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Abstract: The biopolymer chitosan is a very efficient adsorber material for the removal of heavy metal
ions from aqueous solutions. Due to the solubility properties of chitosan it can be used as both a
liquid adsorber and a solid flocculant for water treatment reaching outstanding adsorption capacities
for a number of heavy metal ions. However, the type of anion corresponding to the investigated
heavy metal ions has a strong influence on the adsorption capacity and sorption mechanism on
chitosan. In this work, the adsorption capacity of the heavy metal ions manganese, iron, cobalt, nickel,
copper, and zinc were investigated in dependence on their corresponding anions sulfate, chloride,
and nitrate by batch experiments. The selectivity of the different heavy metal ions was analyzed by
column experiments.
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1. Introduction

Pollution caused by humankind is becoming an ever-increasing problem on a daily basis [1–3].
Much of the pollution occurs at surface waters like rivers, lakes, and, of course, in oceans [4,5].
Particularly difficult is the separation of toxic substances, which have an essential impact on the
environment even at low concentrations [6]. Such substances can be heavy metal cations in surface
waters due to a lack of safety precautions or accidents from industrial waste [7]. Therefore, it is
important to remove these substances from surface waters, and especially from drinking water. In recent
years, intensive research has been conducted on how to remove these inorganic ions from aqueous
solutions [8–10]. Known and applied methods include precipitation, ion exchange, and various
membrane processes [11–13]. As a result to the increased demand of economic processes to remove
metal ions from industrial wastewater, biomaterials, in particular chitosan, have been intensively
studied in recent years [14–17]. Thus, chitosan is very suitable for the adsorption of heavy metal
cations mainly due to its primary amino groups. Chitosan is a biodegradable polysaccharide derived
from chitin, which is found in the shells of crustaceans and thus a waste product from food industry.
Chitin is the most abundant biopolymer after cellulose and mainly obtained from crab and shrimp
tanks [18–20]. Chitin consists of linear chains of N-acetyl-d-glucosamine. Chitosan is produced by
treating chitin with sodium hydroxide or enzymes (deacetylase). In recent years, the use of chitosan as
an adsorbent has gained increasing importance. The adsorption capacity depends on several factors
such as degree of deacetylation (DD), particle size and crystallinity [21–24]. The molar mass plays a
subordinate role for the adsorption capacity. The DD indicates the ratio of free amino groups present
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for interaction with the metal ions. In addition, amino groups have a higher reactivity than acetamide
groups [25–29]. Hence, it can be concluded that a higher DD has a positive effect on the adsorption
capacity. Since the associated higher costs in the production are problematic, chitosan with a DD of
<95% is very rarely used in industry. The particle size depends on the application and can be easily
modified. Of course, nanoparticles offer themselves for adsorption processes because they have the
well-known large surface/volume ratio offering high surface areas for respective adsorbates. However,
these can add small holes in column tests and, thus, clog the apparatus. Other forms are sponges,
flakes, fibers, or hollow fibers. In addition, chitosan can also be chemically modified by crosslinking.
Bi- and tri-functional chemicals such as glutaraldehyde or tripolyphosphate are commonly used to
create a three-dimensional network to increase the acid resistance of chitosan and to improve the
adsorption performance, for example of alkali metal ions [30].

In this study, we investigated the adsorption behavior of chitosan with a DD of 85% for the heavy
metal ions manganese, iron, cobalt, nickel, copper, and zinc ions in dependence on the corresponding
anion sulfate, chloride, and nitrate. Previously, we studied the adsorption of CuSO4, FeSO4, and NiSO4

on chitosan and could show that besides the known adsorption of the heavy metal ion, the sulfate
ions adsorb as well [31]. Subsequently, we used NiSO4 and Ni(NO3)2 to understand the influence of
the oxyanion for the adsorption of heavy metal ions on chitosan on the example of nickel salts [32].
The adsorption isotherms showed huge differences in the adsorption capacities for nickel in dependence
of the corresponding anion. Here, we extended the number of examined heavy metal ions and anions
to comprehend the overall adsorption mechanism and the influence of the anion. Besides the oxyanions
sulfate and nitrate, we also analyzed chloride salts motivated by the fact, that chitosan dissolves well
in acids such as HCl and acetic acid but not in sulfuric acid [33]. Hence, the solubility of chitosan in the
tested metal salt solutions was considered as well.

2. Results and Discussions

2.1. Batch Experiments

The adsorption properties of the six heavy metal ions manganese, iron, cobalt, nickel,
copper and zinc were investigated in dependence on their corresponding anion by batch experiments.
The adsorption isotherms of all six heavy metal ions and three different anions supported by the
Langmuir fits are shown in Figure 1. Thus, for every investigated heavy metal ion the adsorption
capacity is highly dependent on the corresponding anion of the metal salt. As previously described,
chitosan features the ability to adsorb simultaneously heavy metal ions and oxyanion like sulfate [31,32].
This observation is valid for most heavy metal salts. Except for manganese salts, all heavy metal
ions with sulfate exhibit the highest adsorption capacity in comparison to the nitrate and chloride
salts. This might be due to the different valence of sulfate (SO4

2−) in comparison to chloride (Cl−) and
nitrate (NO3

−). Nickel salts are a perfect example for an adsorption of nickel ions and anions with a
ratio of 1:1 independent on the type of anion (see Figure 1d). The adsorption capacities obtained for
the cobalt salts are slightly lower in comparison to nickel, but show a similar trend. NiSO4, ZnSO4,
and CoSO4 featured an adsorption ratio of metal ions to sulfate ions of 1:1 and adsorption capacities
between 1.5 mmol·g−1 and 2.0 mmol·g−1. NiSO4 and ZnSO4 exhibited higher adsorption values
at low concentrations in comparison to CoSO4. The adsorption isotherms of the NiSO4 and NiCl2
exhibited similar adsorption rates for the nickel ions. Similar trends can be observed for the heavy
metal ions cobalt, nickel, copper, and zinc as nitrate and chloride salts. Within the series of heavy metal
sulfates, iron and copper featured the highest adsorption capacities with around 2.3 mmol·g−1 for both,
heavy metal ions and around 2.6 mmol·g−1 for sulfate ions. However, the curves for the nitrate and
chloride ions do not feature a 1:1 adsorption ratio with the copper ions. For copper, the adsorption
rate of chloride ions is higher and the adsorption rate of nitrate ions is a lot lower in comparison to
copper ions. Although, it should be noted that the adsorption of Cu2+ at low concentrations hardly
depends on the anion with an adsorption efficiency of 94% for CuCl2, 96% for Cu(NO3)2, and 97%
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for CuSO4. As the concentration increases, the adsorption of the ions CuCl2 and Cu(NO3)2 decreases
almost equally and more rapidly than for CuSO4.
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The adsorption of iron salts on chitosan was unique in comparison to the other heavy metal salts, 
since chitosan dissolved in FeCl2(aq) and Fe(NO3)3(aq). Thus, the turbidity of the solutions increased by 
the addition of FeCl2(aq) for concentrations above c0 = 500 mg L−1. However, at a similar concentration 
range, chitosan dissolved in Fe(NO3)3(aq) without visible turbidity leading to the assumption that 
chitosan is better soluble in Fe(NO3)3(aq). Thus, the adsorption of FeCl2 and Fe(NO3)3 was not 
analyzable. Furthermore, iron has a strong tendency to oxidize from Fe2+ and Fe3+ being present side 
by side in solution. The chitosan flakes showed a reddish to reddish-brown color during the 
adsorption process. The adsorption of Fe2+/3+ was up to 95% at low c0. 

