Chitosan Sphere Adsorption Mechanisms for Ni, Mo, and Their Mixtures
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ABSTRACT

In this work, chitosan gel beads (spheres) were prepared using a phase inversion method. They were used to
study the process of sorption of nickel and molybdenum ions in aqueous solutions by means of equilibrium
analysis and sorption kinetics. The results obtained establish that both metals as a function of the variation of the
concentration, obey the Freundlich model with values of load capacity of 2.49 mg g for Ni and 41.84 mg g
for Mo. The sorptionresults of the Ni (I1), Mo (VI) and Ni (I1) / Mo (VI) mixtures with chitosan beads showed
that both ions are extracted, obtaining extraction percentages of 36.64% for Ni (I1) and 68.9% for Mo (V1). For
the case of the mixture, a percentage of 74.22% is reported. This result, which is shown above the values of
individual extraction, yields a synergistic process. Obtaining the most efficient extraction for the Mo (VI) in
simple system, this is ratified with the capacity value (qm) obtained from the Freundlich model.

INTRODUCTION

With the increase in industrialization and mining processes, environmental contamination with heavy metal ions
has increased to an alarming level. Heavy metal contaminants exist in the air, soil and water waste streams of
many industries.

Heavy metal contamination of water sources is dangerous for plants, animals and microorganisms and can be
carcinogenic to humanity [1,2].

The removal of heavy metal ions from drinking water is a real challenge due to its minimal amounts, the
formation of complexes with natural organic matter and the toxic effect even at very low concentrations [3].

Hydrogels have attracted great interest due to their diverse applications in sorption, biomedical materials, tissue
engineering, biosensor membranes, etc., due to their similar structure to the extracellular matrix, as well as their
excellent biological, physical and chemical properties. Variety of hydrogels have been prepared from synthetic
polymers or natural polymers such as chitosan [4].

During the last three to four decades, biopolymers have been extensively studied due to their interactions with
metal ions. Chitosan are the most widely studied and reported biopolymer for the metal ions sorption [5].

Chitosan is characterized by a high affinity for metal ions due to its high content of amine groups. The
mechanism of sorption depends both on the protonation of these amine groups and metal ions speciation. Metal
cations can be adsorbed at pH close to neutrality by a chelation mechanism, while metal anions can be adsorbed
in acidic solutions through ionic interactions with protonated amine groups [6].

In the present work, gel beads(spheres) of crab shell chitosan, at a concentration of 2 wt.%, were prepared to
carry out studies on the sorption process of Nickel and Molybdenum ions in aqueous solutions by means of
equilibrium analysis and sorption kinetics.

MATERIALS AND METHODS

Materials

Crab shell chitosan with a degree of deacetylation of 85% was used, from batch 91k1265, as received from
Sigma Aldrich, as well glacial acetic acid (99.8% purity). The metal salts used were (NH4)sM0702- 4 H,0O
(Ammonium heptamolybdate) and Ni(NOsz). (Nickel nitrate) Fermont brand.



Methods

Chitosan solution preparation

The solution was prepared by dissolving 2 wt. % of chitosan in 2 wt. % of acetic acid. This solution was
magnetically stirred until completely dissolved at room temperature. Finally, it was filtered under pressure with
a medium filter to eliminate residues of undissolved material.

Procedure to obtain the chitosan gel beads (spheres)

The polymeric solution was transferred to a syringe and needle pump was used, where it was dripped at a flow
of 20 ml/h into a beaker containing 2M NaOH solution which was slowly stirred with a magnetic stirrer.
Chitosan is insoluble in alkali, hydrogel beads of chitosan were formed in NaOH solution. The gel beads
remained in the solution for 24 h for hardening. Subsequently the gel beads were washed in bidistilled water to
remove the NaOH until a neutral pH was obtained, then were stored in bidistilled water at room temperature for
the following sorption experiments.

lon metal sorption onto chitosan gel beads (spheres)

Solutions were made at concentrations of 200 ppm Ni at pH =5, Mo at pH = 1, 3, and 5 and NiMo at pH =5
(controlled addingmicrovolume of sulfuric acid and sodium hydroxideconcentrated solutions), equal amounts of
gel beads (spheres) were added (5 gr) in beakers with 50 ml of the obtained solutions and left in constant
agitation at 100 rpm, the necessary adjustments were made in the pH, until no longer achieving any pH variation
in the solutions, this was done to analyze the pH optimal for the following experiments. Solutions were prepared
at 2000, 1000, 500, 300, 200, 100 and 50 ppm of the Ni, Mo and NiMo metals at pH 5, and the same procedure
was carried out for each of the solutions, samples were subsequently taken for the corresponding analyzes. The
samples were analyzed by emission spectroscopy with inductively coupled plasma (ICP-OES) with the Perkin
Elmer Analyst 300 equipment.

