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Abstract: The multistage synthesis of the multi-wall carbon nanotubes (MWCNT)
modified with polyamidoamine dendrimers, A1/ and A2/MWCNT, capable of
cation removal, is presented in this work, as well as novel adsorbents based on
these precursor materials and modified with goethite nano-deposit, a-FeOOH,
Al/ and A2/ MWCNT—a-FeO(OH) adsorbents used for As(V) removal. In a
batch test, the influence of pH, contact time, initial ion concentration and tem-
perature on adsorption efficiency were studied. Adsorption data modelling by
the Langmuir isotherm, revealed good adsorption capacities (in mg g) of 18.8
for As(V) and 60.1 and 44.2 for Pb>" and Cd*" on A2/MWCNT, respectively.
Also, 27.6 and 29.8 mg g'1 of As(V) on Al/ and A2/MWCNT-a-FeO(OH),
respectively, were removed. Thermodynamic parameters showed that the ads-
orption is spontaneous and endothermic processes. Results of the study of inf-
luences of competitive ions: bicarbonate, sulfate, phosphate, silicate, chromate,
fluoride and natural organic matter (NOM), i.e., humic acid (HA), showed the
highest effect of phosphate on the decrease of arsenate adsorption. Time-dep-
endent adsorption was best described by pseudo-second-order kinetic model
and Weber—Morris model which predicted intra-particle diffusion as a rate-con-
trolling step. Also, activation energy (E, / kJ mol™): 8.85 for Cd*", 9.25 for Pb*"
and 7.98 for As(V), were obtained from kinetic data.
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INTRODUCTION

Arsenic, cadmium and lead are among the heavy metals which the World
Health Organization designated as particularly harmful to human health and
hence influenced the legislation of many countries to reduce their level of max-
imum permissible concentration. According to the recommendations of the
World Health Organization, the maximum permissible concentration of these
metals (mg L") in drinking water for arsenic is limited to 0.01, for cadmium to
0.003 and for lead to 0.01. Low restrictive boundaries for these heavy metals
have imposed a challenging problem in the control of environmental pollution. A
wide range of water treatment technologies such as chemical precipitation, ion
exchange, membrane filtration, and adsorption may be used for the removal of
heavy metals, but these methods of water treatment still suffer from some inhe-
rent limitations. Chemical precipitation, the traditional method that is commonly
used to remove heavy metals from contaminated sources, is often associated with
the generation of large amounts of sludge, and also has limitations for the rem-
oval of heavy metals only at low but illicit concentrations. The process of ion
exchange is a process that generally relates to the treatment or removal of heavy
metals at low concentrations. In membrane filtration, the main problems are sedi-
mentation of dirt and membrane breakage which entail high maintenance costs.
Taking all this into consideration, adsorption is one of the most rewarding and
the most commonly used methods in the study of new materials and the condi-
tions for the removal of heavy metals from water."”’

Development and application of new nanostructured materials, including
carbon nanotubes, in the field of water treatment has enabled the development of
various combinations of modification and functionalization in order to synthesize
a high-capacity adsorbents with the possibility of multiple applications, minimal
environmental impact and also to satisfy profitability regarding their possible
use. Regardless of enormous effort performed by scientific community directed
toward this goal, the published results did not provide satisfactory techno-
logy/material which could satisfy established criteria.’ "'

According to numerous studies, adsorption is strongly influenced by the pH
value of the solution, because it affects the adsorbate solubility and its concen-
tration, the concentration of adsorbent functional groups and adsorbate ionization
in solution. In addition, properties of the adsorbent, specific surface area, pore
volume and size, point of zero charge and functionalities could have significant
influence on the adsorption process.*'*"?

Presented study is a continuation of the research of high-performance ads-
orbents based on multi-wall carbon nanotubes (MWCNT) intended for heavy
metals removal. The synthesis of adsorbents is carried out in controlled multi-
stage introduction of significant number of terminal amino group'* on A1/ and
A2/MWCNT adsorbents, applicable for Cd*" and Pb*" as well as As(V) oxyanion
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removal. The subsequent modification by controlled precipitation of iron(oxy)-
hydroxide in the form of goethite produced A1/ and A2/MWCNT-a-FeO(OH) is
useful for arsenate removal.”"> The obtained adsorbents were characterized using
BET, SEM and FTIR techniques along with the determination of the pH values
of the point of zero charge. The results of adsorption investigations are discussed
from the point of the time of adsorption, pH value of the solution, adsorbent
mass, temperature and the influences of competitive ions.

EXPERIMENTAL
Materials

All the chemicals used in this study were of analytical grade and used as received. The
following chemicals were supplied from Sigma-Aldrich: raw-MWCNT (purity >95%), tetra-
hydrofurane (THF), ethylenediamine (EDA), ethyl acrylate (EA), N,N-dimethyl formamide
(DMF), iron(Il) sulfate heptahydrate (FeSO,-7H,0). Deionized water (DW) with 18 MQ cm
resistivity was used. The Cd*", Pb>" and As(V) stock solutions were prepared with DW using
Na,HAsO, 7H,0 (Sigma—Aldrich), cadmium nitrate (J.T. Baker, reagent grade) and lead nit-
rate (J.T. Baker, reagent grade), respectively, and diluted prior to use. Adjustment of pH was
accomplished with 0.1 M NaOH and 0.1 M HNOs; (Sigma Aldrich). Concentrations of arsenic
species were given as elemental arsenic concentration. Coupling agent N, N-diisopropylethyl-
amine and HNOj; ultrapure were supplied (Fluka), sodium hydroxide (NaOH), methanol for
UV-spectroscopy, >299.8%, (Sigma Aldrich) were used as obtained.