Manganese salts show in general a relatively low adsorption capacity in comparison to the other 
heavy metal salts. Within the investigated series of divalent cationic heavy metal ions, manganese 

Figure 1. Adsorption isotherms of heavy metal ions (full symbols) and the corresponding anions (open
symbols). Batch adsorption experiments with the heavy metal salts: (a) MnSO4 (blue), MnCl2 (red),
and Mn(NO3)2 (green), (b) FeSO4 (blue), (c) CoSO4 (blue), CoCl2 (red), and Co(NO3)2 (green),
(d) NiSO4 (blue), NiCl2 (red), and Ni(NO3)2 (green), (e) CuSO4 (blue), CuCl2 (red), and Cu(NO3)2

(green), and (f) ZnSO4 (blue), ZnCl2 (red), and Zn(NO3)2 (green) onto chitosan at 298 K dependent
on the equilibrium concentration after adsorption process. Langmuir isotherms were fitted for metal
ions (solid lines) and Langmuir isotherms for anions (dashed lines). The pH of the solutions was not
adjusted (see Figure S1).

The adsorption of iron salts on chitosan was unique in comparison to the other heavy metal
salts, since chitosan dissolved in FeCl2(aq) and Fe(NO3)3(aq). Thus, the turbidity of the solutions
increased by the addition of FeCl2(aq) for concentrations above c0 = 500 mg L−1. However, at a
similar concentration range, chitosan dissolved in Fe(NO3)3(aq) without visible turbidity leading to the
assumption that chitosan is better soluble in Fe(NO3)3(aq). Thus, the adsorption of FeCl2 and Fe(NO3)3

was not analyzable. Furthermore, iron has a strong tendency to oxidize from Fe2+ and Fe3+ being
present side by side in solution. The chitosan flakes showed a reddish to reddish-brown color during
the adsorption process. The adsorption of Fe2+/3+ was up to 95% at low c0.
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Manganese salts show in general a relatively low adsorption capacity in comparison to the other
heavy metal salts. Within the investigated series of divalent cationic heavy metal ions, manganese has
the lowest complex stability constant (see Irving-Williams Series). The complex stability constant can
only be compared for the same type of anion. Within the Irving-Williams Series copper has the highest
complex stability constant and thus the highest adsorption capacities. The maximum adsorption
efficiency of Mn2+ was 20%, which is considerably lower than to the other metal salts. Especially the
very low MnSO4 isotherm in comparison to the MnCl2 and Mn(NO3)2 isotherms is contrary to the
trend of the other metal salts. The pH values for the heavy metal salt solutions were not adjusted and
are shown in Figure S1. The obtained adsorption capacities were compared with other materials in the
Supporting Information.

In order to gain a better understanding of the dissolution and adsorption mechanisms with
chitosan FTIR spectroscopy was applied. Figure 2 represents the FTIR spectra of the salt solutions casted
onto an internal reflection element and dried (see experimental section in Supporting Information).
The FTIR spectra are related to the pure salt solutions before and the supernatants after the adsorption
onto Ch85/400/A2.

First of all, the dissolution tendency of the chitosan flakes can be analyzed from these spectra.
The chitosan spectrum (Figure 2a–f, in yellow) has some prominent IR peaks at around 1630 cm−1 and
1510 cm−1 assigned to the Amide I and Amide II band and at around 1050 cm−1 due to the ν(C–O)
stretching vibration of ether and hydroxyl linkages of polysaccharides. The absence of these bands,
most significant for ν(C–O), clearly indicates that the chitosan flakes preserved upon the adsorption
process, while presence indicates part dissolution. Applying this criterion to all supernatant spectra in
Figure 2, it can be identified that the iron salts FeCl2(aq) and FeNO3(aq) dissolved the chitosan flakes,
except for FeSO4. Arguments for dissolution only in FeCl2(aq) and FeNO3(aq) could be, that the pH
value was significantly lower than for the other ones (see Supporting Information). The exception
for FeSO4 might be explained by a bridging scenario of chitosan/SO4

2− stabilizing the sample. It is
well known that chitosan is not soluble in sulfuric acid, which is in accordance with this observation.
Interestingly, copper salts featured also values pH < 7, but did not dissolve chitosan. Presumably,
also copper salts were able to bridge and thus stabilize chitosan against dissolution.

Secondly, in the FTIR spectra of the dried supernatant samples diagnostic bands were observed at
around 1300 cm−1 assigned to ν(NO2) vibration due to nitrate ions and at around 1080 cm−1 from the
ν(SO2) vibration due to sulfate ions, while chloride ions per se cause no IR bands. However, the peaks
at around 1600 cm−1 for chloride salts are due to the δ(H2O) band of bound water in these salts and
hence are indirectly diagnostic for chloride salts. From the presence of these salts in the supernatant
spectra it can be qualitatively concluded, that the metal salts were not completely bound to chitosan
flakes, but quantitative determination of the unbound fraction is challenging. Although shifts of both
ν(NO2) and ν(SO2) were observed for different metal salts, the interpretation is challenging for several
reasons. At first, diagnostic shifts of these bands should be only expected, if there was an interaction
to chitosan (e.g., electrostatically via the ammonium group, or via the chelation of the metal cation
with chitosan). Such an interaction to chitosan could be only observed, if there was dissolution of
chitosan, onto which readily metal salts were bound. However, dissolution was only observed for iron
salts, but just these salts did not show band shifts. Secondly, positions of ν(SO2) and ν(NO2) bands of
respective sulfate and nitrate ions are crucially dependent on the amount of bound water still present
in dry metal salt samples. Commonly, there is a shift to lower wavenumbers of these bands for higher
amounts and a shift to higher wavenumbers for lower amounts of bound water. However, this amount
is dependent on the drying process and on the hygroscopy of the metal salts. Hence, conclusively the
observed shifts should not be related to any binding scenario of metal salts at chitosan at the moment.
This issue will be further addressed on chitosan (pellet not supernatant) samples, onto which metal
salts were bound.
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Figure 2. (a)–(f) show the FTIR spectra of the metal salt solutions before (dashed line) and from the
supernatant after (full line) the adsorption. For comparison, the yellow spectrum shows the pure
chitosan. (a) MnSO4 (blue), Mn(NO3)2 (red), and MnCl2 (green); (b) FeSO4 (blue), Fe(NO3)3 (red),
and FeCl2 (green); (c) CoSO4 (blue), Co(NO3)2 (red), and CoCl2 (green); (d) NiSO4 (blue), Ni(NO3)2

