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Abstract

Isotherms

Surfactants are one of the main groups of pollutants released into aqueous solutions due to human activities and their harmful
effects have been proven on human. In this study, first, magnetic multi-walled carbon nanotubes (MMWCNTs) were synthesized
and then, the effects of operating parameters such as surfactant concentration, adsorbent dosage, and pH values were analyzed on
the adsorption process. MMWCNTs were characterized by means of X-ray diffraction (XRD) analysis and fourier transform infrared
spectroscopy (FTIR). The optimal adsorption conditions were achieved at initial pH = 4.6, adsorbent concentration = 0.5 g/L, and ini-
tial SDS concentration =15 mg|L. In addition, the equilibrium of sorption reached after 120 min and the maximum capacity of SDS
for monolayer coverage was found to be 61 mg/g at 25°C. Kinetic studies were performed under optimal conditions and the sorp-
tion kinetics was described using the pseudo-second-order kinetic model. The experimental data were studied using Freundlich,
Langmuir, and Sips models. Finally, the experimental data were fitted reasonably by Langmuir isotherm. The results demonstrated
that MMWCNTs with respect to their high adsorption capacity, relatively low equilibrium time, and capability to be separated from
aqueous solutions (after adsorption) could be applied to wastewater treatment.
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1. Introduction

Development of industries and consequently indus-
trial wastewater discharge into the environment has
caused a large number of concerns due to surface and
groundwater pollution and environmental destruction (1,
2). Surfactants are one of the main groups of pollutants
released to aqueous solutions by humankind. In other
words, surfactants are known to implicate in the incre-
ment of hazardous contaminants. Due to the extensive use
of surfactants in today’s world, they can be found in a wide
range of daily products such as soaps, detergents, pharma-
ceutical products, personal care products, as well as in in-
dustries including high-technology equipment, painting,
and leather products. Hence, the release of these kinds of
contaminants to aqueous solutions is inevitable (3, 4). Ac-
cording to the ionic characteristics, surfactants are divided
into several types including: anionic, cationic,amphoteric,
and nonionic. SDS is one of the typical anionic surfactants
that may accumulate in the human body (5-7).

Employing approaches such as ozonation in order to
remove surfactants in large scales is completely difficult
and costly. Additionally, due to strong germicidal effects
of surfactants, application of biological methods to get rid
of these contaminants in high concentrations is almost

impossible (8). Therefore, it seems that adsorption is one
of the best methods, which can easily remove pollutants;
moreover, it is more practical than other old techniques
are. Currently, the consumption of nanoparticles to adsorb
pollutants has drawn scientists’ attention. Certainly, if car-
bon nanotubes (CNTs) are made up of single-walled (SWC-
NTs) or multi-walled (MWCNTs) carbon nanotubes, they
will really be applicable adsorbents. CNTs as novel adsor-
bents have increasingly attracted attention of numerous
researchers because of their small size, high surface area,
crystalline form, unique organized lattice, and acceptable
reactivity (9). It can be used to treat wastewater and trans-
form pollutants to less harmful substances (10, 11). Indeed,
CNTs have gotten the world’s attention because of their
ability to separate contaminants like heavy metals (12-14),
radio nucleotides, hazardous organics,and inorganic com-
pounds (15, 16).

Gao et al. successfully obtained magnetic polymer
multi-walled carbon nanotube nanocomposite, which
could adsorb anionic azo dyes. The results demonstrated
that the efficiency of dye adsorption was 90% at acidic
pH. The results also showed that adsorption of the men-
tioned contaminant followed Langmuir isotherm and re-
action kinetic followed the pseudo-second order model
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(17). Tang et al. could separate atrazine and copper ions
from aqueous solutions using MMWCNTs with efficiency
of 90%. The results revealed that adsorption efficiency
decreased at acidic pH and reaction kinetics pursued the
pseudo-second order equation. Recovery of MMWCNTs ad-
sorbent was possible within a multi-cycle process. The ad-
sorbents could easily be separated from the aqueous so-
lution using a magnetic field (18). Konicki et al. investi-
gated the performance of MMWCNTs for separation of an-
ionic direct red dye from aqueous solutions. Experimen-
tal data were consistent with Freundlich isotherm and ad-
sorption capacity was reported 70 mg|g for the dye at 60°C
(19). Zhu et al. reported that separation efficiency could
get close to 90% for carcinogenic dyes from aqueous so-
lutions using chitosan adsorbents modified by magnetic
carbon nanotubes. Adsorption capacity was calculated 262
mg/g (20). Finally, Fazelirad et al. studied the removal of
amoxicillin using MMWCNTs. The highest uptake occurred
at about pH = 6.4 in presence of a high adsorbent dosage.
The bonding between amoxicillin and adsorbent was due
to the van der Waals force and adsorption conformed to
Langmuir isotherm (21).

