.u. More intense color in blue indicates a partially
positive region, and the most orange or red color is partially
negative region. The metal cations are not shown but as they
are positive species, they have a totally blue coloration. Sev-
eral works of the literature use the analysis of MEPs and
show its importance to locate interaction and reaction sites
[5, 13].

From the MPEs, as shown in Fig. 1, it is possible to infer
that the metallic ions will interact with the oxygen atom
of the CMC polymer which have negative charges in the
regions where the oxygen is located. In the case of CX, the
MEP was modified for the sulfos groups (-C—S,>~) because
the sodium atoms (Na) that neutralized the charge were not

FMOs

LUMO

HOMO

Fig. 1 Structural formula, map of electrostatic potential (MEP), frontier molecular orbitals (FMOs) HOMO and LUMO for: a carboxymethylcel-
lulose and b cellulose xanthate. The MEPs were generated with density 0.001 a.u and the FMOs with isovalue 0.02
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considered in the structure. Na atoms were not considered,
because the complexation of ions occurs in aqueous medium
and the Na-S bond breaks down releasing Na™ leaving the
negatively charged sulfur (S7). Thus, from Fig. 1, it is pos-
sible to infer that the metal ions will interact with sulfos
groups and also with oxygen atoms of the CX.

From the position of the frontier molecular orbitals found
for the CMC and CX, as shown in Fig. 1, it is possible to
indicate that possibly the metal ions will interact with the
oxygen atom of the CMC polymer terminal groups, because
the oxygen presents & orbitals that can interact with the
metallic ions. In the case of CX, very characteristic & orbit-
als are observed over the sulfos groups, so this would be
the other interaction site. The atomic orbitals (AO) of Cr**,
Cu?* and Cd** are not represented in Fig. 1 because the
species are electropositive and have type d orbitals and the
LUMO orbitals of the cations will interact with the HOMO
orbitals of matrices that have electrons.

For the complexation study, only the sites described by
the analyses of reactivity indices, MEPs and FMOs were
evaluated because the analyses adequately predict the loca-
tion of the interaction. Another point is that the left and right
sides of the polymer were not evaluated as a possible site of
interaction because the polymer increases in that direction.

3.2 Complex structures
3.2.1 Structural and vibrational analysis

Analyses of MPEs, FMOs and reactivity indices provide
information about interaction sites and allowed to reduce
the computational cost by directly locating the most prob-
able site. Based on these results, it was decided to locate the
metal ions with the hydroxyl (-OH) and carbonyl (-C=0)
terminal groups of the CMC. For CX, two interaction sites
were analyzed: (1) hydroxyl and sulfo group (-CS) inter-
actions “a” and “b” and the other only about sulfo group
(-C-S,*7) with interactions “c” and “d.” The optimized
structures are represented in Fig. 2 with their respective
interactions.

The structural parameters of complex formation are
shown in Table 2 with their respective bond distances
and vibrational frequencies. For CMC polymer, it is pos-
sible to observe that Cr** ion is the metal that most closely
approximates the interaction matrices with values of 2.14
and 2.07 A for positions “a” and “b,” respectively. For CMC
complexes, it is also important to note that there are three
interactions “a,” “b” and “c” with the Cd** atom. This fact
indicates that in the molecule, the three sites compete for
the cadmium atom.

The structural parameters of the formation of CX com-
plexes with metals show that for the metallic ions at the two
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interaction sites, the Cu®* is the closest to the interaction
matrix with values of 2.05 and 2.33 A (positions a and b,
respectively) for interaction site (1) and with values of 2.48
and 2.5 A (position ¢ and d, respectively) for interaction site
(2). The values of the interaction distance lengths also show
that the first interaction site studied has a shorter bonding
length between the metal ions than second site. This fact
may be justified, because the oxygen atom has a smaller
electronic cloud than sulfur atoms, which results in a shorter
bond length.

All vibrational frequencies of complexed bonds decrease
with interaction as compared to the vibrational frequencies
of isolated molecules thus confirming that interaction has
occurred.

3.2.2 Gibbs energy and interaction energy

To evaluate the magnitude of the interaction, Gibbs energy
(AG) and the electronic interaction energy (E;,,) of the pro-
cesses were calculated, as shown in Table 3.

