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ABSTRACT

In this study, novel adsorbents for arsenic ions (As*) were prepared by functionalizing carbon nano-
tubes (CNTs) with deep eutectic solvents (DESs) based on N,N-diethyl ethanol ammonium chloride
and glycerol. Various characterization techniques were used to investigate the effects of DESs on the
surface of CNTs, including Raman, Fourier transform infrared spectroscopy, X-ray powder diffraction,
field-emission scanning electron microscopy, energy-dispersive X-ray spectrometer, Brunauer-Emmett—
Teller surface area, and zeta potential. Response surface methodology—central composite design exper-
imental design was used to determine the optimum removal conditions, which was found to be at
pH 6.0 with adsorbent dosage of 20 mg and contact time of 55 min. The pseudo-second-order kinetics
model describes the adsorption of As*. Moreover, Langmuir isotherm model describes the adsorption
isotherm. The maximum adsorption capacity of the novel adsorbent was found to be 17 mg/g.
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1. Introduction

The presence of arsenic (As) in water, in any oxidation
state form, is considered very harmful to humankind and
other living orgasms. The As contamination in drinking
water has been proposed to cause skin cancer and kidney
cancer, lung, bladder, and other internal tumors, vascular
diseases, and diabetes [1]. The order of toxicities for arse-
nic species is as follows: arsenite (As®") > arsenate (As®") >
monomethyl arsenic acid > dimethyl arsenic acid [2]. Water
resources may become contaminated by As either from
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natural deposits in the earth or through human activities
[1,3,4]. The maximum levels of As allowed in drinking water
is 10 ug/L according to the World Health Organization
(WHO) [5,6]. The contamination of As in water has been
reduced using several chemical methods, i.e., coagulation,
precipitation, ion exchange, reverse osmosis, and oxidation
[7]. However, these techniques have some limitations [8,9].
Therefore, the new alternative or modified technologies can
be highly expected. Adsorption can be considered as one of
the most effective techniques for removal of As ions, since it
is the best in terms of separation for small amount of pollut-
ant from large amounts of solution [10,11]. Various adsor-
bents, i.e., ferrihydrite [12], activated alumina grains [13],
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iron oxide uncoated sand [14], have been used to remove
all forms of As ions from solution. These adsorbents still
have some problems concerning the low adsorption capac-
ity and difficulty of separating adsorbents from aqueous
solutions. Carbon nanotubes (CNTs) have proven to be the
excellent adsorbent for many pollutants [15], including cad-
mium [16], zinc [17], lead [18], and copper [19]. However,
the CNTs have many problems like solubility, aggrega-
tion, and difficulty of manipulation even though they have
many extraordinary physicochemical properties. But CNTs
have shown a great affinity for interaction with a variety
of different compounds. Enhances CNTs surface with active
functional groups to increase the adsorption capacity [20].
However, functionalization with conventional agents can be
ineffective or involve chemicals that are harmful for envi-
ronment. Consequently, the new types of economical and
environmentally friendly functionalization agents needed
for many applications [21,22]. Including As removal from
aqueous solution.

Due to the large amount of interest in the ionic liquids
analogues, i.e., deep eutectic solvents (DESs), which were
introduced as a cheaper replacement for developed ionic lig-
uids (ILs) by Abbott et al. [23]. They have been used in a large
number of applications [24]. Recently, ILs and DESs have been
applied in many nanotechnology related fields, such as media
for synthesis of nanoparticles, electrolyte for nanostructure
sensors, and electrolyte for nanoparticle deposition [25].

In this work, ammonium-based DES composed of N,N-
diethylethanolammonium chloride (DAC), with glycerol
(Gly) as hydrogen bond donor, is used as functionalization
agent of CNTs. Subsequently, a novel DES/CNTs combina-
tion was utilized as an adsorbent of As® ions from water.
The adsorbent was characterized using Raman spectroscopy,
X-ray powder diffraction (XRD), Fourier transform infrared
(FTIR) spectroscopy, field-emission scanning electron micro-
scope (FESEM), energy-dispersive X-ray spectrometer (EDX),
Brunauer-Emmett-Teller (BET), and zeta potential. An opti-
mization study was performed using response surface meth-
odology (RSM) to optimize the removal conditions for As*
adsorption. Moreover, kinetics and isotherm studies were
also performed at the potential optimal conditions.

