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Abstract: A new synthesis method of hybrid Fe;O4/C/TiO; structures was developed using microwave-assisted
coprecipitation. The aim of the study was to examine the effect of the addition of glucose and titanium
dioxide on adsorptive properties enabling removal of arsenic ions from the solution. The study
involved the synthesis of pure magnetite, magnetite modified with glucose and magnetite modified
with glucose and titanium dioxide in magnetite: glucose: titanium dioxide molar ratio 1:0.2:3.
Materials were characterized by XRD, FT-IR, and BET methods. Magnetite and titanium dioxide
nanoparticles were below 20 nm in size in obtained structures. The specific surface area of pure
magnetite was approximately 79 m?/g while that of magnetite modified with titanium dioxide was
above 190 m?/g. Obtained materials were examined as adsorbents used for removal As(V) ions
from aqueous solutions. Adsorption of arsenic ions by pure magnetite and magnetite modified with
titanium dioxide was very high, above 90% (initial concentration 10 mg/L), pH in the range from
2 to 7. The preparation of magnetic adsorbents with a high adsorption capacity of As(V) ions was
developed (in the range from 19.34 to 11.83 mg/g). Magnetic properties enable the easy separation of
an adsorbent from a solution, following adsorption.
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1. Introduction

Owing to rapid industrial development, the increase in the human population and the use of
increasingly greater amounts of chemical products, pollution of water, soil, and air poses a great threat [1].
Heavy metals are a particularly dangerous type of pollution as they do not undergo biodegradation
and can accumulate in the human body and ecosystems [2]. The most common heavy metals include
lead, arsenic, mercury, copper, and cadmium [3]. They are toxic and even in low concentrations can pose
a threat to living organisms [4,5]. Arsenic ions are a common type of water pollution. They can cause
many diseases, including cancer, neurological disorders, nausea, and muscle weakness [6,7].

As for arsenic, As(V) arsenate, and As(IIl) arsenite are the most common valence states, which are
found in aerobic surface waters and anaerobic groundwater, respectively. Arsenate As(V) exists in four
forms in aqueous solutions: H3AsO4, HyAsO4~, HAsO42~, and AsO43~. As(III) is present mainly as
H3AsOj3 and is more toxic than As(V) [8].

In addition to natural sources such as weathering of As-rich minerals, arsenic penetrates into
water by the burning of fossil fuels, use of As-containing pesticides, herbicides, poorly managed
discharge from metallurgical and mining industries [9-13].
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In many of the developing countries worldwide, groundwater is highly contaminated with As
(up to 3500 ug/L), which is a source of drinking water for people [14,15]. The World Health Organization
(WHO) has recommended 10 pug/L as the safe limit of As in drinking water.

Many methods are used to remove heavy metals from wastewaters, including chemical precipitation,
photocatalytic oxidation, reverse osmosis, ion exchange, membrane filtration, and adsorption. Thanks to
their low cost, simplicity, and efficiency, adsorptive processes are often researched as a way of removing
heavy metals from wastewaters. Additionally, adsorption is often a reversible process, owing to
which adsorbents can be reacted and used again [3,16]. There are some negative aspects of adsorptive
processes. There are no appropriate adsorbents for the removal of heavy metals at their low initial
concentration. It is also difficult to separate an adsorbent from a solution after treatment. To date,
scientists developed a range of adsorbents based on clay minerals, kaolin, zeolites, biopolymers,
and activated carbons [17-19].

Literature studies show that Fe(IIl) has a very high affinity for arsenic ions [20-24].

More recently, magnetite nanoparticles focused the attention of scientists as an adsorbent used
for the removal of arsenic ions owing to their small size, large specific surface area, and magnetic
properties [25]. Magnetite particles with size below 30 nm have superparamagnetic properties.
Therefore, magnetite-based adsorbents can be easily separated from the solution with magnetic
separation when sewage treatment is completed [1,19,26,27]. In work by [28], the authors show that
arsenate adsorption is related to the iron content of adsorbents, and adsorption rate increases in
the following order: goethite < hematite < magnetite < zero-valent iron (Fe). On the other hand,
the highest adsorption capacity in relation to As(V) ions over individual adsorbents is exactly the
opposite. The highest capacity was shown by the zero-valent iron, followed by magnetite nanoparticles.

