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ABSTRACT

Water represents an essential resource for earth life and for all-natural processes. It is well known that
in all developing countries the underground water resource represents the main source of drinking water
and its contamination with arsenic presents a real problem. Thus, we have developed a new adsorbent
based on cellulose doped with crown ethers (dibenzo-18-crown-6) functionalized with iron ions and
used for the removal of arsenic from water. Usage of such extractants involves only a small amount of
crown ether indicating higher efficiency of produced material, and, in order to improve the adsorbent
properties and selectivity for arsenic removal, the modified cellulose was functionalized with iron ions.
The new obtained adsorbent material was characterized by using energy dispersive X-ray analysis,
scanning electron microscopy and Fourier Transform Infrared Spectroscopy. In order to investigate the
adsorbent properties for arsenic removal equilibrium, kinetic and thermodynamic studies were
performed. Arsenic adsorption from water onto a new adsorbent was studied under different
experimental conditions such as reaction times, initial arsenic concentration and temperature. Obtained
results show that the new produce adsorbent has a higher efficiency for arsenic removal, leading to
lower residual concentration (under 10 pg As L' — value accepted by WHO).
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1 INTRODUCTION
In accordance with principle of sustainable development a new and efficient material for
arsenic removal from underground waters is presented in this paper. Major objective of
present paper is to produce and test a new material with efficient properties for arsenic
removal from underground waters. In order to achieve this, new chemically modified
materials have been obtained and tested by functionalization with crown ethers and iron ions.
Water represents an essential element for entire earth life and for all-natural processes. Our
existence and our economic activities are very dependent on this precious resource.
Especially into the developing countries main resource of drinkable water is represented by
underground water so, their contamination with arsenic represent a major problem which
must be solved [1]-[3]. Arsenic represent an element which can reach and contaminate water
resources from a variety of anthropogenic and natural sources. Chronic exposure of humans
at inorganic arsenic increases the risk of cancer. Studies showed that the arsenic inhalation
can be associated with the increases of number of patients presenting lung cancer. Moreover,
arsenic ingestion was associated with skin, bladder, liver and lung cancer. Because of its
toxicity, the arsenic content in drinking water over maximum admitted level by the World
Health Organization (10pug As L) has a negative impact on the human health [1]-[8].
Valence of arsenic inorganic species depends on the redox conditions and pH of the
underground waters. In aqueous solutions at pH between 6 and 9 As(V) can be found in form
of four species: H3AsO4, H2AsO4~, HAsO4?, AsO4>, and As(I1I) species appear at pH= 9 as
H;As03, HyAsO3-, HAsO3%, AsO3 [4]-[6], [9], [10]. Therefore, to reduce the negative impact
of arsenic towards human health is necessary to develop new and efficient technologies for
its removal [3]. Conventional methods used for arsenic removal from aqueous solutions are
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precipitation, coagulation and filtration, inverse osmosis, ion exchange and adsorption. From
all these methods, adsorption represent the most eloquent one, both form the efficiency of
arsenic removal point of view and for the economical point of view [1]-[12]. In past years,
it has been urgently necessary to obtain advanced composite materials with applications into
the field of selective recovery and separation of metals and non-metals ions. Adsorption
process efficiency can be improved by developing new methods to produce composite
materials by chemical modification of inorganic and organic solid supports, through
functionalization with different extractants. Currently, the used method for advanced
adsorbent material production are: wet method (diluted extractant dissolved in different
solvents is placed in contact with the solid support, being absorbed by the support), dry
method (extractant is diluted in proper solvent is placed in contact with the support followed
by slow evaporation of the solvent under vacuum), modifier addition (represent a hybrid
between dry and wet methods), and the column dynamic method which present the advantage
of the short time of functionalization correlated with increased efficiency of the adsorption
process [13]-[24].

In order to apply these methods, the extractants should be liquid or be kept in liquid form
by adding a proper solvent; extractant and solvent must have a minimum solubility, the
support must be prepared for impregnation and the functionalization method does not have
to change the extractant or support properties [13], [18], [25]. In last decade as support were
used macroporous polymeric resins (Amberlite XAD resins) with a right three-dimensional
structure appropriate to incorporate higher quantities of extractants due to proper specific
surface area. In addition, they present great mechanical resistance and low solvent swelling
time during functionalization process [25]. According to the specialty literature for the
arsenic removal using Amberlite class polymers it is necessary to functionalize the used
polymeric support through chemical synthesis, which leads at increase of the price of
obtained material [26]. Other types of adsorbent materials used in arsenic removal process
through adsorption are activated alumina, active carbon, copper—zinc granules, iron
hydroxide granules, iron, aluminium, manganese oxides, etc. All these materials can be used
as adsorption media as they are, or they can be impregnated on various supports such as
silicates, ceramic materials, cellulose, etc. [27]-[29]. Such modified materials point out great
adsorption capacities (>100 mg As per each gram of material), but such materials cannot be
used for removal of trace arsenic from underground waters (under 100ug per litter, case of
waters form south-west of Romania due to the natural fond) [30]. In order to solve this
stringent item, it is really important to develop new materials with efficient adsorbent
properties.