2. Materials and methods
2.1. Chemicals and materials

Multi-wall carbon nanotubes (MWCNTs) with specifica-
tions of D 6-9 nm x L 5 um > 95% (carbon) were supplied
by Sigma-Aldrich (USA). Gly, nitric acid (65%), potassium
permanganate, sodium hydroxide pellets, and hydrochlo-
ric acid (36.5%-38%) were also supplied by Sigma-Aldrich.
DAC and As* 1,000 mg/L standard solution were supplied
by Merck (USA).

2.2. Synthesis of DES

To prepare DESs, DAC was mixed with Gly at a molar
ratio of 1:2 using magnetic stirring at 400 rpm and 80°C
under atmospheric pressure until the mixture became homo-
geneous solution. Later, all DESs were stored in well-sealed
cups and placed in a desiccator to avoid humidity effects. The

details of stability and physical properties of this DES were
reported in our previous study [26].

2.3. Oxidation and acidification of MWCNTs

Two types of conventional functionalization were applied
to oxidize the pristine MWCNTs (P-CNTs) to prepare them
for use in subsequent functionalization steps. The P-CNTs
were dried overnight at 100°C. Later, the P-CNTs were son-
icated in a solution of KMnO,, in order to produce KMnO -
based CNTs (K-CNTs). The P-CNTs were refluxed with
HNGQO, (65%) for 1 h at 140°C to produce HNO,-based CNTs
(N-CNTs). All the functionalized CNTs were washed with
distilled water and filtrated with vacuum pump by several
times using a polytetrafluoroethylene 0.45 ym membrane.

2.4. Functionalization by DES

7 mL of DAC-based DES was added to 200 mg each of
P-CNTs, K-CNTs, and N-CNTs and heated to 65°C with
sonication for 3 h to produce (PD-CNTs), (KD-CNTs), and
(ND-CNTs), respectively. The mixture was then washed with
distilled water by several times and filtered using a 0.45 pm
membrane until reaching neutral water. Later, all CNTs sam-
ples were dried overnight under vacuum at 100°C and then
kept in well-sealed cups in a desiccator. The prepared CNTs
samples are listed in Table S1.

2.5. Characterization of functionalized CNTs

High resolution nanosized images were taken along with
an EDX using an FESEM (Quanta FEG 450, EDX-OXFORD).
The surface modifications and functional groups were identi-
fied using FTIR spectroscopy. Raman spectroscopy (Renishaw
System 2000 Raman Spectrometer) was used to obtain Raman
shift spectra for all adsorbents to evaluate the degree of func-
tionalization. The structure phases were analyzed using an
X-ray powder diffraction (XRD), Shimadzu XRD 6000XRD.
A fully automated gas sorption system (micromeritics ASAP
2020, TRISTAR 1I 3020 Kr) was used to study the surface area
of the selected samples based on BET method. Furthermore,
the surface charge was measured by conducting zeta poten-
tial experiments using a Zetasizer (Malvern, UK). The arse-
nic concentration was measured using inductively coupled
plasma with an Optima 7000DV PerkinElmer®.

2.6. Adsorption studies

Primary batch adsorption experiments were carried out
in 250 mL flasks. Two sets of stock solution were prepared at
pH 2.7 and pH 6.0. Next, 10 mg of P-CNTs, K-CNTs, N-CNTs,
PD-CNTs, KD-CNTs, and ND-CNTs were added to 50 mL of
As stock solution with a concentration of 5 mg/L. The flasks
were agitated at 180 rpm for 30 min at room temperature. The
adsorbent with the highest removal percentage was chosen
for further study.