Herein, multi-walled carbon nanotubes were first mag-
netized. Afterward, the modified adsorbent was character-
ized by means of XRD analysis and FTIR. In the next step,
SDS removal was investigated using MMWCNTs. The effects
of SDS concentration, pH values, and adsorbent dosage
were investigated on SDS removal from aqueous solutions
using MMWCNTs. The results indicated that adsorbent
used in the present study had remarkable adsorption ca-
pability for SDS removal. As a final point, it is worth noting
that after adsorption process, adsorbent can be easily sepa-
rated from the aqueous solution without introducing any
secondary pollutant to the solution merely by applying a
magnetic field.

2. Methods

2.1. Chemicals

MWCNT (> 95%) was purchased from SKC (England)
and sodium dodecyl sulfate (SDS) (> 99%) was prepared
from HACH (Germany) and used as received. Other chem-
icals such as FeSO,.7H,0 were provided from Merck (Ger-
many) and all other chemicals were of analytical grade.
Typical properties of SDS and MWCNTs are listed in Table
1. Chemical structure of SDS is shown in Figure 1.

2.2. Synthesis of Fe304/MWCNTs Nanocomposite

100 mg MWCNTs were added to a flask containing 120
mL mixture of H,SO,/HNO; (311, v|v). The mixture was re-
fluxed at 60°C in an ultrasonic bath (50 kHz and 350 W)

Table 1. Typical Properties of Sodium Dodecyl Sulfate (SDS) and Magnetic Multi-
Walled Carbon Nanotubes (MMWCNTs)

MMWCNTs SDS

Outer diameter, nm 20-30 Chemical Structure NaCj;, Hy5504

Length, 1m 30 Molecular weight, 288372
g/mol

Specific surface 110 Appearance White powder

area, m’

Density, g/cm® 12 Density, g/cm® 1.01

Figure 1. Chemical structure of Sodium Dodecyl Sulfate (SDS)

for 3 hours. The obtained mixture was filtered and washed
with deionized water for several times. Afterwards, the
modified MWCNTs were dried at 80°C under vacuum for 8
hours. The as-treated MWCNTs were suspended in 500 mL
deionized water. From this step onwards, magnetization
procedure has been described.

30 mL MWCNTs were poured dropwise into a 250 mL
flask containing 100 mL deionized water. In order to get
rid of dissolved oxygen, the solution was bubbled with N,
flow for 15 minutes. The flask was placed in a 95°C water
bath and then 2 g FeS04.7H,0 was added to the flask. Ul-
timately, 40 mL solution of 1.8 g NaOH and 0.9 g NaNOs
was heated up to 95°C and poured dropwise (2 mL/min)
into the heating MWCNTs-metal solution. It is worth not-
ing that the solution was stirred vigorously under N, flow
during reaction period. The final solution was heated up to
95°C for 2 hours and then cooled to the ambient tempera-
ture. The precipitates were separated from the flask using a
magnetic field. In order to dry the formed Fe;0,/MWCNTs
nanocomposites, they were placed into a vacuum oven at
100°C for 24 hours (22).

2.3. Characterization Methods

X-ray diffraction (Philips PW1800) was carried out to
evaluate the crystalline structure of synthesized prod-
ucts. In addition, Fourier transform infrared spectroscopy
(FTIR) (Perkin Elmer Co. USA) analysis was recorded in the
range of 400-4000 cm™ to assess the functional groups of
MWCNTs and MMWCNTs.