Adsorbents based on magnetite nanoparticles and other iron oxides are combined with each
other [29] and with other components such as, for example, carbon fibers [30], titanium dioxide [31]
and with the creation of hybrid materials with a larger specific surface area and adsorption capacity in
relation to As (V) ions.

The drawbacks of magnetite include its susceptibility to oxidation and agglomeration [32]. That is why
additional substances are used to provide a protective layer to offset adverse effects. Organic (surfactants
that contain hydroxyl, aldehyde, or carboxylic groups) and inorganic compounds (SiO,, carbon), as well as
polymers (chitosan, polyethylene glycol), have been used to form a coating on Fe;04 [19,33].

The adsorption mechanism of arsenic ions depends on the chemical properties adsorbent surface.
The electrostatic attraction between arsenic and magnetite is postulated to be the mechanism of removal
of arsenic from an aqueous solution [34]. The results suggest that arsenic adsorption involved the
formation of weak arsenic-iron oxide complexes at the magnetite surface.

The point of zero charge, i.e., the pH, is an important parameter at which the surface of a solution
or a suspension of a solid in water has zero electric charge. The literature shows that the adsorption of
As (V) ions is favored by acidic conditions, however, it should be noted that in [28] it was shown that
adsorption of arsenic (V) ions on hematite is 100% efficient in the pH range from 2 to 11. According to
literature sources, the point of zero charge (IEP) for magnetite varies between 6 and 6.8. When the pH
is above this level, the surface of the adsorbent is negatively charged and the probability that it will
attract cations is higher. When the pH is below this value, the surface is positively charged and the
probability of anion adsorption is higher [19,26,35].

The study showed that, apart from pH, the removal of arsenic from water also depends on the
contact time, the initial concentration of arsenic, and the adsorbent concentration.

The paper presents the characteristics of nanoparticles of magnetite (Fe;O4), carbon-modified
magnetite (FezO4/C), and magnetite with carbon and titanium dioxide (Fe304/C/TiO,) obtained by
microwave-assisted precipitation. To examine the adsorptive properties of obtained materials, the ions
of arsenic were used. It was investigated how the degree of As(V) adsorption and the zeta potential
change depending on the pH of the solution. The kinetics of arsenic adsorption were also analyzed.



Molecules 2020, 25, 4117 3o0f12

2. Results and Discussion

2.1. Characterization of the Adsorbent

Figure 1 shows the diffractograms of obtained pure magnetite (Fe3O4), magnetite covered with
a carbon layer (Fe30,/C), and modified with titanium dioxide (Fe3O4/C/TiO;). Fe3O4 and Fe;04/C
materials had characteristic reflexes at 30.1°, 33.5°, 43.1°, 53.4°, 57°, and 62.5°, which correlated with
crystallographic planes (220), (311), (400), (422), (330), and (440) of magnetite phase (card number
99-001-0001). Material modified with titanium dioxide had characteristic reflexes at 25.3°, 37.8°, 48°,
and 53.7°, which correlated with crystallographic planes (101), (004), (200), and (105) of anatase phase
(card number 71-1172). The use of microwaves at the synthesis stage made it possible to obtain the
crystalline anatase phase without the need for an additional calcination process.
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Figure 1. XRD patterns of Fe3O4, Fe304/C, and Fe304/C/TiO;.

The parameters of the tested materials are shown in Table 1. The Scherrer equation was used to
determine the average crystallite size of magnetite and anatase. The pure magnetite crystallite size was
13.6 nm. The addition of carbon and titanium dioxide caused a decrease in magnetite crystallite size
below 10 nm. The addition of glucose as a carbon source at the stage of synthesis inhibits the growth of
magnetite particles [36]. A further modification with the titanium dioxide precursor does not increase
the average size of the magnetite crystallites. This confirms that the created carbon shell effectively
protects the magnetite nanoparticles against the agglomeration and oxidation processes, despite the fact
that the synthesis process takes place under aerobic conditions. In the case of magnetite nanoparticles,
the change of color from black to brown was observed after aerial exposition. The average anatase
crystallite size was 15.2 nm.

Table 1. Average crystallite size, surface area, and total pore volume of obtained nanostructures.