(red), and NiCl2 (green); (e) CuSO4 (blue), Cu(NO3)2 (red), and CuCl2 (green); (f) ZnSO4 (blue),
Zn(NO3)2 (red), and ZnCl2 (green), (g) adsorption experiments chitosan with FeCl2, and (h) adsorption
experiments of chitosan with Fe(NO3)3. The concentration of salt solutions was 2 g·L−1 in relation to
the metal ion.
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With increasing concentration, the adsorption of some heavy metal salts on the chitosan flakes
was also visible by naked eye due to the color change of the flakes (see Figure 3). Although Mn(II)
salts feature a pink color, which is characteristic for transition metal complexes with high spin
d5 configurations, the chitosan flakes treated with manganese salts resulted in a brownish color,
which might be due to the oxidation of Mn2+ to MnO2. A similar oxidation procedure can be noticed
for the iron salts. After the adsorption of the iron salts, all chitosan flakes featured a brownish orange
color, although the pure iron sulfate, nitrate, and chloride are colored pale blue, white grey, and blue
green, respectively. The brown orange color might be caused by the formation of iron hydroxide.
The amount of flakes treated with iron chloride and iron nitrate is very low as most of the flakes
dissolved in the salt solution (see Figure 3i,r). For comparison, the chitosan flakes treated with cobalt,
nickel, copper, and zinc salts featured the color, which is similar to the color of the pure salts. In general,
the color intensity of the flakes increased for all samples with the concentration of metal salt solutions
(see Figure S2).Molecules 2020, 25, x FOR PEER REVIEW 7 of 16 
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Figure 3. Images of: (a) pure chitosan flakes, (b) c0(MnSO4) = 5900 mg·L−1,
(h) c0(Mn(NO3)2) = 5800 mg·L−1 and (p) c0(MnCl2) = 4100 mg·L−1, (c) c0(FeSO4) = 5900 mg·L−1,
(i) c0(Fe(NO3)3) = 7900 mg·L−1, (r) c0(FeCl2) = 4600 mg·L−1, (d) c0(CoSO4) = 4800 mg·L−1,
(k) c0(Co(NO3)2) = 6200 mg·L−1, and (s) c0(CoCl2) = 4000 mg·L−1, (e) c0(NiSO4) = 5600 mg·L−1,
(n) c0(Ni(NO3)2) = 6200 mg·L−1, and (t) c0(NiCl2) = 4200 mg·L−1, (f) c0(CuSO4) = 4700 mg·L−1,
(m) c0(Cu(NO3)2) = 5800 mg·L−1, and (u) c0(CuCl2) = 4000 mg·L−1, (g) c0(ZnSO4) = 5200 mg·L−1,
(o) c0(Zn(NO3)2) = 3800 mg·L−1, and (w) c0(ZnCl2) = 4100 mg·L−1 after the adsorption process.
All flakes were rinsed with water before drying after the adsorption process.

In order to understand the adsorption mechanism and color changes on the flakes, especially
for the manganese and iron salts, the flakes were analyzed by XRD measurements (see Supporting
Information, Figures S10–S15). All chitosan samples treated with manganese salts featured a similar
XRD pattern, which is mainly the pattern of pure chitosan. There are two small reflections at 31◦ and
51◦ 2θ, which could be assigned to the (104) and (116) reflections of MnCO3 [34]. However, since the
reflections of MnCO3 show only low intensity due to the low amount of manganese salts on the
chitosan flakes this is just one potential cause. The mineral MnCO3 exhibits a pink color, similar to all
other Mn(II) species. However, partially oxidized MnCO3 features a light brown color, which might
also explain the color change of the flakes from white to light brown after the adsorption process
(see Figure 3). For the iron-chitosan compounds, compounds with lower salt concentrations were
investigated, since the chitosan was dissolved at higher salt concentrations of FeCl2 and Fe(NO3)3.
For iron nitrate–chitosan, the concentration may have been too low, so that no salt was detectable.
In the case of iron chloride–chitosan and iron sulfate-chitosan, FeO(OH) could be detected. Iron (III)
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oxide-hydroxide is known for its orange color and used as Pigment Yellow 42. Thus, this explains also
the observed color change on the chitosan flakes. The XRD pattern for nickel, cobalt, and zinc salts
show mainly the reflections of chitosan due to the low intensities of the salt crystals on the chitosan
surface. In comparison, CuCl2 and CuSO4 salts featured relatively high intensities of the adsorbed
salts on the surface. This is in good agreement with high adsorption capacities obtained for copper
salts. According to the XRD spectra, all three copper salts crystallized on the chitosan surface with the
corresponding anion.

The formation of the salts could also be observed by SEM-EDX analysis. Figure 4 shows the
surfaces of the chitosan flakes after the adsorption of the six heavy metal sulfate salts. The SEM-EDX
images of the chloride and nitrate salts show a similar behavior as the sulfate salts (see Supporting
Information). In general, cobalt and nickel salts always feature a comprehensive distribution of
the heavy metal ions with the corresponding anions on the surface. The distribution of the nitrate
anions cannot be detected by SEM-EDX as pure chitosan features amino groups. Manganese, copper,
iron, and zinc are only partially detected as crystals on the surface. However, for all six heavy
metal salts the heavy metal ions as well as the corresponding anions sulfate and chloride could be
detected by SEM-EDX. For the manganese and copper salts, the anions sulfate and chloride showed a
comprehensive distribution over the chitosan flakes. Hence, the adsorption process of the anion is
independent on the adsorption process of the heavy metal ion. This result is in accordance with the
adsorption isotherms in Figure 1 and the XRD patterns in the Supporting Information.
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from all heavy metal salts with the three different anions can be found in the Supporting Information.

In general, chitosan features high adsorption capacities for the heavy metal salts of iron, cobalt,
nickel, copper, and zinc when using sulfate as corresponding anion. The adsorption processes of
heavy metal ions and anions occurs simultaneously. Anions can be adsorbed to chitosan by hydrogen
bonding and/or electrostatic forces and/or by the adsorbed heavy metal ions as crystallization process.
The adsorption of heavy metal ions onto chitosan is more likely to occur by chelation with the primary
amino group (–NH2) and the hydroxyl group. Thus, a low pH at which chitosan is partially or fully
positively charged is disadvantageous for the adsorption of heavy metal ions. The zeta-potential of
chitosan is shown in the Supporting Information, Figure S43. Furthermore, chitosan has the tendency
to dissolve at low pH values. The complex formation is based on the principle of Pearson’s “hard soft
acid base” (HSAB) [35]. The focus is on the polarizability of Lewis acids and Lewis bases, “soft” acids
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and bases are easier polarized than “hard” ones. The combination of hard acids and hard bases or
soft acids and soft bases results in comparatively more stable complexes than in a combination of
hard and soft. The six transition metal ions are intermediate Lewis acids and the chitosan groups
RNH2 and ROH represent weak ligand bases. Hence, Fe3+ and Co3+ are weak Lewis acids and should
therefore form more stable complexes with chitosan than Fe2+ and Co2+. Within the series of the six
investigated heavy metal ions, copper should feature the highest adsorption capacities as it forms the
most stable complexes due to its small metal ion radius, and the larger binding energy and crystal
field stabilization energy (CFSE) (Irving-Williams Series). However, as iron oxidizes from Fe2+ to Fe3+,
Fe3+ shows a similar high adsorption capacity as copper (II) sulfate. Most studies on the adsorption
mechanism of heavy metal ions at chitosan have been carried out with copper ions, due to the high
adsorption capacity [24,36–39]. Two different coordination models, (a) the “bridge model” and (b) the
“pendant model” may be applied [31]. On one hand, the bridge model it is assumed that copper ions
have the coordination number 4 and are bound by several amino groups by means of intermolecular
or intramolecular complex formation [40]. The “pendant model”, on the other hand, describes the
binding to an amino group to which the metal ion is attached. The investigations can be performed via
X-ray studies of chitosan complexes with different metal cations [41–44]. In literature, this thesis could
be confirmed and it was found that chitosan forms a unique complex at a pH of less than 6.1 with
the structure [CuNH2(OH)2] [43]. Considering the coordination of copper complexes, the fourth side
can be occupied by a water molecule or the OH group in the C-3 position [45]. This hypothesis was
confirmed using calorimetric measurements. Thus, the pH and the initial concentration have a great
influence on the adsorption mechanism and the adsorption capacity. For example, the coordination
number changes from 1 at pH 5.3 and to 2 at pH 5.8 [40]. In addition, it has been found that individual
monomers, i.e., glucosamine units, are significantly more inefficient in complex formation with copper
ions compared to oligomers and polymers. Most likely, the adjacent hydroxyl groups play an important
role. It can be assumed that both models of complex formation are possible and it depends on the pH
and initial concentration which model is preferred. The same applies to the mechanism of adsorption,
which is based on electrostatic forces and complex formation. Hence, the obtained results showed that
chitosan metal complexes produced from sulfate salts could achieve the highest adsorption efficiency.
The presence of sulfate ions in the solution can therefore facilitate the chelation of the metal ions with
the chitosan polymer. Nevertheless, most metal ions are affected by hydroxide precipitation, so that a
deposition onto the adsorber as oxides or hydroxides could be possible.