Adsorbent properties of solid supports can be improved by chemical modification using
functionalization method with different extractants. The main extractants used in the
specialty literature are: organophosphoric acid extractants (di (2-etylhexyl) phosphoric acid
— DEHPA, di (2-etylhexyl) ditiophosphoric acid — DEHTPA, 2-etylhexyl phosphoric acid
mono — 2-etylhexil ester (HEHEHP), di (2, 4, 4-trimetyl-pentyl) phosphoric acid —
DTMPPA), neutral organophosphoric extractants (three — n-butyl phosphate — TBP, three —
n-octyl phosphine oxide — TOPO), mixture of organophosphoric acid extractants,
bifunctional organophosphoric basic extractants, etc. [13], [15], [17], [18], [25].

Based on data presented onto the specialty literature is well known that the crown ethers
can be successfully used for metal ions removal because they allowed the complexation and
embedding of metallic ions inside or at their surface.

For the trace arsenic removal through adsorption is important that the adsorbent materials
present good adsorbent properties, which can be obtained through chemical modification
[31]. Based on that, the main objective was to obtain new materials with improved adsorbent
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properties by functionalization of solid supports using crown ethers as extractants, followed
by loading with iron. The original aspect of the paper consists in the fact that literature is not
presenting studies regarding the chemical modification of cellulose through functionalization
with crown ethers and loaded with iron ions in the view of arsenic removal from waters. Even
if the crown ethers are expensive reagents, the proposed method for their usage imply only
small quantities, this way combining the advantage of crown ethers usage with the properties
of solid supports. Obtained materials presents therefore high adsorbent performance at
affordable price, moreover obtained materials are addressed to some niche applications such
as arsenic removal from underground waters to achieve the WHO requirements.

2 MATERIALS AND METHODS
In order to obtain new adsorbent materials by chemical modification of solid support were
used: as support cellulose (AVICEL 101, microcrystalline, powder, Sigma-Aldrich, Merck)
with a particle size of ~50um, as extractant Di-benzo 18 crown 6 (DB18C6) (purity, 98%,
Sigma-Aldrich, Merck), and iron chloride purchased from Sigma-Aldrich.

2.1 Functionalization of polymers

To obtain the modified adsorbent material, 0.1 g of Di-benzo 18 crown 6 (DB18C6) were
accurately weighed and dissolved in 25mL acetone (99.9% SC ECO-MOLD Invest SRL,
Romania). The obtained extractant solution is added over 5 g of support-cellulose with a
particle size of ~50pum. The SIR dry method is used to functionalization the support. Thus,
the extractant and the support remain in contact for 24 hours, after which it is filtered and
dried in oven at 50°C for 24 hours. To load the material with iron ions 25mL of FeCl; solution
with concentration of 100mgL-! were added to the material, left in contact for 24 hours, then
filtered and dried in the oven for 24 hours.

2.2 Characterization of the functionalized polymers

The materials obtained were characterized by X-ray dispersion (EDX) using a FEI Quanta
FEG 250 instrument and Fourier Transformed Infrared Spectroscopy (FTIR) using a Bruker
Platinum ATR-QL Diamond instrument in the range of 4000-400cm™.

2.3 Sorption studies

In order to determine optimum conditions for the arsenic adsorption process were carried out
experiments regarding contact time, initial concentration of As(V) and temperature.

The experiments were carried out in a Julabo SW23 thermostatic and shaking water bath
with a stirring speed of 200rpm.

To establish the influence of contact time and temperature on the adsorption capacity of
the functionalized material 0.1g of material was mixed with 25mL As(V) solution with
concentration of 50pgL™!. Samples were shaken for different time periods (0.5, 1, 2, 3, 4, 5,
6, 7, 8 hours) in a thermostatic bath at different temperatures (298K, 308K and 318K) with a
stirring speed of 200rpm. After that all samples were filtered and the filtrate was analysed to
evaluate the arsenic residual concentration using an Inductively coupled plasma mass
spectrometer-ICP-MS Bruker Aurora M90 type.