Sample The Size of The Size Surface Area Total Pore Volume
P Magnetite (nm) of Anatase (nm) (m?/g) (m3/g)
Fe;0,4 13.6 - 79.1 0.3019
Fe304/C 9.6 - 87.6 0.2001

Fe304/C/TiO, 9.2 15.2 197.3 0.3212




Molecules 2020, 25, 4117 40f12

The BET method was used to determine the specific surface area of the obtained materials.
The surface area of an unmodified material was approximately 79 m?/g. Modification with carbon and
titanium dioxide caused an increase in specific surface area in obtained nanostructures.

Nitrogen physisorption isotherms and the pore size distribution of the three materials
(Fe30y4, Fe304/C, and Fe304/C/TiO,) are presented in Figure 2.
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Figure 2. (a) Nitrogen adsorption isotherms (77K) and (b) pore size distribution calculated using the
density functional theory (DFT) method.

According to the IUPAC classification, nanocrystalline Fe3Oy is a mesoporous material with a pore
size in the range of 5 to 15 nm with a small proportion of micropores (Figure 2b). Modification with
glucose caused a reduction in the pore size in Fe304/C. In the pore size distribution curve for Fe3O4/C,
a shift of the maximum of the pore volume to the range of 5 to 10 nm was observed.

This has the effect of reducing the total volume of pores (Table 1). An increase in the proportion of
micropores below 2 nm was also visible. TiO, modification increased the number of micropores in the
structure and caused an increase in total pore volume.

Figure 3 shows Fourier-transform infrared spectroscopy (FI-IR) spectra of magnetite covered with
a carbon layer (Fe304/C) and magnetite modified with titanium dioxide (Fe304/C/TiO;). The visible
band with the maximum at the frequency of approx. 3500 cm~! in the spectrum of FezOy is associated
with the symmetrical stretching of hydroxyl groups (OH) [37,38]. In the spectra of materials modified
with starch (Fe3O4/C) and starch and titanium dioxide (Fe3O4/C/TiO5,), this band was much more
intense, which may be related to the overlapping of bands characteristic for bending vibrations from

-C-H group that occur in the range of 2700 to 3300 cm~!.
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Figure 3. FI-IR spectra of Fe30y, Fe30,4/C, and Fe30,4/C/TiO,.
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The spectra analysis confirmed the presence of absorption bands between 400 and 800 cm™!
characteristic of stretching vibrations of Fe-O-, which coincide with the absorption band characteristic
of Ti-O-Ti [27,39,40]. In the range of 1500 to 1800 cm~! there are bands characteristic of stretching
vibrations coming from double bonds -C=C-, -C=C-. Between 1000 and 1500 cm™, there are bands
of stretching vibrations of single C-O-C, -C-O- bonds, the intensity of which increases in samples
modified with starch and TiO,.

2.2. Adsorption Experiments

Figure 3 shows how the adsorption degree of As(V) changes and the zeta potential value changes
depending on the pH of the solution. The isoelectric point (IEP), the pH at which the surface of the
NPs has zero net charge, was also determined for individual materials.

The IEP value for Fe3Oy is 6.81 and is consistent with the literature data [19]. Modification of
magnetite nanoparticles with carbon shifted the IEP point to 4.93 and 4.70 in Fe304/C and Fe304/C/TiO,,
respectively. At solution pH values lower than that required for attaining the IEP, the sites become
protonated and an excess positive charge develops on the surface (the oxide behaves as a Bronsted
acid and as an anion exchanger). The contrary occurs at pH values higher than the IEP, where the
oxide behaves as a Brensted base and as a cation exchanger [41].

The results in Figure 4a-c demonstrate that the degree of adsorption for As(V) of all the adsorbents
was pH-dependent, thus showing maximum adsorption at pH 2. It is consistent with the results
presented in the literature, although the phenomenon is not obvious. It should be noted that high
adsorption of As(V) ions may occur in a wider range of pH values. In the paper by [28], it was shown
that adsorption of arsenic(V) ions over hematite is 100% efficient in the pH range from 2 to 11.
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Figure 4. The degree of arsenic adsorption and the zeta potential on pure magnetite vs. the pH value,
(a) magnetite (Fe3Oy4), (b) magnetite modified with glucose (Fe304/C), and (c) magnetite modified with
glucose and titanium dioxide (Fe3O,4/C/TiO,). The initial concentration of As(V) was 10 mg/L.