2.2. Column Experiments

In addition to the batch studies, a column experiment was carried out, which should represent the
simultaneous separation of the metal ions and sulfate ions used as a function of time. Chitosan flakes
were packed in a chromatography column and fixed with glass wool and glass balls. The essential
difference to the batch tests is not only the simultaneous dynamic analysis, but also that the separation
takes place essentially in the absence of air. The metal salt solution was pumped from below into
the column to ensure uniform adsorption. Similar to the batch experiments, an increasing color is
recognizable, here as a function of time (see Figure 5).

In Figure 6, the adsorption of all six heavy metal sulfate salts on chitosan in a column is shown.
The separation efficiency is very dependent on the speed of the pump. With a relatively slow flow rate
of 0.29 mL·s−1 in continuous operation, a good separation of the individual ions over time could be
observed. After 38.5 h, a separation efficiency of the metal ions Cu2+ > Fe2+ > Ni2+ = Zn2+ > Co2+ >

Mn2+ was detected. As the experiment was performed under anaerobic conditions, it can be assumed
that all ions are bivalent. This fact is different to the batch experiments and yields in slightly different
results. The equilibrium for manganese ions reached relatively fast after a short time of 1 h with an
adsorption rate of 13% (qmax = 16%). The separation of cobalt ions with qmax = 23% is slightly better
under the given conditions. It seems that these depend more strongly on the adsorption of the other
metal ions, since separation increases continuously, albeit slowly. The separation of the nickel ions
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(qmax = 37%) and zinc ions (qmax = 37%) is similar, whereby the maximum separation rate seems to be
reached almost after 7 h. After 38.5 h, iron ions were separated to qmax = 89%. Copper ions reached
the highest adsorption efficiency with qmax = 98%. Due to the considerable amount of adsorber used,
the pH also increased during the course of the experiment from pH0 = 3.95 to pHmax = 7.03.
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Figure 6. Column experiment with all six heavy metal sulfate salts. The column was filled with the
chitosan flakes and the concentration of the heavy metal ions and sulfate was measured as a function of
time, including the change in pH. The initial concentrations of each heavy metal ion in the solution
was c0(Mn2+) = 4.06 mmol·L−1; c0(Fe2+) = 4.05 mmol·L−1; c0(Co2+) = 4.08 mmol·L−1; c0(Ni2+) =

3.91 mmol·L−1; c0(Cu2+) = 3.97 mmol·L−1; c0(Zn2+) = 3.93 mmol·L−1; and c0(SO4
2−) = 28.64 mmol·L−1.

Graph was also plotted as c(t)/c(0) vs. time (see Figure S38) and q(t) vs. time (see Figure S39).

After the adsorption process, the chitosan flakes were dried and analyzed by SEM-EDX. As an
example, chitosan flakes were analyzed from the first part (A) of the column, from the middle as well as
from the last part (C) (Figure 7). It can be stated by the SEM images that the composition of the samples
differ (see Figure 7a–c). The surface of the chitosan flakes from the last part of the column features a
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reduced roughness in comparison to the chitosan flakes from the first part of the column. It can be
concluded that the metal salt deposition increases from the first part to the last part of the column in
direction of flow of the metal salt solution. The composition of the metal ions also differs due to this
gradient. While in the first part of the column primarily iron ions and copper ions were adsorbed,
manganese ions or zinc ions were mainly detected in the last part of the column (see Figure 7d,e).Molecules 2020, 25, x FOR PEER REVIEW 11 of 16 
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images of (a) first part (A) of the column, (b) the middle part (B) of the column, and (c) last part (C) of
the column (beginning, middle and end of the column in the direction of flow). Scale bar shows 20 µm.
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3. Materials and Methods

3.1. Materials

3.1.1. Chitosan

Chitosan in form of flakes with a deacetylation degree of 85% (product name Ch85/400/A2) was
purchased from the company BioLog Heppe® GmbH, Landsberg, Germany, and used as received.

3.1.2. Heavy Metal Salts

Iron (II) sulfate heptahydrate (FeSO4·7H2O or FeSO4 (aq)) and iron (III) nitrate nonahydrate
(Fe(NO3)3·9H2O) were purchased from Carl Roth GmbH + Co. KG, Karlsruhe, Germany. Nickel(II)
sulfate hexahydrate (NiSO4·6H2O), copper (II) sulfate (CuSO4), cobalt (II) sulfate heptahydrate
(CoSO4·7H2O), iron (II)-chloride (FeCl2), copper (II) chloride dihydrate (CuCl2·2H2O), copper (II)
nitrate hemi(pentahydrate) (Cu(NO3)2·2.5H2O), zinc (II) nitrate hydrate (Zn(NO3)2·H2O), nickel (II)
chloride hexahydrate (NiCl2·6H2O), nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O), cobalt (II) chloride
hexahydrate (CoCl2·6H2O), cobalt (II) nitrate hexahydrate (Co(NO3)2·6H2O), manganese (II) chloride
(MnCl2), manganese (II) nitrate tetrahydrate (Mn(NO3)2·4H2O), and zinc(II) sulfate monohydrate
(ZnSO4·H2O) were purchased from Sigma-Aldrich Chemie GmbH, Steinheim, Germany. Manganese (II)
sulfate monohydrate (MnSO4·H2O) and zinc (II) chloride (ZnCl2) were purchased from Merck KGaA,
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Darmstadt, Germany. By default, all solutions and any flushing processes were made with deionized
water from a Milli-Q-Advantage A10 from Merck Millipore (Darmstadt, Germany). The produced
deionized water is ultrapure water from purity degree of type 1, which was added with pretreated
water. It is characterized by a constant conductivity of 0.055 µS·cm−1, respectively 18.2 MΩ·cm, at a
temperature of 298 K.

3.2. Adsorption Experiments

3.2.1. Batch

As we have shown previously, it is known that the adsorption equilibrium is reached after
24 h [31]. Adsorption experiments were performed in 50 mL centrifuge tubes at room temperature
and 24 h stirring with a magnetic stirrer at 600 U·min−1. The heavy metal ion solutions were prepared
from a stock solution with a concentration of 2 g·L−1. 30 mL of the heavy metal ion solutions were
added to 0.1 g chitosan flakes. The heavy metal ion solutions were prepared with Milli-Q water
without any additional adjustment of the pH. The pH value was measured of every initial solution
(pH0) and after the adsorption process (pHeq). After 24 h, 20 mL of the supernatant were removed.
Afterwards, the chitosan flakes were rinsed with distilled water three times to make sure that they are
not surrounded by heavy metal ion solution anymore. The flakes were dried for further investigations.
The concentration of all heavy metal ions and the amount of sulfate ions of the initial solutions as well
as after the adsorption process were investigated by ICP-OES measurements. The concentrations of
the anions chloride and nitrate were determined by UV/Vis measurements.