Table 3 shows by the AG values that the processes occur

spontaneously and the high negative values indicate that the
adsorption process occurs by chemisorption.
The E; , values show the tendency of metal ions to inter-
act with the adsorption matrices. For CMC, the interaction
order found was Cr’*>Cd** > Cu**. Unlike CMC, the CX
presented a more effective interaction for the Cu** ion than
for the Cd** ion and the order of interaction found was
Cr¥t > Cu?* > Cd*!. E,,, values for CX also show that the
two interactions studied at work are possible and practically
similar in terms of energy. This fact indicates that CX is an
excellent adsorption matrix, as it has more than one effective
interaction site.

Comparing the results with those previously reported by
our research group for cellulose and cellulose acetate, it is
possible to observe that CMC follows the same trend as CE
and CA [13]. In general it can be confirmed that both cel-
lulose and CA, CMC and CX derivatives interact with the
metallic ions studied from the theoretical point of view, thus
allowing experimental studies of these systems with envi-
ronmental applications.

3.2.3 QTAIM analysis

The topological parameters were evaluated using QTAIM
theory, and the complex results for the interactions are
shown in Table 4. The properties analyzed were electron
density (p(r)), electron density Laplacian (Vzp(r)) and total
(H(r)) energies.

The higher the electron density value (p(r)) in the bond
critical point (BCP), the greater the intensity of the inter-
action. When the values of V2p(r) and total energy H(r)
are positive, the nature of the interaction is electrostatic,
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Fig.2 Optimized structures of CMC and CX interacting with metallic ions Cu**, Cd** and Cr**
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Table 2 Calculated interaction distances (in /&) and vibrational fre-
quencies (in cm™") of carboxymethylcellulose, cellulose xanthate and
complexes formed

Molecule/complex Interac-  Bonding length Frequency (infrared

tion data)
position
CMC a - 1(C-0) 1082.22
b - U(C=0) 1794.78
¢ - 1(C-0) 1166.08
CMC-Cu?* a 2.88 U(C-0) 1072.27
b 2.12 (C=0) 1748.89
c _ _
CMC-Cd** a 234 1(C-0) 1065.65
b 231 UC=0) 1762.21
c 224 ©(C-0) 1101.66
CcMC-Cr** a 2.14 1(C-0) 1070.82
b 2.07 U(C=0) 1757.88
c _ _
CcX a - U(C-0) 1171.87
b - U(C=S) 710.67
c - U(C=S) 710.67
d - U(C=S) 710.67
CX'-Cu?* a 2.05 1(C-0) 1068.40
b 233 Y(C=S) 710.10
cxX'-cd* a 2.28 v(C-0) 1171.81
b 2.65 U(C=S) 705.77
cx'-cri* a 2.08 U(C-0) 1168.67
b 276 (C=S) 703.34
CX>-Cu?* c 2.48 1U(C=S) 707.82
d 2.50 U(C=S) 707.82
CX2-Cd* c 272 U(C=8) 705.35
d 279 (C=S) 705.35
cx’—crit c 2.58 U(C=8) 707.61
d 2.56 U(C=S) 707.61

'Interaction “a” and “b” in Fig. 2 for CX
%Interaction “c” and “d” in Fig. 2 for CX

whereas for values of Vzp(r) positive and H(r) negative, the
interactions are partially covalent. Analyzing p(r), it is pos-
sible to observe the same trend as E;’s calculations. All
interactions are non-covalent because they presented posi-
tive electron density Laplacian values (V2p > 0).

The results found, as shown in Table 4, show that for
CMC, the interactions in position “b” of CMC-Cu?,
CMC-Cd** and position “a” of CMC-Cd** complex have
positive V%p(r) and positive H(r) evidencing electrostatic
characteristics differently from other interactions. The
results obtained by QTAIM did not identify the “c” bond of
the CMC-Cd** complex and could not be classified.

For the interactions “a” in the complexes XC—Cu’*,
XC—Cd** and “b” in the XC—Cr?* site 1), the values are
positive for Vzp(r) and H(r) and therefore have electrostatic
character. All other interactions, site 1 and site 2 are partially
covalent (V2p>0 and H(r) <0).