3. Results and discussion

The results obtained from the primary screening show
that KD-CNTs recorded the highest removal percentage at pH
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Table 1
Screening study for the removal of As*
Adsorbent P-CNTs K-CNTs N-CNTs D-CNTs KD-CNTs ND-CNTs
Removal  pH2.7 0 19.7 0 0 12.29 0
(%) pH 6.0 0 8.3 0 0 33.99 0

6.0 and this effect increased significantly by increasing pH.
The removal percentage of As® by each adsorbent is listed in
Table 1.

3.1. Characterization of the adsorbent

Knowing the zeta potential of nanoparticles is essential
to understand the charge of the surface and the long-term
stability of the nanoparticle suspension in aqueous solution.
Absolute values can be used to quantitatively compare the
various stabilities of particle dispersions [27]. It is well known
that there are many factors affecting zeta potential measure-
ments, including particle surface charges, pH, conductivity,
ion concentration, and temperature [28]. Herein, 2.5 mg of
each adsorbent was dispersed in 5 mL of deionized water for
zeta potential measurement. The absolute zeta potential value
increased from 5.5 to —45.81 mV for P-CNTs and K-CNTs,
respectively [29]. High zeta potential value is an indication of
the electrokinetic stability of the particles, where those with a
low zeta potential tend to coagulate [6]. By addition of oxy-
gen-containing functional groups, such as carbonyl groups
and aliphatic carboxylic acids surface, on the surface of CNTs
by functionalization with KMnO, or acid refluxing, the sur-
face electronegativity increased. Consequently, the hydro-
philicity of the adsorbent increased, and that is reflected in the
adsorption mechanism. Furthermore, functionalization with
DAC-based DES decreased the absolute zeta potential value
to -37.6 mV. This reduction may be due to the reduction of
oxygen functional groups through formation of new groups.

3.1.1. Raman spectroscopy

Raman spectroscopy is a very valuable technique for
the characterization of carbon-based nanomaterials. Herein,
Raman spectroscopy was used to analyze P-CNTs, K-CNTs,
and KD-CNTs. Fig. 1 shows the two major characteristic bands,
namely the G-band, which usually detected at 1,500-1,600 cm™,
and the D-band at 1,350 cm™. The D-band is attributed to the
presence of amorphous or disordered carbon in the CNT sam-
ples, which is caused by the sp*hybridized carbon atoms in
the nanotube sidewalls [30,31]. The G-band corresponds to
the movement in opposite directions of two neighboring car-
bon atoms in a graphite sheet [32]. The third characteristic
band, known for carbon-based nanostructure, is the D', which
appears as weak shoulder of the G-band at higher frequencies
and is considered to be a double resonance feature originat-
ing from disorder and defects. It is worth mentioning that
the D' band is undetectable in pure graphite. However, it can
be observed in intercalated graphite and MWCNTs [33]. The
degree of functionalization can be determined by comparing
the intensity of the D-band (I,) to that of the G-band (I .) [34].
In this study, the I, /I  ratio increased significantly with KMnO,
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Fig. 1. Raman spectroscopy of each adsorbent.
Table 2
I1,/I intensity ratios of each adsorbent
Sample P-CNTs K-CNTs KD-CNTs
1/1, 1.1 1.16 1.2

functionalization, and after the sequence functionalization
step with DAC-based DES. Table 2 lists the values of I /I . for
each P-CNTs, K-CNTs, and KD-CNTs.

3.1.2. XRD analysis

Fig. 2 shows the XRD patterns of P-CNTs, K-CNTs, and
KD-CNTs. (002) and (001), representing the hexagonal graphite
structure and the concentric cylinder structure, respectively, are
located at 20 around 26° and 42° in P-CNTs patterns [35]. The
(002) was reduced in the K-CNTs pattern due to the extensive
presence of (MnQ,), which was confirmed by the two weak
peaks at 20 around 38° and 65° in K-CNTs pattern [36]. This indi-
cated that deposition of MnO, destroys the hexagonal graphite
structure of CNTs by wrapping the CNTs into non-stoichio-
metric, amorphous shapes [37]. The DES functionalization has
increased the wrapping around the CNT edges and the main
peaks for P-CNT were almost completely disappeared.