3.2.2. Packed Bed Column Reactors (PBCR)

From a storage vessel, a certain volume with a selected concentration was pumped through a
packed bed column filled with chitosan flakes. The chitosan flakes were filled loosely, distributed
without pressure in the column. The chitosan flakes were fixed in the column with glass wool and
glass beads (at the entrance and exit of the column). Before adsorption process, the column was
rinsed with deionized water for 1 h at a flow velocity of 291 µL·s−1. Due to the fact that the chitosan
flakes in the column will swell by contact with water, an anaerobic process is ensured. The used
column had the following dimensions: total heightcolumn = 38 cm; filled heightpackage = 13.5 cm;
internal diameter = 3.6 cm; massChitosan = 26.8 g. Then, 5.5 L of the heavy metal salt solution was
pumped through the column. The concentration of each metal ion was approx. 4 mmol·L−1. The sulfate
ion concentration c0 = 28.64 mmol·L−1 results from the mix of salts with a pH value of 4. The flow
velocity of the solution during adsorption process was set at 291 µL·s−1 resulting in a column dead
time of about 15:30 min.

4. Conclusions

In this study, the adsorption behavior of heavy metal ions, depending on the type of anion,
onto chitosan was thoroughly investigated by batch and column experiments. In summary, the heavy
metal cations of the sulfate salts and the sulfate ions themselves adsorb to a significantly higher extent
compared to the analogous chloride and nitrate salts, respectively. For sulfate salts, the following order
of adsorption capacities could be obtained: Cu2+ (2.35 mmol·g−1) > Fe2+/3+ (2.31 mmol·g−1) > Ni2+

(1.82 mmol·g−1) > Zn2+ (1.65 mmol·g−1) > Co2+ (1.41 mmol·g−1) > Mn2+. The adsorption capacities of
the heavy metal ions in the presence of chloride or nitrate ions were the same except for manganese
and iron. The coexistence of protonated and non-protonated amino groups makes it possible to bind
cations via complex formation and anions by electrostatic forces, as proven by ICP-OES and SEM-EDX
investigations. As a result, chitosan with a DD of 85% is well suited as adsorbent for heavy metal ions.
The elemental distribution on the surface of chitosan was analyzed by EDX studies. The observed
crystals on the chitosan surface could be correlated to the heavy metal ion but only in some cases to the
anions. Sulfate or chloride ions were evenly distributed over the entire surface except for Ch-ZnCl2 and
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Ch-NiSO4. These two samples showed that nickel and sulfate or zinc and chloride ions are adsorbed
separately. Thus, the adsorption of heavy metal ions is strongly dependent on the corresponding anion
and both ions, cation and anion, are simultaneously adsorbed by chitosan.

Supplementary Materials: The following are available online, Table S1: Instrument and method parameters for
ICP-OES 7400. Figure S1: pH changes before (pH0) and after (pHeq) the adsorption process for (a) manganese
salts, (b) iron salts, (c) cobalt salts, (d) nickel salts, (e) copper salts, (f) zinc salts in dependence of the anions
(sulfate—blue, chloride—red, and nitrate—green) and concentration at room temperature. Figure S2: Images
of (a) MnSO4, (b) Mn(NO3)2 and (c) MnCl2, (d) FeSO4, (e) Fe(NO3)3, (f) FeCl2, (g) CoSO4, (h) Co(NO3)2, and (i)
CoCl2, (k) NiSO4, (m) Ni(NO3)2, and (n) NiCl2, (o) CuSO4, (p) Cu(NO3)2, and (r) CuCl2, (s) ZnSO4, (t) Zn(NO3)2,
and (u) ZnCl2 after the adsorption process. Concentrations used from left-hand-side to right-hand-side: 0 mg·L−1,
20 mg·L−1, 40 mg·L−1, 60 mg·L−1, 100 mg·L−1, 150 mg·L−1, 250 mg·L−1, 500 mg·L−1, 750 mg·L−1, 1000 mg·L−1,
1250 mg·L−1, 1500 mg·L−1, 1750 mg·L−1, and 2000 mg·L−1 (initial metal ion concentration) and rinsed with water
before drying after the adsorption process. Figure S3: X-ray diffractograms of Ch85/400/A2 used as received
(green line) and after rinsing the flakes with deionized water (red line). Figure S4: X-ray diffraction patterns of
the chitosan flakes after the adsorption process with manganese nitrate c0 = 5800 mg·L−1 (green), manganese
chloride c0 = 4100 mg·L−1 (red), and manganese sulfate c0 = 5900 mg·L−1 (blue). The pattern in yellow show the
pure MnCO3 for comparison. The samples were measured on a silicon wafer, which shows a reflection at 2θ 56.5◦
(labeled with a black star). Figure S5: X-ray diffraction patterns of the chitosan flakes after the adsorption process
with iron nitrate c0 = 410 mg·L−1 (green), iron chloride c0 = 650 mg·L−1 (red), and iron sulfate c0 = 5900 mg·L−1

(blue). The pattern in yellow show the pure FeO(OH) for comparison. The samples were measured on a silicon
wafer, which shows a reflection at 2θ 56.5◦ (labeled with a black star). Figure S6: X-ray diffraction patterns of
the chitosan flakes after the adsorption process with cobalt nitrate c0 = 6200 mg·L−1 (green), cobalt chloride c0
= 4000 mg·L−1 (red), and cobalt sulfate c0 = 4800 mg·L−1 (blue). The pattern in yellow shows the pure CoCl2
for comparison. The samples were measured on a silicon wafer, which shows a reflection at 2θ 56.5◦ (labeled
with a black star). Figure S7: X-ray diffraction patterns of the chitosan flakes after the adsorption process with
nickel nitrate c0 = 6200 mg·L−1 (green), nickel chloride c0 = 4200 mg·L−1 (red), and nickel sulfate c0 = 5600 mg·L−1

(blue). The samples were measured on a silicon wafer, which shows a reflection at 2θ 56.5◦ (labeled with a
black star). Figure S8: X-ray diffraction patterns of the chitosan flakes after the adsorption process with copper
nitrate c0 = 5800 mg·L−1 (green), copper chloride c0 = 4000 mg·L−1 (red), and copper sulfate c0 = 4700 mg·L−1

(blue). The pattern in yellow shows the pure copper salts, which show a good match with the measured pattern.
The samples were measured on a silicon wafer, which shows a reflection at 2θ 56.5◦ (labeled with a black star).
Figure S9: X-ray diffraction patterns of the chitosan flakes after the adsorption process with zinc nitrate c0 =

3800 mg·L−1 (green), zinc chloride c0 = 4100 mg·L−1 (red), and zinc sulfate c0 = 5200 mg·L−1 (blue). The pattern
in yellow shows the pure zinc salt Zn4SO4(OH)6·5H2O, which show a good match with the measured pattern.
The samples were measured on a silicon wafer, which shows a reflection at 2θ 56.5◦ (labeled with a black star).
Figure S10: SEM images of manganese chloride (a) c0 = 50 mg·L−1 and (b) c0 = 4000 mg·L−1; manganese nitrate
(c) c0 = 60 mg·L−1 and (d) c0 = 440 mg·L−1; manganese sulfate (e) c0 = 70 mg·L−1 and (f) c0 = 6000 mg·L−1.
Figure S11: SEM images of iron chloride Iron chloride (a) c0 = 50 mg·L−1 and (b) c0 = 4600 mg·L−1; iron nitrate (c)
c0 = 90 mg·L−1 and (d) c0 = 600 mg·L−1; iron sulfate (e) c0 = 80 mg·L−1, and (f) c0 = 5900 mg·L−1. Figure S12: SEM
images of cobalt chloride (a) c0 = 50 mg·L−1 and (b) c0 = 4000 mg·L−1; cobalt nitrate (c) c0 = 60 mg·L−1 and (d) c0 =