2.4. Batch Adsorption Studies

Adsorbent dosage, pH, and SDS concentration were pa-
rameters examined in this study. In order to ensure re-
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peatability of results, all tests were performed two times
and the average values were reported. A stock solution of
SDS (500 mg(L) was prepared by dissolving 0.5 g SDSin1L
deionized water. Solutions containing the desired concen-
tration of SDS were prepared by diluting the stock solution
with deionized water. pH of solution was adjusted using
0.1 M sodium hydroxide or sulfuric acid using a digital pH
meter (HACH Sension 4).

In order to determine SDS concentration, methylene
blue active substance (MBAS) method was followed. In this
method, 10 mL of sulfate buffer was added to 300 mL SDS
solution. The obtained solution was stirred for 5 minutes.
In the next step, the contents of one detergent reagent
powder pillow and 30 mL toluene were added to the solu-
tion. Contents of flask were shaken gently for 1 minute. Fi-
nally, the solution was poured into a decantation funnel
and remained immobile for 30 minutes until two differ-
ent phases appeared separately. Then, the bottom phase
was discharged and the upper phase was poured into a 10
mL cell holder. The detergent concentration was read at a
wavelength of 652 nm using a DR5000 (HACH) spectropho-
tometer (23). The following equations were used to deter-
mine the adsorbent removal efficiency:

R=(Co - Co)[Co (1)

Co and C, are the initial and the final concentrations of
surfactant (mg/L) (SDS concentration before and after ad-
sorption), respectively. Surfactant adsorption capacity was
calculated using the following equation:

ge =(Co-Ce)VIW(2)

ge is the adsorbate concentration per adsorbent mass
(mg/g), Vis the volume of reactor (L), and W is mass of ad-
sorbent (g).

3. Results and Discussion

3.1. Characterization

FTIR spectra of MWCNTs and MMWCNTSs are shown in
Figure 2. In the MWCNTSs curve, bands at 2919.57 cm™ and
3434 cm™ stand for stretching vibration of -CH and -OH, re-
spectively (24). In fact, the broad peak at 3434 cm™ can be
attributed to the moisture adsorbed on the adsorbent or it
may stand for OH bond of carboxylic acid. The reason why
S=0 and N = O peaks of modified adsorbents at 1131 cm™,
1448 cm’, and 1636 cm™ bands are stronger than those of
unmodified ones is due to the use of nitrogen and sulfate
compounds in the synthesis of MMWCNTs. The band at 579
cm’ confirms the presence of stretching vibration of Fe-O
in crystal lattice of Fe;0, in MMWCNTs (25).

FTIR spectrum of the MMWCNTs after SDS adsorption
is exhibited in Figure 3. As can be observed, there are some
prominent peaks described as follows:
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Hydrocarbon chains of SDS (C-H) are capable of pro-
ducing peaks in the range from 1300 cm™ to 1400 cm’, so
the peak at 1383.85 cm™ can be attributed to C-H bonds (26,
27). The band at1457.3 cm™ indicates C-H2 bonds of SDS. The
bands at 976.9 cm™ and 1250 cm™ represent symmetric and
asymmetric stretching of S=0 bonds, respectively. It is evi-
dent that, SDS was adsorbed successfully by MMWCNTs due
to the presence of S = O bands in FTIR curve (28). As men-
tioned earlier, bands at 3434 cm™ and 2919 cm™ can be at-
tributed to the moisture adsorbed on the adsorbent.

Figure 4 shows the XRD patterns of MWCNTs and
MMWCNTs in the range of 26 =15 - 65°. According to
the modified modified nanocomposite has high magnetic
properties in comparison with unmodified one, may be
due to the periodic arrangement of the crystalline phase
and the high percentage of iron (Fe;0,) within MMWCNTs.
As can be observed in Figure 4 (MWCNTs XRD pattern), the
peakat 44° stands for crystalline diffraction and regular ar-
rangement of concentric cylinders of carbon atoms (29).
Regarding the XRD pattern of MMWCNTs, the maximum
peak appeared at 27° with intensity of 203.0965. The men-
tioned peak symbolizes cubic crystals of FeSO4.7H20. Con-
sequently, the XRD analysis confirmed the presence of iron
in the magnetic nanocomposite structure (30).