3.1.3. FTIR analysis

Fig. 3 shows the FTIR spectrum for P-CNTs, K-CNTs,
and KD-CNTs. After functionalization with DAC-based
DES, the results demonstrate the detection of N-H stretches
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Fig. 2. XRD patterns of P-CNTs, K-CNTs and KKD-CNTs.
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Fig. 3. FTIR spectrum for each adsorbent.

in the range of 3,207 cm™ and stretches for aromatic NH,
located at 3,445 cm™, which overlapped with the O-H
functional group [38]. In addition, the presence of C-Cl
bonds may overlap with other CO groups between 600 and
700 cm™. Meanwhile the presence of O-H in K-CNTs is
located at 3,478 cm™. The presence of new functional groups
after functionalization with DES provides various adsorp-
tion sites and increases the adsorption capacity for As*.

3.1.4. FESEM and EDX

Fig. 4 shows the FESEM images for P-CNTs, K-CNTs,
and KD-CNTs. The presence of MnQO, is not observable
in splatted powder or the crystal form, but is embedded
within the CNT surface structure, as we can clearly observe
in the FESEM images. On the other hand, EDX studies were
conducted for KD-CNTs after As® adsorption. The pres-
ence of Mn is observable. In addition, a traceable amount
of As*, CI-, O, and N were also observed in the EDX spec-
trum. Fig. S1 shows the EDX spectrum of KD-CNTs after
adsorption. Table S2 listed the elemental percentage on the
surface apart from carbon.

Fig. 4. FESEM images of: (a) P-CNTs, (b) K-CNTs and (c)
KD-CNTs.

3.1.5. BET surface area

BET isotherm studies were conducted for P-CNTs,
K-CNTs, and KD-CNTs. The results showed that the surface
area increased after each functionalization step, due to the
functional groups attached to the surface of the adsorbent.
Table 3 lists the BET surface areas, total pore volumes, and
the average pore diameter. The pore volumes decreased after
functionalization by KMnO,, which may be attributed to the
presence of MnO, partially occupying the space between the
CNT surfaces after being embedded within the external sur-
face layers. But the initial pore volume increased again after
functionalization with DES, resulting in additional distance
gained through charge repulsion from the presence of func-
tional groups with similar electrostatic charges.

3.2. Optimization studies

An estimation of the regression empirical relationship was
performed to describe removal percentage and adsorption
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Table 3

BET surface area and pore volume and diameter of all adsorbents
Property P-CNTs K-CNTs KD-CNTs
BET surface area (m?/g) 123.543 158.934  200.583
Total pore volume (cm?/g) 0.620 0.453 0.648
Average pore diameter (A)  20.499 114127 129411

capacity of As®* using RSM. Central composite design (CCD)
was employed using the Design Expert V7.0 software pack-
age. The effects and interactions of three parameters were
investigated in this study, specifically pH (3-8), contact time
(5-55 min), and adsorbent dosage (5-20 mg). The initial con-
centration and the agitation speed were fixed to 1 mg/L and
180 rpm, respectively. Table S3 lists the design of the experi-
mental runs in terms of the actual parameters, alongside the
removal percentage response, and the adsorption capacity
response.

Analysis of variance modeling, for As®* removal (%)
response and adsorption capacity of KD-CNTs response,
indicates significant due to the model F values, which were
44.81 and 64.30, respectively. There is only 0.01% and 0.28%
chance that the “Model F-Value” this large could occur due
to noise for each response, respectively. Egs. (1) and (2)
described the removal of As** and the adsorption capacity of
the KD-CNTs models, respectively. Tables S4 and S5 listed
the p values, F values, and the square mean for both removal
and adsorption capacity. Fig. 5 shows the theoretical values
plotted vs. the experimental values for the removal percent-
age and adsorption capacity of KD-CNTs. The R* were 0.9782
and 0.9948 for each model, respectively. It is clear that the
theoretical values predicted by the models developed in this
study were in close agreement with the experimental values,
indicating that both models have successfully created cor-
relation between the process variables.