480 mg·L−1; cobalt sulfate (e) c0 = 50 mg·L−1 and (f) c0 = 4800 mg·L−1. Figure S13: SEM images of nickel chloride (a)
c0 = 50 mg·L−1 and (b) c0 = 4200 mg·L−1; nickel nitrate (c) c0 = 60 mg·L−1 and (d) c0 = 470 mg·L−1; nickel sulfate (e)
c0 = 60 mg·L−1 and (f) c0 = 5600 mg·L−1. Figure S14: SEM images of copper chloride (a) c0 = 40 mg·L−1 and (b) c0 =

4000 mg·L−1; copper nitrate (c) c0 = 50 mg·L−1 and (d) c0 = 440 mg·L−1; copper sulfate (e) c0 = 50 mg·L−1 and (f) c0
= 4700 mg·L−1. Figure S15: SEM images of zinc chloride (a) c0 = 40 mg·L−1 and (b) c0 = 4100 mg·L−1; zinc nitrate (c)
c0 = 30 mg·L−1 and (d) c0 = 260 mg·L−1; zinc sulfate (e) c0 = 60 mg·L−1 and (f) c0 = 5200 mg·L−1. Figure S16: EDX
pattern of Ch-Mn(NO3)2 (c0 = 5800 mg·L−1) after the adsorption process. Figure S17: EDX pattern of Ch-Fe(NO3)2
(c0 = 410 mg·L−1) after the adsorption process. Figure S18: EDX pattern of Ch-Co(NO3)2 (c0 = 6200 mg·L−1) after
the adsorption process. Figure S19: EDX pattern of Ch-Ni(NO3)2 (c0 = 6200 mg·L−1) after the adsorption process.
Figure S20: EDX pattern of Ch-Cu(NO3)2 (c0 = 5800 mg·L−1) after the adsorption process. Figure S21: EDX
pattern of Ch-Zn(NO3)2 (c0 = 3800 mg·L−1) after the adsorption process. Figure S22: EDX pattern of Ch-MnCl2
(c0 = 4100 mg·L−1) after the adsorption process. Figure S23: EDX pattern of Ch-FeCl2 (c0 = 650 mg·L−1) after
the adsorption process. Figure S24: EDX pattern of Ch-CoCl2 (c0 = 4000 mg·L−1) after the adsorption process.
Figure S25: EDX pattern of Ch-NiCl2 (c0 = 4200 mg·L−1) after the adsorption process. Figure S26: EDX pattern of
Ch-CuCl2 (c0 = 4000 mg·L−1) after the adsorption process. Figure S27: EDX pattern of Ch-ZnCl2 (c0 = 4100 mg·L−1)
after the adsorption process. Figure S28: EDX pattern of Ch-MnSO4 (c0 = 5900 mg·L−1) after the adsorption
process. Figure S29: EDX pattern of Ch-FeSO4 (c0 = 5900 mg·L−1) after the adsorption process. Figure S30: EDX
pattern of Ch-CoSO4 (c0 = 4800 mg·L−1) after the adsorption process. Figure S31: EDX pattern of Ch-NiSO4 (c0
= 5600 mg·L−1) after the adsorption process. Figure S32: EDX pattern of Ch-CuSO4 (c0 = 4700 mg·L−1) after
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the adsorption process. Figure S33: EDX pattern of Ch-ZnSO4 (c0 = 5200 mg·L−1) after the adsorption process.
Figure S34 SEM–EDX images of (a) Ch-MnCl2 c0 = 4100 mg·L−1 (distribution of Cl, top corner right-hand-side), (b)
Ch-CoCl2 c0 = 4000 mg·L−1 (distribution of Cl, top corner right-hand-side), (c) Ch-Mn(NO3)2 c0 = 5800 mg·L−1,
(d) Ch-Co(NO3)2 c0 = 6200 mg·L−1, (e) Ch-MnSO4 c0 = 5900 mg·L−1 (distribution of S, top corner right-hand-side),
and (f) Ch-CoSO4 c0 = 4800 mg·L−1 (distribution of S, top corner right-hand-side) after the adsorption process,
scale bar: 3 µm. Figure S35: SEM–EDX images of (a) Ch-NiCl2 c0 = 4200 mg·L−1 (distribution of Cl, top corner
right-hand-side), (b) Ch-CuCl2 c0 = 4000 mg·L−1 (distribution of Cl, top corner right-hand-side), (c) Ch-Ni(NO3)2
c0 = 6200 mg·L−1, (d) Ch-Cu(NO3)2 c0 = 5800 mg·L−1, (e) Ch-NiSO4 c0 = 5600 mg·L−1 (distribution of S, top corner
right-hand-side), and (f) Ch-CuSO4 c0 = 4700 mg·L−1 (distribution of S, top corner right-hand-side) after the
adsorption process, scale bar: 3µm. Figure S36: SEM–EDX images of (a) Ch-ZnCl2 c0 = 4100 mg·L−1 (distribution of
Cl, top corner right-hand-side), (b) Ch-FeCl2 c0 = 650 mg·L−1, (c) Ch-Zn(NO3)2 c0 = 3800 mg·L−1, (d) Ch-Fe(NO3)2
c0 = 410 mg·L−1, (e) Ch-ZnSO4 c0 = 5200 mg·L−1 (distribution of S, top corner right-hand-side), and (f) Ch-FeSO4
c0 = 5900 mg·L−1 (distribution of S, top corner right-hand-side) after the adsorption process, scale bar: 3 µm.
Figure S37: Zetapotential measurement as a function of pH for Ch85/400/A2. Figure S38 Column experiment as
ct/c0 vs. time plot with all six heavy metal sulfate salts. The column was filled with the chitosan flakes and the
concentration of the heavy metal ions and sulfate was measured as a function of time, including the change in
pH. The initial concentrations of each heavy metal ion in the solution was c0(Mn2+) = 4.06 mmol·L−1; c0(Fe2+)
= 4.05 mmol·L−1; c0(Co2+) = 4.08 mmol·L−1; c0(Ni2+) = 3.91 mmol·L−1; c0(Cu2+) = 3.97 mmol·L−1; c0(Zn2+) =
3.93 mmol·L−1; and c0(SO4

2−) = 28.64 mmol·L−1. Figure S39: Column experiment as q(t) vs. time plot with all
six heavy metal sulfate salts. The column was filled with the chitosan flakes and the concentration of the heavy
metal ions and sulfate was measured as a function of time, including the change in pH. The initial concentrations
of each heavy metal ion in the solution was c0(Mn2+) = 4.06 mmol·L−1; c0(Fe2+) = 4.05 mmol·L−1; c0(Co2+) =

4.08 mmol·L−1; c0(Ni2+) = 3.91 mmol·L−1; c0(Cu2+) = 3.97 mmol·L−1; c0(Zn2+) = 3.93 mmol·L−1; and c0(SO4
2-) =

28.64 mmol·L−1. Table S2: Adsorption capacities for removal of manganese compounds from aqueous solutions
with different adsorber materials. Table S3: Adsorption capacities for removal of iron compounds from aqueous
solutions with different adsorber materials. Table S4: Adsorption capacities for removal of cobalt compounds
from aqueous solutions with different adsorber materials. Table S5: Adsorption capacities for removal of nickel
compounds from aqueous solutions with different adsorber materials. Table S6: Adsorption capacities for removal
of copper compounds from aqueous solutions with different adsorber materials. Table S7: Adsorption capacities
for removal of zinc compounds from aqueous solutions with different adsorber materials.