In order to establish the effect of the initial concentration of As(V) on the adsorption
capacity of materials, different concentrations of As(V) solutions (10, 25, 50, 75, 100, 150,
175 and 200ugL") were prepared. Adsorption processes were carried out at pH~7, for a
contact time of 4 hours at 298 K.
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3 RESULTS AND DISCUSSION
3.1 Characterization of the doped materials

3.1.1 X-ray energy dispersive spectroscopy

Cellulose functionalized with DB18C6 and loaded with iron ions was characterized by using

X-ray dispersion (EDX) technique. Obtained data are represented in Fig. 1. From the EDX

spectra, can observe the presence of specific peaks of the elements from chemical structure

of cellulose, crown ether namely C and O and iron.

3.1.2 Fourier transform infrared spectroscopy

The use of FTIR spectroscopy is used to identify chemical groups and for quantitative
analysis of different samples. The FT-IR spectra for the studied material — cellulose

functionalized with DB18C6 and iron are shown in Fig. 2.

i Elem Wt% At% K-Ratio Z A F

CK 4917 56.32 0.2587 1.0085 0.5214 1.0004

OK 50.78 43.67 0.0948 0.9918 0.1882 1.0000

FeK 005 0.01 0.0005 0.8346 1.1812 1.0000
Total 100.00 100.00

2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00

Figure 1:
DB18C6 and iron doped.
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Figure 2: IR spectra of materials obtained by functionalized cellulose with crown ether-

DB18C6 and iron doped.

WIT Transactions on Ecology and the Environment, Vol 228, © 2018 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)

keV

EDX spectra of materials obtained by functionalized cellulose with crown ether-



Water Pollution X1V 115

From FTIR spectra (Fig. 2) obtained for cellulose functionalized with DB18C6 and loaded
with iron ions were identified the bands specific for cellulose groups, in the range of 3200—
3400cm™ associated with the stretching vibrations of O-H bonds [32]. Simultaneously was
identified a band located around 1600cm™ which are characteristic for stretching vibrations
water specific O-H bonds. The bands located at 1720 and 1600cm™ are assigned to aromatic
C=C bond stretching vibrations [33]. Bands characteristic of DB18C6 extractant appear in
the range 1550-500cm™, the most intense are located at 1000cm™ and 550cm™ [34].

Thus, dibenzo-18-crown-6-crown ether specific vibrations bands can be observed around
1000cm™ and 1100cm™ that can be attributed to Calphatic-O-Caromatic respectively
Calphatic-O-Calphatic bonds [31]. At the same time, iron surface loading is evidenced by the
presence of 1037cm! of some peaks characteristic of the Fe-OH bonds [30].

3.2 Sorption studies results

3.2.1 The effect of contact time, temperature and sorption kinetics studies
The effect of contact time on the adsorption of As(V) on the obtained functionalized material
was studied as was previously described. Obtained experimental data are showed in Fig. 3.
For this study, contact time was varied in the range between 0.5-8 hours, and temperature in
the range 298-318K. From data depicted in Fig. 3 can observe that the adsorption capacity
increases with the increase of contact time, and the equilibrium is reached after about 4 hours
for all used temperatures. At the same time, it is observed that with the temperature increase,
the adsorption capacity of the material is not significantly affected. In order to study the
As(V) adsorption mechanism the experimental data were modelled using pseudo-first-order
and pseudo-second order kinetic models.

Fig. 4 depicts the pseudo-first-order and pseudo-second order kinetic model’s plots
obtained at temperatures used during adsorption experiments (298, 308 and 318K).
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Figure 3: Effect of contact time on the adsorption capacity of the studied material.
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Figure 4.  Pseudo-first-order and pseudo-second-order plots for As(V) adsorption onto the
material. (a) Pseudo-first-order kinetic model; (b) Pseudo-second-order kinetic
model.

Kinetic parameters for As(V) sorption onto studied material at three different
temperatures obtained from used kinetic models are presented in Fig. 4. The value of constant
k; for the pseudo-first-order model was calculated using the slope of the linear graphical
representation of In (qe-qt) function of time.