Arsenic occurs in the form of anionic ions, which explains the very good adsorption in the pH
range where there is a positive charge at the adsorbent-adsorbate boundary. This indicates that the
electrostatic interaction between As(V) anions and the positively charged adsorbent surface plays
a key role in the adsorption process. For all adsorbents, the degree of adsorption of arsenic ions at
pH =7 was very high, the level of 90%. At pH = 10, a decrease in the degree of adsorption of arsenic
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ions to 22.9%, 45.8%, and 67.5% was observed for the FezOy, Fe30,4/C, and FezO,4/C/TiO, adsorbents,
respectively. Under these conditions, the surface of the tested adsorbents is negatively charged at the
boundary, which was confirmed by the value of the zeta potential. The lowest decrease in the degree
of adsorption was observed for the Fe;0,/C/TiO, adsorbent. Modification of magnetite nanoparticles
with glucose and titanium dioxide, in addition to changes in the surface structure, also caused textural
changes leading to an increase in the specific surface area and pore volume. This may explain the much
smaller decrease in adsorption under conditions below IEP for the Fe304/C/TiO, adsorbent despite the
unfavorable conditions resulting from the negative charge at the adsorbent/adsorbate boundary.

The influence of the adsorbent dose on the adsorption of arsenic ions is shown in Figure 5.
The degree of arsenic adsorption shown in Figure 5 was calculated after reaching the equilibrium.
The equilibrium state was reached after four hours. For the tested concentration of arsenic ions, the dose
of 2.5 g/L. made it possible to achieve the adsorption degree of 99% for all adsorbents. The concentration
of As(V) ions used in the research was much higher than the actual pollutants. The degree of adsorption
depends on the initial concentration. The authors of the work [34] found that an increase in the initial
concentration of As(V) ions from 0.4 to 3 mg/L caused a decrease in As (V) ion adsorption efficiency
from 97% to 85%. The obtained high degree of adsorption at a high initial concentration of arsenic ions
ensures the achievement of the recommended arsenic concentrations in drinking water. Of course,
the dose of the adsorbent should be adjusted to the starting concentration in order to obtain the required
degree of adsorption. Currently, according to WHO standards, the allowed concentration of arsenic in
drinking water is 10 pg/L [20].
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Figure 5. Influence of adsorbent dose on the degree of adsorption As(V) at equilibrium state, an initial
concentration of arsenic ions 10 mg/L, and pH 2.

In order to investigate the adsorption mechanism of As(V) over the tested materials, two kinetic
models, the pseudo-first-order and pseudo-second-order, were used to find the best-fitted model for
experimental data.

The pseudo-first-order (PFO) kinetic model is given by Equation (1) and the pseudo-second-order
(PSO) kinetic model is given by Equation (2):

ln(qe - qt) =Inq, -k xt (1)

t__1 2+1><t @)
qt kZqu qe
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where k; [min~1] is the pseudo-first-order adsorption rate constant, k; is the pseudo-second-order
adsorption rate constant [g mg~'min~'], t [min] is time, q; [mg/g], and qe [mg/g] are the amounts of
metal ions adsorbed at the time t and equilibrium, respectively.

Figure 6 shows the plots for the As(V) adsorption using the pseudo-first-order and
pseudo-second-order kinetic model. The adsorption process over the Fe304/C/TiO, nanomaterial was
relatively fast. After about 60 min, the degree of adsorption reached the equilibrium state. For the
remaining adsorbents, this time was about 90 and 120 min for Fe30O4 and Fe3zO4/C, respectively.

Fe,O,
Fe,O, - PFO
Fe,O, - PSO
= FeO,/C
————— Fe,O,/C - PFO
Fe,O,/C - PSO
u Feso 4/C/Ti02
————— Fe,O,/CITiO, - PFO
— Fe,0,/CITIO, - PSO

Adsorption [mg/g]

|l 1 1
0 50 100 150 200
Time [min]

Figure 6. Kinetics of arsenate adsorption for an initial addition of 10 mg As/g adsorbent at 25 °C and pH 2.

As can be seen, a better match with the results is seen in the case of the PSO model. This is also
confirmed by the calculated values of the correlation coefficient (R?) and the equilibrium degree of
adsorption ge,cal, which are closer to the experimental values ge,exp, as shown in Table 2.

Table 2. Parameters of the pseudo-first-order (PFO) and pseudo-second-order (PSO) models.