Another important point of the topological parameters
V2p(r) and H(r) in predicting the nature of the interaction
is that it can infer whether the interaction is soft-hard or
hard-hard. For an electrostatic interaction, it can be attrib-
uted that the interaction is of the hard-hard type, because in
this interaction, there is little involvement of the electronic
density. However, for partially covalent interactions, it can be
said that the interaction is soft—soft, because the electronic
density participates more effectively in the interaction. From
Table 4, the hard—hard interactions are for the CMC—Cu>* in
position “b,” CMC—Cd** in positions “a” and “b,” XC'-Cu?*
in position “a,” XC'-Cd** in position “a” and XC!'-Cr’* in
position “b.” For the other interactions, the interactions are
soft—soft.

4 Conclusion

Therefore, the results obtained to provide insight into the
use of carboxymethylcellulose and cellulose xanthate for
the removal of Cr’*, Cu?* and Cd** of effluents. By calcu-
lating reactivity indices, MEPs and FMOs, it was possible

Table 3 Electronic interaction

. Interaction energy Gibbs energy References
energy (E;,) at 0 Kelvin and
Gibbs energy (AG) at 298 K for Cu?* Ccd** crt Cu** Ccd** crit
the studied complexes
CMC —110.1628 —432.9838 —1064.7365 —100.9845 —424.6300 —1056.3056 This work
cx! 2283181 —141.1338 —1146.3643 —219.7664 —134.1270 —1136.8652 This work
CX?  —226.0001 —144.9892 —1111.9995 —218.2540 —148.4951 —1113.4233 This work
CE —117.8349 —429.6905 —1070.0523 —109.8788 —421.0087 —1059.6765 [13]
CA —99.6148 —418.2926 —1056.7389  —91.4689 —408.9881 —1047.7771 [13]

The values were obtained in aqueous phase with theory level M06-2X/6-31+G(d,p)/LANL2DZ. Data in

kcal mol™!

Interaction “a” and “b” in Fig. 2 for CX

Hnteraction “c” and “d” in Fig. 2 for CX
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Table 4 Topological parameters calculated in atomic units (a.u.) in
the selected BCPs

Complex Interaction p(r) V2p(r) H(r)
CMC-Cu** a 0.011 0.021 —0.002

b 0.041 0.211 0.004
CMC-Cd** a 0.008 0.019 0.001

b 0.054 0.281 0.000

C — — —
CMC-Cr** a 0.056 0.281 —0.002

b 0.062 0.335 —0.002
cx'-cu?* a 0.058 0.444 0.010

b 0.064 0.225 —0.006
cxl-cd** a 0.051 0.269 0.000

b 0.046 0.114 —0.006
cx'-cr*t a 0.064 0.389 —0.005

b 0.027 0.102 0.001
CX*—Cu?* ¢ 0.045 0.161 —0.002

d 0.044 0.157 —0.002
CX*-Cd** c 0.042 0.095 —0.005

d 0.036 0.086 —0.003
cx?-cr’t c 0.041 0.155 —0.003

d 0.042 0.160 —0.004

'Interaction “a” and “b” in Fig. 2 for CX

%Interaction “c” and “d” in Fig. 2 for CX

to locate the best interaction site of the adsorption matrix
with the studied metallic ions. The results found in the work
showed that among the studied matrices, the CX is the one
that has the greatest interaction potential because it has two
complexation sites. In general, for all matrices, the Cr’* ion
is the metal ion that best interacts with the matrices and
all interactions are chemisorption and spontaneous. The
QTAIM analyses showed that the interactions in position “b”
of CMC-Cu**, CMC—Cd?* and position “a” of CMC-Cd>*
and “a” in the complexes XC—Cu**, XC—Cd** and “b” in
the XC-Cr** site (1) presented electrostatic character and
the other interactions were partially covalent. Finally, it is
possible to infer that the results for carboxymethylcellulose
and cellulose xanthate corroborate those reported in the
literature by our research group for cellulose matrices and
cellulose acetate.
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