As*removal = 41.81+0.45A +17.17B +29.44C (1)
+1.08AB +2.36 AC + 5.81BC

KD - CNTs (Adsorption capacity) = 0.36 + 0.34A + 0.49B + 0.98C
+0.015AB+0.37AC-0.17BC &)
+0.44A%-0.72C* - 0.57AC

where A, B, and C refer to pH, contact time, and adsorbent
dosage, respectively.

Generally, increasing pH of the solution lead to enhance
the surface charge of the adsorbent, electrical double layer,
and the affinity of metal ion to form seeds of hydroxide
which subjected to electrostatic attraction to the surface of
the adsorbent. Fig. 6 illustrates the effects of pH on removal
percentage, meanwhile, Figs. 7 and 8 show 3D response sur-
faces to represent the interaction effect between contact time
and adsorbent dosage with pH, respectively, on the adsorp-
tion capacity. These observations demonstrate that there is
a significant effect for pH on adsorption capacity. By fix-
ing the adsorbent dosage to the maximum, the adsorption
capacity will increase with increasing pH until reaching the
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Fig. 5. Theoretical values vs. actual values for: (a) removal
response and (b) adsorption capacity response.
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Fig. 6. pH and contact time effect on the removal of As*.

optimum pH, where it starts to decrease. On the other hand,
by fixing the contact time to the maximum, the interaction
of adsorbent dosage and pH shows that, at low adsorbent
dosage, pH has significant effect on the adsorption capacity.
At high adsorbent dosage, the effect of pH decreased and
almost vanished.

The optimization functions were set to control the soft-
ware selection for the optimum adsorption process condi-
tions values, specifically pH, contact time, and adsorbent
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dosage. The model variables values, pH, adsorbent dosage,
and contact time, were set to be in range. Meanwhile, the two
responses, removal percentage of As* and adsorption capac-
ity of KD-CNTs, were set to the maximum values. Several
potential solutions for optimum conditions for As* adsorp-
tion were given by the statistical analysis of CCD. Based on
this analysis, the optimum conditions were found to be pH
6.0, adsorbent dosage of 20 mg, and contact time of 55 min,
with a desirability of 0.986.
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Fig. 7. Effect of pH and contact time on the adsorption capacity of
KD-CNTs at: (a) maximum adsorbent dosage and (b) minimum
adsorbent dosage.
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Fig. 8. Effect of pH and adsorbent dosage on the adsorption
capacity of KD-CNTs at the optimum contact time.

3.3. Kinetics study

Adsorption kinetics are considered to be one of the
most essential characteristics overseeing the rate of ions
transferred from the solute to the adsorbent surface, which,
furthermore, represents the efficiency of the adsorption
process and, hence, determines its potential applications.
Pseudo-first-order and pseudo-second-order models were
applied to investigate the adsorption kinetics of As* on
the surface of KD-CNTs. The linear form (Eq. (3)) of the
pseudo-first-order model described by Lagergren was used
to plot the kinetics:

In(q, —g,) =Ing, - Kt 3)

where K| and g, are the slope and intercept calculated by plot-
ting, In(q,—g,) vs. time (t), respectively. A pseudo-second-order
model was also used to study the adsorption kinetics, as
described in Eq. (4):

LI S (4)

q, Kg 4,

where g, is calculated as 1/(slope) and K, is calculated as
(slope)*/intercept. The slope and the intercept were deter-
mined from the plot of t/g, vs. t. In addition, g, and g, refer
to the adsorption uptake at equilibrium and at time t,
respectively.