Qe,exp Pseudo-First-Order Kinetic Model Pseudo-Second-Order Kinetic Model
Materials (mg/g) Ik qe,cal R? ko qe,cal R2
(min—1) (mg/g) (g mg~1min-1) (mg/g)
Fe;0y4 10.281 0.0561 9.967 0.9488 0.0084 10.277 0.9964
Fe;0,/C 9.620 0.0353 9.620 0.9772 0.0073 9.615 0.9929
Fe30,4/C/TiO; 10.078 0.0600 9.890 0.8255 0.0697 10.081 0.9998

The Langmuir isotherm was used to interpret the nature of the adsorption of arsenic ions in the
studied materials. The Langmuir model assumes that adsorption is localized in one layer that all active
places are homogeneous. The linear form of the Langmuir isotherm model is given by the Equation (3):

C 1 C
== - ®)

= + —
Je KL Qm Qm

where qe (mg/g) is the equilibrium adsorption quantity, Ce (mg/L) is the equilibrium concentration
of As(V), Qm (mg/g) is the maximum adsorption capacity of a monolayer, and Kj, (L/mg) is the
adsorption constant.

Graphs of isotherms are shown in Figure 7. Table 3 shows the calculated values of Qm, Ky,
and correlation coefficient (R?). High values of correlation coefficient indicate that experimental data is
consistent with the Langmuir adsorption model.
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Fe,O,
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Figure 7. Langmuir isotherm plots for As(V) adsorption by Fe3O4, Fe30,/C, Fe30,4/C/TiO, at 25 ° C.

Table 3. Parameters of the Langmuir equation for tested adsorbents used for adsorption of As(V) ions.

Adsorbent Qm (mg/g) Ky (L/mg) R?
FezOy4 19.34 2.043 0.9994
Fe30,/C 14.58 2279 0.9999
Fe304/C/TiO, 11.83 0.641 0.9904

It can be seen that pure magnetite showed the maximum amount of arsenic ions adsorption,
19.34 mg/g. The modification of the magnetite nanoparticles with carbon (Fe304/C) and titanium
dioxide (Fe304/C/TiO,) results in a decrease in the amount of absorbed As(V) ions. The monolayer
adsorption capacity for these adsorbents is 14.58 and 11.83 mg/g, respectively.

The monolayer adsorption capacity Qn, of the obtained adsorbents was higher compared to other
adsorbents based on magnetite nanoparticles, Table 4.

Table 4. Comparison of monolayer adsorption capacity of As(V) on different adsorbents.

Adsorbents Qm (mg/g) pH Reference
Fe304 19.34 2 This study
Fe304/C 14.58 2 This study
Fe30,4/C/TiO, 11.83 2 This study
Fe304-RGO-MnO, 12.22 7 Luo et al. 2012. [42]
Magnetite-doped ACF 4.16 4 Lenoble et al. 2004 [43]
NPs-magnetite 8.80 6.5 Chowdhury et al. 2011 [29]

3. Materials and Methods

3.1. Materials

At the first stage, magnetite (Fe304) or magnetite covered with a carbon layer (Fe304/C) was
obtained. To this end, iron(II) chloride (FeCl,-4H,O) and iron(III) chloride (FeCl;-6H,O) were dissolved
in water. Once a clear solution was obtained, ammonia water and glucose were added. Glucose was
a carbon precursor in the case when modified magnetite was to prepare. Magnetite: glucose molar
ratio equaled 1:0.2. The solution was transferred to a microwave reactor and the process proceeded for
20 min at approximately 140 °C under a pressure of 10 bars. In a reactor the following reaction runs:

Fe?t + 2Fe®t 4+ 80OH™ — Fe30,4 + 4H,0 (4)
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Using microwave-heating on the reactor, the reaction mixture is evenly heated in its entire volume,
which results in uniform germination and an increase in magnetite nanoparticles [33].

Once the synthesis had finished, nanoparticles were separated from the solution with magnetic
separation. Obtained nanoparticles were washed with water and ethanol and dried at a temperature
of 60 °C for 10 h.