Sorption kinetics for ni, mo and nimo

In beakers, 250 ml of Ni, Mo and NiMo solutions were prepared at 2000 ppm, 50 grams of chitosan gel beads
were added at each solution in constant agitation, solution samples were taken respectively at consecutive times
of 0, 3, 6, 15, 30, 45, 60, 90, 120 min, 3, 4, 5 and 24 h, these samples were used for their respective
concentration analyzes and used to construct the sorption kinetics.

RESULTS AND DISCUSSION

Ph effect on the metal ion sorption

The sorption of metal ions with chitosan is produced by interactions between the metal ion and the amino group
of chitosan, this is a weak base and the equilibrium of dissociation depends on the pH (equation 1), some
authors establish that at pH 6 (pK.= 6.20), about 50% of the amino groups have the protonated form asNHs*
[7.8].

R—NHs* + H.O & R - NH, + H30+(1)

It is known that nickel ions can be extracted at pH 5 [9,10] and for molybdenum ions at pH of 1, 3 and 5 [11, 12,
13], taking into account these parameters in Figure 1is presented the sorption process of Mo (V1) to different pH
values, it is observed that the highest sorption percentage is achieved at pH 3 however considering that the
extraction of Ni (1) is at 5, we choose pH 5 where it is obtained the maximum extraction of Ni (I1), extraction of
Mo (V1) greater than 65%, and the possibility of having the chitosan with a good percentage of active sites that
propitiate the sorption of the species in both simple and mixed systems.
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Figure 1. Percentage of Mo sorption at 200 mg L™ at pH values of 1, 3 and 5.



Effect of metal concentration, ni (I11) and mo (V1).

The Langmuir model describes the adsorption process in monolayers without lateral interactions between the
adsorbate molecules, this due to the sorption-desorption equilibrium, on the other side Freundlich's model
considers that the interactions are on an energetically heterogeneous surface. In equations 2 and 3, both models
are presented as a function of the sorption capacity for chitosan.
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where q is the sorption capacity (mg M* g%, or mmol M* g™?) in equilibrium with Ceq (mg M* L', or mmol M*
L1), gm is the sorption capacity at saturation of the monolayer coverage (mg M* g%, or mmol M* g%), b is the
affinity coefficient (L mg?, or L mmol™), K: is capacity coefficient and n is intensity coefficient. The
parameters of the model have been obtained by non-linear regression in order to diminish the statistics bias,
compared to the linearization/linear regression method [14]. Figure 2 shown the modeling of experimental data
with the Langmuir and Freundlich models using the parameter values summarized in Table 1.
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Figure 2. Sorption isotherms of Ni and Mo A) Model Langmuir Ni, B) Model Langmuir Mo, C) Model Freundlich Ni
and D) Freundlich Mo

According to Figure2 the sorptionprocess of Ni (A and C) and Mo (B and D) on chitosan gel beads is more
accurately adjusted to Freundlich (Figure 2, C and D) with sorption capacities of 2.49 mg g* for Ni and 41.84
mg g* for Mo, different authors report that the processes of sorption of transition metals are governed by
Lagmuir [15, 16, 17] the values of the correlation coefficient (R?) do not show substantial differences as to rule
out the possibility of having combined behaviors, that is to say that they resemble Freundlich, in this case it is
observed in Figure 2 (A-D) at low concentrations of metals the adjustment to both models is adequate and it is
precisely at this point where both models coincide, on the other hand at high concentrations we have that
Freundclich presents a better fit with smaller deviations of the coefficient (R?). With these results it is



established that the sorption on the chitosan beads is in a monolayer system but that it presents high energy sites
when working at high concentrations.

Table 1. Parameters of equilibrium for simple systems.