Figure 5 shows the XRD pattern of MMWCNTs after SDS
adsorption in the range of 26 =15 - 65°. In addition to
the peaks observed in the crystal structure of carbon nan-
otubes and cubic crystals of iron sulfate, a peak appear-
ing at 36° represents reflections of the lamellar phase con-
structed by mixture of SDS (27).

3.2. Adsorption Studies

3.2.1. Adsorption Isotherm

The adsorption isotherm is an equation relating to the
amount of solute adsorbed onto the solid and the equilib-
rium concentration of the solute in solution ata given tem-
perature (31). Equilibrium data can be analyzed using sev-
eral well-known adsorption isotherms. There are several
models for predicting the equilibrium distribution. How-
ever, the following models are most commonly used. The
Freundlich, Langmuir, and Sips models were employed to
analyze the adsorption process. The Langmuir model de-
scribes quantitatively the formation of a monolayer adsor-
bate on the outer surface of the adsorbent and after that,
no further adsorption takes place. The linear equation is
as follows:

1/ge =1/ (qmax) +1/(bqmaxCe) (3)

Where g, is the amount of adsorbed mass per unit
weight of adsorbent (mg/g), Ce the equilibrium concen-
tration (mg/L), gmax the maximum adsorption capacity
(mg/g),and bis the equilibrium constantrelated to the free
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Figure 3. FTIR Spectra of MMWCNTs after SDS Adsorption

energy of adsorption. Freundlich adsorption isotherm is
commonly used to describe the adsorption characteristics
for heterogeneous surfaces. These data often are fitted to
the empirical equation proposed by Freundlich:

Log q. =Log K¢ + (1/n)Log C. (4)

Where g, is the amount of adsorbed mass per unit
weight of adsorbent (mg/g), C. is the equilibrium concen-
tration (mol/L), k¢ is the constant expressing the relative
adsorption capacity of the adsorbent (mg/g (mg/L) n), and
1/n is the constant expressing the intensity of the adsorp-
tion.

The Sips model is an experimental model obtained
from combination of the Langmuir and Freundlich ad-
sorption models. The Sips model contains three parame-
ters, gmax, KS, and 1/n, which can be assessed by fitting the
experimental data. The Sips adsorption isotherm is written

as follows:

Qe = (qmax KS[(1+KS) (5)

Where the symbols have the same meanings as pre-
viously described. For SDS adsorption studies, 0.5 g ad-
sorbent was added to 300 mL solutions containing vari-
ous SDS concentrations. The experiments revealed that the
equilibrium time was about120 minutes. Figure 6 provides
a comparison between the experimental and isotherms
data (32). Parameters of the three isotherms for SDS ad-
sorption using MMWCNTSs are shown in Table 2. As can be
seen, the highest regression (R?) values are 0.99 and 0.993
for the Sips and Langmuir models, respectively. Therefore,
the experimental data were better described by the Lang-
muir model (32).

Table 2. Parameters of Different Isotherm Models for SDS Adsorption Using MMWC-
NTs

Sips Model Freundlich Model Langmuir Model

Qmax (Mg g™)=51 KF(mgg'(mgL")"")=6.23 Qmax (Mg g")=61

Ks=0.1 N=19 KL (L mg")=0.07

R*>=0.99 R*=0.98 R*=0.993

Table 3 makes a comparison between adsorption capac-
ities of various adsorbents applied to remove SDS. Apart
from Chitosan hydrogel beads, MMMCNTs have by far the
highest capacity compared to other adsorbents. Hence,
this adsorbent, owing to the lower amount of adsorbent
needed to remove contaminants, has high efficiency for
SDS removal.
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3.2.2. Adsorption Kinetics
. . . il
In order to investigate the rate of SDS adsorption, the ~ (g/mgmin™).