At the second stage, obtained magnetite with a carbon layer (Fe304/C) was impregnated with
titanium dioxide. Magnetite nanoparticles Fe;0,/C were sonicated with ethanol and ammonia water.
Titanium tetrabutoxide (TBOT) was added as titanium dioxide precursor at magnetite: titanium dioxide
molar ratios 1:3 and sonicated for 1 h. After, the suspension was decanted and filtered. Deionized
water, ethanol, and ammonia water were added to obtained precipitate, which was then sonicated for
10 min. Next, the solution was placed in a microwave reactor and synthesis continued at a temperature
of 160 °C under 10 bar pressure for 1 h. Later, particles in the solution were magnetically separated
and washed with water and ethanol. Finally, the samples were dried at 60 °C for 10 h.

3.2. Methods of Characterization of the Adsorbents

The phase structure of obtained materials was identified with XRD using X'Pert Pro Philips
camera using an X-ray lamp with a copper anode emitting CuK, radiation. The average crystallite
size of magnetite and anatase was determined with the Scherrer Equation (5) [44]:

o
~ PBcosH

©)

where D—crystallite size, k—shape factor, A—X-ray wavelength, 3—full width at half the maximum,
and 6—Braggs’ angle.

The specific surface area of synthesized adsorbents was determined by the Brunauer-Emmett-Teller
(BET) method using Quadrasorb Evo Quantachrome Instruments nitrogen adsorption apparatus.
Fourier-transform infrared spectroscopy (FI-IR) with a Thermo Scientific Nicolet 380, in a spectrum range
of 400-4000 cm~! was used to determine functional groups on the surface of obtained nanostructures.

The isoelectric point and zeta potential of the Fe3O4, Fe30,4/C, and Fe304/C/TiO; dispersions in
ultrapure water were determined using Zetasizer Nano-ZS (Malvern Instruments Ltd., Malvern, UK)
equipped with a Multi-Purpose Titrator MPT-2 and a degasser. The pH was adjusted using HCl and
NaOH solutions.

3.3. Adsorption Experiments

The adsorption experiment was performed using the batch sorption technique. The effect of
pH (pH 2-10), the dose of adsorbent (1-10 g/L), and contact time were studied at the initial As(V)
concentration of 10 mg/L. The pH of the solution by dropwise addition of 0.1 M HCl or 0.1 M NaOH
was adjusted. The influence of the adsorbent dose and contact time under optimum experimental
conditions pH were studied.

Arsenic ions adsorption degree was calculated with (6):

Co — Ck

Removal degree [100%] = o X 100% (6)
(o]

where C,, (mg/L)—initial concentration of arsenic ions solution and Cy (mg/L)—final concentration of
arsenic ions solution.

Adsorbent of 0.5 g and 0.5 L of 10 mg/L arsenic solution were placed in an Erlenmeyer flask.
The flask was placed in a heated bath with stirred at 450 rpm. The reaction solution (10 mL) was
sampled with a pipette at different times up to 4 h. Then, the adsorbent was separated from the solution
by means of a magnet, and the solution was additionally filtered through a filter paper.
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Initial concentration and concentration after arsenic ions adsorption was determined with
inductively coupled plasma optical emission spectrometry (ICP-OES) with hydride generation.
Every examination was repeated three times and results are given as averaged values.

Adsorption after time qt (mg/g) was calculated with (7):

(Co—Ct) XV
m

qt = )
where C, (mg/L)—initial concentration of solution, C; (mg/L)—solution concentration after time t,
V (L)—solution volume, and m (g)—adsorbent mass.

4. Conclusions

A simple and quick method of adsorbent production, based on magnetite nanoparticles with
magnetic properties, was developed. The use of carbon coating prevented oxidation and agglomeration
of iron (II, III) oxide and modification with titanium dioxide enabled the increase in specific surface
area. Obtained materials showed high adsorptive properties above 90% of arsenic ions in the pH range
of 2 to 7. Modification of magnetite nanoparticles with carbon and titanium dioxide (Fe3O04/C/TiO,)
increases the range of pH values in which a high degree of As(V) ion adsorption can be obtained.
The adsorption process over the Fe3O4/C/TiO, at the initial stage was faster than other materials.
The pseudo-second-order kinetic model showed a better goodness of fit than the pseudo-first-order
kinetic model. Both the degree of arsenic(V) ions adsorption and zeta potential decreased while pH
increased. The electrostatic interaction between As(V) anions and the positively charged adsorbent
surface plays a key role in the adsorption process. Magnetic properties of the obtained nanoadsorbents
allowed for very simple removal of the adsorbent from the solution after the adsorption process.
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