The conditions applied during kinetic studies were
those obtained from the optimization study;, i.e., 1 mg/L ini-
tial concentration, 20 mg adsorbent dosage, pH 6.0, and agi-
tation speed of 180 rpm. The contact time was 5.5 h to ensure
that the reactions reached equilibrium (experimentally 3 h).
Fig. 9 shows the plot of pseudo-second-order kinetics model.
The values of correlation coefficient R? of the data sets were
considered as indications of conformity between the exper-
imental data and the corresponding values, as predicted by
each model. Herein, the pseudo-second-order rate equation
describes the adsorption kinetics of As** onto KD-CNTs
with an R? of 0.991. Meanwhile, the pseudo-first-order
kinetics model did not fit the adsorption data, since the R?
was 0.604. The results of the kinetics studies indicate that
both the adsorbent and the adsorbate concentrations are
involved in the rate determining step, which indicates that
the rate-limiting step may be chemisorption. This agreed
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Fig. 9. Plot of pseudo-second-order kinetics model.
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Table 4

169

Isotherm models” parameters and comparison of adsorption capacity of other adsorbents

Adsorption isotherm model Langmuir Freundlich References
Adsorbent pH q, (mg/g) K, (L/mg) R? n K, (mg/g) R
KD-CNTs 6 17.085 4.00 0.995 3.29 5.40 0.956 Present work
e-MWCNTs* 4 12.175 24.11 0.948 2.77 5.52 0.991 [39]
Fe-MCNTs* 8 4.00 1.35 0.996 3.24 2.09 0.987 [6]
*e-MWCNTs refer to amino functionalized CNT.
"Fe-MCNTs refer to iron oxide modified CNT.
3.0 q 3.0 1
2.5 A 2.5 A
2.0
2.0 1
&
~, 15
Ow Kg) 15 4
<
1.0 4
1.0 1
0.5
0.5 1
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0.0 T T T ]
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Fig. 10. Linear form of Langmuir isotherm model. In Cg

with observations from many CNTs-based adsorbent sys-
tems [6,11,39,40].

3.4. Isotherm study

Isotherm studies are essential for any novel adsorbents to
investigate the adsorption mechanism, which can be used for
future design purposes. Langmuir and Freundlich isotherms
adsorption models are the most common isotherm models,
which quantify the amount of metal ion adsorbed at equi-
librium (g,) and the solution concentration at equilibrium
(C) [41]. Herein, 14 As* initial concentrations (1, 3, 5, 10, 15,
20, 25, 30, 35, 40, 45, 50, 55, and 60 mg/L) were employed to
investigate the adsorption isotherm of KD-CNTs. The adsor-
bent dosage and pH were used at the values indicated in the
optimization study.

The Langmuir adsorption isotherm can be described in
the linearized form (Eq. (5)) [42]:

c 1 [ 1 j
—~£= +| — |xC,
q(:’ KuQm Qm

where C, is the initial equilibrium concentration, and g, is the
amount of metal ions adsorbed on the surface of the adsor-
bent. K and Q  are the adsorption equilibrium constant and
the maximum adsorption capacity, respectively.

The Freundlich model is described by a linearized form
(Eq. (6)) [43,44]:

©)

Fig. 11. Linear form of Freundlich isotherm model.

Ing, =InK, + %InCe (6)
where g, is the uptake of the adsorbent and K, and n are
isotherm constants.

The Langmuir isotherm model describes the adsorption
of As® onto the surface of KD-CNTs very well, as the cor-
relation coefficients R*> were found to be 0.99, which indi-
cates a monolayer coverage of As® ions on the surface of
the KD-CNTs [42]. On the other hand, the corresponding R?
for the Freundlich isotherm model was 0.95. Figs. 10 and 11
show plots of the Langmuir and Freundlich isotherm models,
respectively. Moreover, Table 4 lists the values of the iso-
therm constants for both models, R? the maximum adsorp-
tion capacity, and a comparison of the maximum adsorption
capacity with previously published results.