Lagergren equation as one of the renowned equations was
applied. The pseudo first order kinetic model of Lagergren
can be symbolized as follows:

dqc/qc =ki(qe-qr) (6)

Where g, and q; are the amounts of adsorbate (mg|g)
at equilibrium time and specific time t (min), respectively.
Besides, ki is the rate constant of pseudo-first-order adsorp-
tion (min™). The pseudo second order equation dependent
upon adsorption equilibrium capacity can be represented
as follows:

dqe/qe =ka(qe-qe)’ (7)

Where g, and g, have the same meanings as mentioned
earlier and K? is the pseudo second order rate constant
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Figure 7 depicts the effect of time on the adsorption
capacity of SDS from aqueous solutions at room temper-
ature. An increase in contact time (from 10 to 180 min-
utes) led to the gradual improvement in adsorption ca-
pacity of adsorbent that may be due to the use of all ad-
sorbent sites over a long period. After reaching the equi-
librium time (120 minutes), the equilibrium state was es-
tablished between adsorbent (MMWCNTs) and adsorbate
(SDS) (18, 19). No significant changes in SDS adsorption
were observed after the equilibrium time. In order to in-
vestigate SDS adsorption at different times and determine
adsorption rates, the pseudo second order model that was
consistent with experimental data was used. Results of the
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adsorption kinetics are shown in Table 4.
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Figure 7. SDS Uptake Kinetics Using MMWCNTs

Table 4. Adsorption Parameters Related to the Pseudo First-and Second-Order Equa-
tions

Pseudo First-Order Equation Pseudo Second-Order Equation

qe (mgg")=19 qe (mgg')=27

K(mgg'h')=0.0167 K(mgg' h')=0.0016

R*>=0.96 R*=0.992

3.3. Optimization of Operating Parameters

The impacts of independent variables such as pH, SDS
concentration, and adsorbent dosage on SDS removal were
studied. Adsorption capacity of MMWCNTs for SDS adsorp-
tion was also evaluated and the response was reported as
the percentage of SDS removal. In order to achieve the op-
timal SDS adsorption capacity, the time of adsorption pro-
cess was considered 120 minutes. The results showed that
the maximum SDS adsorption occurred at pH < 4.56, low
SDS concentration, and high dosage of adsorbent.

3.3.1. Effect of pH

pH has a significant impact on SDS adsorption that can
be interpreted based on the characteristics of surfactant
ionization. In addition, one of the mostimportant features
of adsorbent is pHzpc that represents the distribution of
electric charge on the adsorbent surface. When pH value
is higher than pHzpc, dominant electronic charge on the
adsorbent surface is negative and vice versa. The pHzpc
values of MWCNTs and MMWCNTs are 5.9 and 4.7, respec-
tively (33). Therefore, in acidic values, dominant electronic
charge on the adsorbent surface is positive. In acidic pH,
SDS adsorption efficiency was higher than in alkaline val-
ues (Figure 8). The highest adsorption rate was reported
at pH = 4, and an increment in pH led to a decrement in
adsorption rate. Presence of electrostatic force between
the positive charge on the surface of adsorbent and neg-
ative charge on the anionic surfactant (SDS) may be a rea-
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son for the rise in SDS adsorption. Moreover, in acidic pH,
the connection between hydrophobic chains of the sur-
factant and adsorbent will improve, while in alkaline pH
due to the presence of OH- groups, a competition will arise
between these groups and the anionic surfactant for ad-
sorbing on the surface of positively charged adsorbent and
thus, a remarkable reduction in adsorption efficiency will
be observed (3, 36).