Similarly, the constant k was determined for pseudo-second-order model, from the slope
of the linear graphical representation of the t/qt as function of time. If the correlation
coefficient R? is closer to 1, the adsorption process presents a better linearization for one of
the two kinetic models presented. Thus, from the experimental data presented in the tables
from Fig. 4, it is observed that pseudo-second-order model is better describing the arsenic
adsorption onto the studied material, because the obtained correlation coefficient R? is in the
range 0.9970-0.9983 depending on the temperature and is higher than that found for the
pseudo-first-order model (R? = 0.8438-0.8924). Due to the fact that adsorption kinetics was
better described by the pseudo-second-order kinetic model compared to the pseudo-first-
order model suggesting that the As(V) removal process correspond to a chemisorption
mechanism.

In order to establish the As(V) behaviour on the surface of the adsorbent material during
the adsorption process, the experimental data obtained were modelled according to
Langmuir, Freundlich and Sips isotherms (depicted in Fig. 5) generally used to describe the
adsorption processes. The correlation coefficient R?> was calculated to establish which
adsorption isotherm describes better the adsorption process of As(V). Inset of figures are
presented the parameters obtained for each used isotherm. The highest value of the
correlation coefficient R? obtained when the experimental data were modelled using
Langmuir isotherm (R?>=0.91685) versus the Freundlich isotherm (R?=0.79081) allows us to
consider that the Langmuir isotherm describes better the As(V) adsorption process onto the
chemically modified material. But because the value of the correlation coefficient R? for Sips
isotherm is much closer to 1 (R?>=0.99726), can conclude that the Sips model best describes
the adsorption process.

It is also observed that the value of maximum adsorption capacity evaluated based on Sips
isotherm model have a value of 12.24ug As g'!, much closer to the experimental value of
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Figure 5: Adsorption isotherm of As(V) onto material.

12.079 ug As g!. Based on that can conclude that the adsorption process of As(V) on the
obtained material is mono-layer adsorption on to the heterogeneous surface. The adsorption
mechanism is controlled by chemisorption processes as a result of strong chelation between
As(V) and OH" groups or Fe(Ill) ions present on the functionalized material surface. The
value of the coefficient ns<2 can confirm that it is possible that adsorption process is produced
by moving the As(V) ions from the aqueous phase to the material surface.

3.2.2 Thermodynamics of the adsorption

In order to investigate the spontaneity and thermal properties of the adsorption process, the
effect of the temperature on the adsorption process of As(V) was investigated by varying
the temperature in the range 298-318K. Also, in order to determine if the adsorption process
of As(V) ions onto the studied material corresponds to a physical sorption or to a chemical
sorption, the activation energy was calculated using the well-known Arrhenius equation;
obtained Arrhenius plot is present in Fig. 6.

Thermodynamic parameters associated with As(V) adsorption process on the
functionalized material are present in inset table from Fig. 6.

Correlation coefficient R? has a value equal with 0.9985. The positive value of enthalpy
AH° demonstrates that the energy necessary for the adsorption process is the energy used to
put in contact As(V) ions with the surface of the adsorbent material. The negative value
obtained for free Gibbs energy suggest that the adsorption process of As(V) on the
functionalized material is a spontaneous and natural process. These values become more
negative with the increase of the temperature, which can be attributed to effective growth of
the contact surface of the adsorbent material and the As(V) ions. The positive value of
entropy (AS®) suggest that adsorption increases at material/solution interface and the degree
of particles clutter increases with increasing temperature, which can be attributed to some
changes at the surface of the material. Thus, the adsorption of As(V) on the material surface
is an endothermic and spontaneous process. Also, the value of activation energy has a value
of 10.07kJ/mol! suggesting that the adsorption of As(V) onto the studied material is a
chemical adsorption.
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Figure 6: Arrhenius plot of As(V) adsorption onto studied material.

4 CONCLUSIONS

The present research was aimed to produce a new material with adsorbent properties based
on cellulose support functionalized with crown ether Di-benzo 18 crown 6 (DB18C6) and
loaded with iron ions used for As(V) removal from aqueous solutions. The material was
physical-chemical characterized by X-ray dispersion (EDX) and FTIR spectroscopy to
highlight the modification of the cellulose surface by doping with crown ether and iron ions
loading the obtained material. The mechanism of the adsorption process of As(V) on the
material was established, performing kinetic, thermodynamic and equilibrium studies. The
results indicate that the adsorption process takes place at the surface of the material, being a
spontaneous, endothermic, natural process, and the nature of the interactions between the
metal ions and the surface of the material may be chemical bonds. The adsorption kinetics
was better described by the pseudo-second-order kinetic model compared to the pseudo-first-
order model and the isotherm which best corresponds to the process is the Sips isotherm.
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