4. Conclusion

DAC-based DES was introduced as a functionalization
agent of CNTs. Raman spectroscopy, FTIR, XRD, zeta poten-
tial, FESEM, and EDX were used to characterize the new
adsorbent. The functionalization with DAC-DES introduced
new functional groups which enhanced the adsorption of
As*. In addition, the surface area was significantly increased
after the functionalization from 123.5 to 200.6 m?/g. Later, the
novel DES-CNTs combination was used as As* adsorbent.
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The removal conditions were optimized using RSM. The
optimum removal conditions were found to be at pH 6,
adsorption dosage 20 mg, and contact time 55 min. Pseudo-
second-order equation describes the adsorption rate order.
The maximum adsorption capacity of CNTs functionalized
with KMnO, and DAC-DES was 17.085 mg/g and isotherm
data fitted well with the Langmuir isotherm model.
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Supplementary information

Table S1

List of CNT-based adsorbents with abbreviations
CNTs based P-CNTs K-CNTs N-CNTs
DES
D PD-CNTs KD-CNTs ND-CNTs

Note: D refers to DAC-based DES, P refers to pristine, K refers to
KMnO,, and N refers to HNO,.
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Fig. S1. EDX spectrum of KD-CNTs after the adsorption of As™.
Table 52
Weight percentage for all elements on the surface of KD-CNTs apart from carbon
Element Line type Apparent k Ratio Wt% Wt% Sigma Atomic %
concentration
N K series 0.37 0.00066 0.97 0.22 2.13
(@) K series 7.85 0.02642 31.29 0.60 60.11
Cl K series 0.00 0.00002 0.02 0.13 0.02
Mn K series 5.55 0.05547 66.82 0.66 37.38
As L series 0.09 0.00048 0.90 0.25 0.37
Total 100.00 100.00
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List of design of experimental runs and responses for KD-CNTs
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Run pH Contact time Dosage Response (1) Response (2)
Removal (%) Uptake capacity
1 8 5 20 49.56 1.239
2 8 5 5 1.8 0.18
3 3 55 20 87.24 2.181
4 3 5 5 8.04 0.804
5 5.5 5 12.5 19.2 0.768
6 3 5 20 45.84 1.146
7 5.5 30 20 79.44 1.986
8 5.5 30 12,5 40.8 1.632
9 8 55 20 92.04 2.301
10 5.5 55 20 96.84 2421
11 5.5 30 5 2.64 0.264
12 3 55 5 27 2.7
13 8 55 12,5 65.88 2.6352
Table S4
2FI model analysis of variance (ANOVA) for As* removal (%) on KD-CNTs
Source Sum of squares  df Mean square F value p Value Status
Prob >F
Model 13,974.59 6 2,329.099 44.81419 0.0001 Significant
A 1.46585 1 1.46585 0.028204 0.8721 Not significant
B 2,503.438 1 2,503.438 48.16866 0.0004 Significant
C 7,258.822 1 7,258.822 139.667 <0.0001 Significant
AB 8.550759 1 8.550759 0.164525 0.6991 Not significant
AC 32.4325 1 32.4325 0.624034 0.4596 Not significant
BC 217.0436 1 217.0436 4.176136 0.0870 Not significant

Note: R?0.9782, Adj. R? 0.9563, Pred. R? 0.8417, and Adeq. precision 18.919.
A: pH, B: adsorbent dosage, and C: contact time.

Table S5

Reduced cubic model analysis of variance (ANOVA) for As*" adsorption capacity onto KD-CNTs

Source Sum of squares  df Mean square F value p Value Status
Prob > F

Model 9.104728 9 1.011636 64.30141 0.0028 Significant
A 0.730939 1 0.730939 46.45978 0.0065 Significant
B 1.973772 1 1.973772 125.4565 0.0015 Significant
C 2.477917 1 2.477917 157.5008 0.0011 Significant
AB 0.001415 1 0.001415 0.089945 0.7838 Not significant
AC 0.742896 1 0.742896 47.21981 0.0063 Significant
BC 0.156196 1 0.156196 9.928121 0.0512 Significant
A? 0.485909 1 0.485909 30.88525 0.0115 Significant
c 0.799777 1 0.799777 50.83524 0.0057 Significant
AC 0.580801 1 0.580801 36.91676 0.0090 Significant

Note: R? 0.9948, Adj. R? 0.9794, Pred. R? 0.9220, Adeq. precision 24.926.

A: pH, B: adsorbent dosage, and C: contact time.