Author Contributions: A.G., C.S., and D.S. conceived and designed the experiments; A.G., J.W., D.V., C.S., and R.B.
performed the experiments; A.G., J.W., D.V., C.S., R.B., M.M., D.S., and S.S. analyzed the data; J.W., D.S., and S.S.
wrote the paper. All authors have read and agreed to the published version of the manuscript.

Funding: The authors gratefully acknowledge the support received from the funding organizations of the
German Federal Ministry for Economic Affairs and Energy through the Arbeitsgemeinschaft Industrieller
Forschungsvereinigungen, Otto von Guericke“ e.V. in the cooperative project (IPF-TUM) entitled „Bio-adsorber
aus Brauereireststoffen zur Schwermetallionenabtrennung-BioAd“ (AiF no 20879).

Acknowledgments: The authors thank BioLog® Heppe GmbH from Germany for the support of the materials
and discussions and cooperativeness and Michael Göbel for his help with XRD analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ramjegathesh, R.; Jayaraman, J. 12 Chitosan for Plant Disease Management—Prospects and Problems.
In Sustainable Crop Disease Management using Natural Products; Sangeetha, G., Kurucheve, V., Jayaraj, J., Eds.;
CABI: Wallingford, UK, 2015; p. 198.

2. Denchak, M. Water Pollution: Everything You Need to Know. Nat. Resour. Def. Counc. N. Y. 2018.
Available online: https://www.nrdc.org/stories/water--pollution-everything-you-need-know (accessed on 15
May 2020).

3. Koshal, R.K. Water pollution and human health. Water Air Soil Pollut. 1976, 5, 289–297.
4. Lasztity, R. Food Quality and Standards-Volume II; EOLSS Publications: Paris, France, 2009; Volume 10.
5. Inamori, Y.; Fujimoto, N. Pollution Sources. Water Quality and Standards, Encyclopedia of Life Support Systems

2009; Shoji, K., Yoshiteru, T., Eds.; EOLSS Publications: Paris, France, 2010; pp. 50–70.
6. Sullivan, P.; Agardy, F.J.; Clark, J.J. The Environmental Science of Drinking Water; Elsevier: Amsterdam,

The Netherlands, 2005.
7. Rabbani, M.; Chowdhury, M.; Khan, N.A. Impacts of Industrial Pollution on Human Health: Empirical

Evidences from an Industrial Hotspot (Kaliakoir) in Bangladesh. Asian J. Water Environ. Pollut. 2010, 7, 27–33.

https://www. nrdc.org/stories/water--pollution-everything-you-need-know


Molecules 2020, 25, 2482 14 of 15

8. Fulazzaky, M.A.; Abdullah, N.H.; Yusoff, A.R.M.; Paul, E. Conditioning the alternating aerobic-anoxic
process to enhance the removal of inorganic nitrogen pollution from a municipal wastewater in France.
J. Clean. Prod. 2015, 100, 195–201. [CrossRef]

9. Gunatilake, S. Methods of removing heavy metals from industrial wastewater. Methods 2015, 1, 14.
10. Broséus, R.; Cigana, J.; Barbeau, B.; Daines-Martinez, C.; Suty, H. Removal of total dissolved solids, nitrates

and ammonium ions from drinking water using charge-barrier capacitive deionisation. Desalination 2009,
249, 217–223. [CrossRef]

11. Ye, Z.; Yin, X.; Chen, L.; He, X.; Lin, Z.; Liu, C.; Ning, S.; Wang, X.; Wei, Y. An integrated process for removal
and recovery of Cr (VI) from electroplating wastewater by ion exchange and reduction–precipitation based
on a silica-supported pyridine resin. J. Clean. Prod. 2019, 236, 117631. [CrossRef]

12. Cao, Y.; Xiao, W.; Shen, G.; Ji, G.; Zhang, Y.; Gao, C.; Han, L. Carbonization and ball milling on the
enhancement of Pb (II) adsorption by wheat straw: Competitive effects of ion exchange and precipitation.
Bioresour. Technol. 2019, 273, 70–76. [CrossRef]

13. Hosseini, S.; Sohrabnejad, S.; Nabiyouni, G.; Jashni, E.; Van der Bruggen, B.; Ahmadi, A. Magnetic
cation exchange membrane incorporated with cobalt ferrite nanoparticles for chromium ions removal via
electrodialysis. J. Membr. Sci. 2019, 583, 292–300. [CrossRef]

14. Desbrières, J.; Guibal, E. Chitosan for wastewater treatment. Polym. Int. 2018, 67, 7–14. [CrossRef]
15. Wang, B.; Zhu, Y.; Bai, Z.; Luque, R.; Xuan, J. Functionalized chitosan biosorbents with ultra-high performance,

mechanical strength and tunable selectivity for heavy metals in wastewater treatment. Chem. Eng. J. 2017,
325, 350–359. [CrossRef]

16. Sarode, S.; Upadhyay, P.; Khosa, M.; Mak, T.; Shakir, A.; Song, S.; Ullah, A. Overview of wastewater treatment
methods with special focus on biopolymer chitin-chitosan. Int. J. Biol. Macromol. 2019, 121, 1086–1100.
[CrossRef] [PubMed]

17. Kanmani, P.; Aravind, J.; Kamaraj, M.; Sureshbabu, P.; Karthikeyan, S. Environmental applications of chitosan
and cellulosic biopolymers: A comprehensive outlook. Bioresour. Technol. 2017, 242, 295–303. [CrossRef]
[PubMed]

18. Hejazi, R.; Amiji, M. Chitosan-based gastrointestinal delivery systems. J. Controll. Release 2003, 89, 151–165.
[CrossRef]

19. Guo, Z.; Xing, R.; Liu, S.; Zhong, Z.; Ji, X.; Wang, L.; Li, P. Antifungal properties of Schiff bases of chitosan,
N-substituted chitosan and quaternized chitosan. Carbohydr. Res. 2007, 342, 1329–1332. [CrossRef]

20. Honarkar, H.; Barikani, M. Applications of biopolymers I: Chitosan. Monatshefte für Chemie-Chem. Mon. 2009,
140, 1403. [CrossRef]

21. Milot, C.; McBrien, J.; Allen, S.; Guibal, E. Influence of physicochemical and structural characteristics of
chitosan flakes on molybdate sorption. J. App. Polym. Sci. 1998, 68, 571–580. [CrossRef]

22. Wong, Y.; Szeto, Y.; Cheung, W.; McKay, G. Effect of temperature, particle size and percentage deacetylation
on the adsorption of acid dyes on chitosan. Adsorption 2008, 14, 11–20. [CrossRef]

23. Weißpflog, J.; Boldt, R.; Kohn, B.; Scheler, U.; Jehnichen, D.; Tyrpekl, V.; Schwarz, S. Investigation
of mechanisms for simultaneous adsorption of iron and sulfate ions onto chitosan with formation of
orthorhombic structures. Coll. Surf. A Physicochem. Eng. Asp. 2020, 592, 124575. [CrossRef]

24. Kurita, K.; Sannan, T.; Iwakura, Y. Studies on chitin. VI. Binding of metal cations. J. App. Polym. Sci. 1979,
23, 511–515. [CrossRef]

25. Benguella, B.; Benaissa, H. Effects of competing cations on cadmium biosorption by chitin. Coll. Surf. A
Physicochem. Eng. Asp. 2002, 201, 143–150. [CrossRef]