Quitosano Langmuir Freundlich
gmmg M* | b (L mg?) R? Ks n R?
g7)
Ni (I1) 2.49 0.0084 0.95 0.0426 1.473 0.98
Mo (VI) 41.84 0.0013 0.99 0.0642 1.067 0.99

Regarding the extraction process of metals, in Table 1, it is observed that the load capacity for Mo (41.84 mg g
1) is greater than that of Ni (2.49 mg g™2), so that the surface is used more effectively by molybdenum, this is due
to the size of the ion that is extracted, that is to say of the extracted species depending on the conditions of the
study, in this case pH = 5, which has been reported by different authors as the ideal one since the majority of the
active centers of chitosan are available for the process. Is known [6,7] that the total number of active sites in
chitosan gel beads is high (= 90% of the total available sites) and it also suggests that the mechanism of
extraction of Ni and Mo is by ion exchange.

Effect of the concentration on the sorption of ni (1) / mo (V1) mixtures

For the case of the sorption of binary mixtures, the behavior is different from the single study, it is possible to
find masking mechanisms that is to say that one metal is favored over the other, or synergy. Several authors
have reported the use of chitosan for the separation of mixtures selectively, Matus et al. [18], studied the
sorption of Cu (I1) and Hg (I1), finding that chitosan although adsorbed the two metals but is more related to the
extraction of Cu (Il). Other reports the sorption of Ni (II) in the presence of Cu (Il), with results that establish
that the extraction of Cu (1) is favored over Ni (I1) [19]. On the other hand, Benavente et al. [20], verified that
the experimental data of the sorption equilibrium of Cr (V1) and Ni (I1) are adjusted to the Langmuir model,
with maximum capacity of Ni sorption of 83.31 mg/g chitosan.

According to the results presented in Table 2, the sorption process for a mixture of Ni (11) / Mo (VI) in chitosan
gel beads is set in the case of nickel to both Langmuir and Freundlich models, a phenomenon that differs if
Metal (Ni (1)) is used alone, with a loading capacity (qm) of the order of 14.95 mg g%, higher than that obtained
for simple sorption (2.49 mg g%).

Table 2. Parameters of equilibrium for combined systems Ni (11) / Mo (VI)

Quitosano Langmuir Ni(11)/Mo(VI) Freundlich Ni(11)/Mo(V1)
gmmg M* | b mg M* R? Ks n R?
g7 g7)
Ni (I1) 14.95 0.0043 0.99 0.1314 1.3941 0.98
Mo (V1) -3.10 -0.02933 0.71 0.0429 0.6308 0.92

On the other hand, molybdenum only fits Freundlich both individually and in a mixture with Ni (II). With the
obtained result it can be established that while the Ni (I1) adheres to the chitosan in a monolayer system, the
increase in its concentration affects the sorbate energy, while the molybdenum seems to adjust to the fact that its
sorption process is given on an energetically heterogeneous surface.
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Figure 3. Sorption isotherms of Ni and Mo A) Model Langmuir Ni, B) Model Freundlich Ni, C) Model Freundlich Mo.

The sorption results of the Ni (11), Mo (V1) and Ni (1) / Mo (VI) mixtures with chitosan beads showed that both
ions are extracted, obtaining extraction percentages of 36.64% for Ni (11) and 68.9% for Mo (VI), see Figure 4.
On the other hand, for the case of the mixture, a percentage of 74.22% is reported. This result, which is shown
above the values of individual extraction, yields a synergistic process, observed by other authors for systems
involving Ni (1) [18], it is important to take into account the conditions of the system in addition to the ions
involved. Obtaining the most efficient extraction for the Mo (VI) in simple system, this is ratified with the
capacity value (qm) obtained from the model.
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Figure 4. Extraction percentages of Ni (1), Mo (V1) and the mixture Ni (1) / Mo (V1).

CONCLUSIONS

The results obtained establish that both metals as a function of the variation of the concentration, obey the
Freundlich model with values of load capacity of 2.49 mg g* for Ni and 41.84 mg g* for Mo. The results of
sorption of the Ni (I1), Mo (VI) and Ni (I1) / Mo (VI) mixtures with chitosan beads showed that both ions are
extracted, obtaining extraction percentages of 36.64% for Ni (I1) and 68.9% for Mo (VI). For the case of the
mixture, a percentage of 74.22% is reported. This result, which is shown above the values of individual
extraction, yields a synergistic process. Obtaining the most efficient extraction for the Mo (V1) in simple system,
this is ratified with the capacity value (qm) obtained from the model.
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