80 1

60 -
50 A1
40 A
30 1
20 A

Removal Efficiency, %

10 A

pH

Figure 8. Effect of pH on SDS Adsorption Onto MMWCNTs

3.3.2. Effect of Adsorbent Dosage

In order to evaluate the effect of adsorbent concen-
tration, a wide range of concentrations (from 0.05 to 0.5
g[L) was selected. The effects of adsorbent concentration
on SDS adsorption efficiency are exhibited in Figure 9. A
rise in adsorbent concentration and thereby an increase in
the available adsorption sites of adsorbents led to the en-
hancement of adsorption efficiency (37). Given that MWC-
NTs is a hydrophobic adsorbent, the hydrophobic sections
of SDS can easily adsorb to the adsorbent sites (36). It
should be noted that the influence of independent vari-
ables on MWCNTs were studied, as well. The results of SDS
removal using MWCNTs are similar to outcomes reported
using MMWCNTs for SDS adsorption. The difference be-
tween MWCNTs and MMWCNTs is that the specific surface
of magnetized adsorbent, due to the presence of iron on
the surface of modified adsorbent, is slightly less that pris-
tine adsorbent. Therefore, the reduction in specific sur-
face of MMWNCTs could contribute to the slight decline in
MMWCNTs adsorption efficiency. It is worth noting that in
acidic conditions, there is a possibility of iron oxides sepa-
ration from adsorbent surface that is normally negligible
and cannot affect adsorption efficiency. With regard to the
easy separation of the magnetic adsorbents from aqueous
solutions, using a magnetic field is strongly recommended
(17, 18). In short, in Figure 9, data regarding the use of
MMWCNTs are just reported.

Avicenna ] Environ Health Eng. 2017; 4(1):e61902.

90 7
80
70 A
60 1
501
40 A
301
20 A
10 A
0 T T T T T d
0 0.1 0.2 03 0.4 0.5 0.6

Removal Efficiency, %

Adsorbent Dosage, g/L

Figure 9. Effect of Adsorbent Dosage on SDS Adsorption on MMWCNTs

3.3.3. Effect of SDS Concentration

In order to evaluate the effect of SDS concentration
on adsorption efficiency, a wide range of concentrations
(from15to150 mg/L)was considered. The effects of SDS con-
centration on adsorption efficiency are shown in Figure 10.
As can be observed, an increase in SDS concentration led to
a decline in adsorption efficiency that may be due to the
saturation of adsorption sites. Moreover, when SDS con-
centration is high, repulsive forces between SDS molecules
willrise and this problem prevents SDS from adsorption on
the adsorbent(38). Therefore, by increasing SDS concentra-
tion (from 15 to 150 mg/L) adsorption efficiency gradually
decreased. On the other hand, the amount of adsorbed SDS
on adsorbent increased. Indeed, this is due to the intensifi-
cation of driving forces. As a result, by increasing SDS con-
centration gradient, SDS adsorption on adsorbent will im-
prove. Finally, when SDS concentration is low, the ratio of
SDS molecules to the available adsorption sites is low, too.
However, in high SDS concentrations, available adsorption
sites are not sufficient to adsorb SDS molecules and thus,
SDSremoval depends on the initial concentration of the so-
lution (33).
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0 T T T ]
0 50 100 150 200

SDS con., mg/L

Figure 10. Effect of SDS Concentration on SDS Adsorption Onto MMWCNTs
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3.4. Desorption Study

After adsorption of pollutant (SDS), the regeneration
of adsorbent was carried out. For this purpose, the adsor-
bents (MMWCNTs after SDS adsorption) were placed into
alkaline aqueous solutions (pH 10.0 - 14.0) for 24 hours.
During this process, just about 15% of adsorbed SDS was
released into the alkaline solution. Indeed, desorption of
anionic SDS molecules into the solution took place grad-
ually. This confirms the earlier conclusion explaining
that SDS adsorption on MMWCNTs is due to both ionic
and hydrophobicinteractions between MMWCNTs and SDS
molecules (33, 36).

4. Conclusions

MMWCNTs were synthesized to combine distinguish-
ing characteristics of MWCNTs and magnetic properties.
FTIR and XRD analysis demonstrated that SDS was ad-
sorbed on MMWCNTs. After 120 min, the equilibrium oc-
curred and kinetics of pseudo second order model was con-
sistent with the experimental results. Langmuir and Sips
isotherms showed the highest correlation coefficient with
SDS removal. The maximum SDS adsorption capacity was
calculated about 61 mg/g. Based on the results achieved
in this study, MMWCNTs showed an acceptable behavior
towards SDS removal. Generally, MMWCNTs are an appro-
priate adsorbent for SDS removal, and due to their rela-
tively high adsorption capacity, they are capable of remov-
ing environmental pollutions. More importantly, magne-
tized adsorbents can easily separate from aqueous solu-
tions using a magnetic field.
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