26. Erosa, M.D.; Medina, T.S.; Mendoza, R.N.; Rodriguez, M.A.; Guibal, E. Cadmium sorption on chitosan
sorbents: Kinetic and equilibrium studies. Hydrometallurgy 2001, 61, 157–167. [CrossRef]

27. González-Dávila, M.; Santana-Casiano, J.M.; Millero, F.J. The adsorption of Cd (II) and Pb (II) to chitin in
seawater. J. Coll. Interface Sci. 1990, 137, 102–110. [CrossRef]

28. Maruca, R.; Suder, B.J.; Wightman, J. Interaction of heavy metals with chitin and chitosan. III. Chromium.
J. App. Polym. Sci. 1982, 27, 4827–4837. [CrossRef]

29. Moreno, J.C.; Gómez, R.; Giraldo, L. Removal of Mn, Fe, Ni and Cu Ions from Wastewater Using Cow Bone
Charcoal. Materials 2010, 3, 452–466. [CrossRef]

30. Roberts, G.A. Chitin Chemistry; Macmillan International Higher Education: London, UK, 1992.

http://dx.doi.org/10.1016/j.jclepro.2015.03.043
http://dx.doi.org/10.1016/j.desal.2008.12.048
http://dx.doi.org/10.1016/j.jclepro.2019.117631
http://dx.doi.org/10.1016/j.biortech.2018.10.065
http://dx.doi.org/10.1016/j.memsci.2019.04.069
http://dx.doi.org/10.1002/pi.5464
http://dx.doi.org/10.1016/j.cej.2017.05.065
http://dx.doi.org/10.1016/j.ijbiomac.2018.10.089
http://www.ncbi.nlm.nih.gov/pubmed/30342936
http://dx.doi.org/10.1016/j.biortech.2017.03.119
http://www.ncbi.nlm.nih.gov/pubmed/28366689
http://dx.doi.org/10.1016/S0168-3659(03)00126-3
http://dx.doi.org/10.1016/j.carres.2007.04.006
http://dx.doi.org/10.1007/s00706-009-0197-4
http://dx.doi.org/10.1002/(SICI)1097-4628(19980425)68:4&lt;571::AID-APP8&gt;3.0.CO;2-J
http://dx.doi.org/10.1007/s10450-007-9041-5
http://dx.doi.org/10.1016/j.colsurfa.2020.124575
http://dx.doi.org/10.1002/app.1979.070230221
http://dx.doi.org/10.1016/S0927-7757(01)00899-8
http://dx.doi.org/10.1016/S0304-386X(01)00166-9
http://dx.doi.org/10.1016/0021-9797(90)90046-Q
http://dx.doi.org/10.1002/app.1982.070271227
http://dx.doi.org/10.3390/ma3010452


Molecules 2020, 25, 2482 15 of 15

31. Mende, M.; Schwarz, D.; Steinbach, C.; Boldt, R.; Schwarz, S. Simultaneous adsorption of heavy metal ions
and anions from aqueous solutions on chitosan—Investigated by spectrophotometry and SEM–EDX analysis.
Coll. Surf. A Physicochem. Eng. Asp. 2016, 510, 275–282. [CrossRef]

32. Mende, M.; Schwarz, D.; Steinbach, C.; Boldt, R.; Schwarz, S. The Influence of Salt Anions on Heavy Metal
Ion Adsorption on the Example of Nickel. Materials (Basel) 2018, 11, 373. [CrossRef]

33. Guibal, E. Interactions of metal ions with chitosan-based sorbents: A review. Sep. Purif. Technol. 2004,
38, 43–74. [CrossRef]

34. Nassar, M.Y.; Amin, A.S.; Ahmed, I.S.; Abdallah, S. Sphere-like Mn2O3 nanoparticles: Facile hydrothermal
synthesis and adsorption properties. J. Taiwan Inst. Chem. Eng. 2016, 64, 79–88. [CrossRef]

35. Pearson, R. Hard Acids Soft and Bases. J. Am. Chem. Soc. 1963, 85, 3533–3539. [CrossRef]
36. Ershov, B.; Seliverstov, A.; Sukhov, N.; Bykov, G. Sorption of Cu 2+ ions by chitin and chitosan from aqueous

solutions. Molecular structure of complexes formed. Bull. Rus. Acad. Sci., Div. Chem. Sci. 1992, 41, 1805–1809.
[CrossRef]

37. Koshijima, T. Chelating Polymers Derived from Cellulose and Chitin. II. Variation of the Amounts of
Combined Metal Ions with Functional Group Densities of Cellulosic Chelating Polymers. Cellul. Chem. Technol.
1977, 11, 431–440.

38. Inoue, K.; Baba, Y.; Yoshizuka, K. Adsorption of metal ions on chitosan and crosslinked copper (II)-complexed
chitosan. Bull. Chem. Soc. Jpn. 1993, 66, 2915–2921. [CrossRef]

39. Ngah, W.W.; Kamari, A.; Koay, Y. Equilibrium and kinetics studies of adsorption of copper (II) on chitosan
and chitosan/PVA beads. Int. J. Biolog. Macromol. 2004, 34, 155–161. [CrossRef] [PubMed]

40. Rhazi, M.; Desbrieres, J.; Tolaimate, A.; Rinaudo, M.; Vottero, P.; Alagui, A. Contribution to the study of the
complexation of copper by chitosan and oligomers. Polymer 2002, 43, 1267–1276. [CrossRef]

41. Ogawa, K.; Oka, K.; Yui, T. X-ray study of chitosan-transition metal complexes. Chem. Mater. 1993, 5, 726–728.
[CrossRef]

42. Chiessi, E.; Paradossi, G.; Venanzi, M.; Pispisa, B. Copper complexes immobilized to chitosan. J. Inorg. Biochem.
1992, 46, 109–118. [CrossRef]

43. Domard, A. pH and cd measurements on a fully deacetylated chitosan: Application to CuII—polymer
interactions. Int. J. Biolog. Macromol. 1987, 9, 98–104. [CrossRef]

44. Ogawa, K.; Yui, T. Crystallinity of partially N-acetylated chitosans. Biosci. Biotechnol. Biochem. 1993,
57, 1466–1469. [CrossRef]

45. Monteiro Jr, O.A.; Airoldi, C. Some thermodynamic data on copper–chitin and copper-chitosan biopolymer
interactions. J. Coll. Interface Sci. 1999, 212, 212–219. [CrossRef]

Sample Availability: The investigated chitosan is available from the company BioLog Heppe GmbH.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.colsurfa.2016.08.033
http://dx.doi.org/10.3390/ma11030373
http://dx.doi.org/10.1016/j.seppur.2003.10.004
http://dx.doi.org/10.1016/j.jtice.2016.03.041
http://dx.doi.org/10.1021/ja00905a001
http://dx.doi.org/10.1007/BF00863813
http://dx.doi.org/10.1246/bcsj.66.2915
http://dx.doi.org/10.1016/j.ijbiomac.2004.03.001
http://www.ncbi.nlm.nih.gov/pubmed/15225987
http://dx.doi.org/10.1016/S0032-3861(01)00685-1
http://dx.doi.org/10.1021/cm00029a026
http://dx.doi.org/10.1016/0162-0134(92)80014-M
http://dx.doi.org/10.1016/0141-8130(87)90033-X
http://dx.doi.org/10.1271/bbb.57.1466
http://dx.doi.org/10.1006/jcis.1998.6063
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussions 
	Batch Experiments 
	Column Experiments 

	Materials and Methods 
	Materials 
	Chitosan 
	Heavy Metal Salts 

	Adsorption Experiments 
	Batch 
	Packed Bed Column Reactors (PBCR) 


	Conclusions 
	References