Adsorbents preparation

Al/ and A2/MWCNT adsorbents were obtained by the modification of hydrophobic
MWCNT surface by performing successive amidation/nucleophilic addition reactions, which
provide the introduction of amino terminated branched structure on adsorbents surface. This
approach allows the introduction of the number of amino functional groups in successive
steps. Oxidation and amino functionalization multilayer carbon nanotubes is performed with
ethylenediamine according to the procedure described previously.'® Obtained e-MWCNT was
further functionalized with controlled successive introduction of ethyl acrylate and EDA in a
multi-step procedure (Scheme S-1 in the Supplementary material to this paper).

Syntheses of amino modified MWCNT

Ethyl acrylate (50 mL) and N, N-diisopropylethylamine (50 mL) were added to a sus-
pension of e-MWCNT (1.0 g) in dry methanol (100 mL), and the resulting mixture was stirred
at 80 °C for 3 days. The obtained mixture was then filtered on a Millipore membrane (PTFE,
0.22 um), and the solid on the filter was washed with CH,Cl, and diethyl ether. The nanotubes
were then allowed to react with EDA (100 mL) in methanol (100 mL) at 80 °C for 3 days to
give first-generation grafted MWCNT, i.e., AI/MWCNT. In an analogous way, starting from
AT/MWCNT (Scheme S-1, c), was synthesized the second generation of amino terminal ads-
orbent, i.e., A2/MWCNT material (Scheme S-1, ¢).

Synthesis of AI/MWCNT-a-FeO(OH) and A2/MWCNT-a-FeO(OH)

Al/ and A2/MWCNT (1 g) was sonicated in DW (50 mL) with simultaneous introduct-
ion of N, for 30 min. The reaction was continued, under magnetic stirring and inert atmo-
sphere, by the drop-wise addition 13 mL of FeSO,-7H,0 solution (0.18 mol L) for 15 min.
Ferri/ferro oxidation was performed by changing nitrogen flow with air, and neutralizing the
reaction mixture with 6 mL of 0.25 mol L' NaHCO, solution to cause precipitation of iron-
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1178 BUDIMIROVIC et al.

(oxy)hydroxide in goethite form.'>"” Reaction took place for 48 h while green—blue color of
solution changed to ochre shade. Obtained product was filtered, washed with DW, and freeze/
/dried was conducted by cooling and keeping freshly obtained material at —30 °C for 24 h,
followed by freeze drying at —50 °C maintaining 0.05 mbar for 24 h, and process was finished
at =70 °C and 0.01 mbar for 1 h. Obtained adsorbents were denoted as Al/ and A2/
/MWCNT-a-FeO(OH).

Details of adsorption experiments and adsorbent characterization are described in the
Supplementary material to this paper.

RESULTS AND DISCUSSION
Optimization of adsorbents syntheses

Optimization of A1/ and A2/MWCNT adsorbents syntheses, and subsequent
iron(oxy)hydroxide loading on former materials to produce Al/ and A2/
/MWCNT-a-FeO(OH) high performance adsorbents were performed. The opti-
mization goals were defined in relation to: adsorption efficiency (capacity/re-
usability) and adsorption kinetic. The optimization of adsorbent preparation was
performed according to the previously published methodology;'® selection of
optimal pH value 6,0 and initial concentration of 5 ppm for all analysed pol-
lutants, were established accordingly.

Obtained results for adsorption capacities are given in Table 1. The max-
imum adsorption capacities of A1/ and A2/ MWCNT adsorbents with respect to
Cd** and Pb*" indicate that higher number of amino groups contribute to greater
adsorption capacities. Low increase of adsorption capacity of A2/ MWCNT—a-
-FeO(OH), in comparison to AI/MWCNT-a-FeO(OH), with respect to As(V)
was obtained. Additionally, higher number of amino groups in A2/ MWCNT also
contributed to effective iron loading, and thus higher adsorption capacity of
As(V) was obtained for A2/MWCNT-a-FeO(OH).

TABLE I. Adsorption capacities of all studied adsorbents and amino group content of A1/ and
A2/MWCNT adsorbents

¢m/mg g (Langmuir model)

Adsorbent e LT AS(Y) Amino group content, mmol g’
AI/MWCNT 31.31 45.92 15.6 1.38
A2/MWCNT 44.18 60.12 18.8 1.87
A1/MWCNT-a-FeO(OH) - 25.2 -
A2/MWCNT-a-FeO(OH) - 27.6 -

The increased number of total basic sites on Al/ and A2/MWCNT ads-
orbents contributed to the increased adsorption capacity toward Cd*" and Pb*",
and lowered with respect to As(V). The significance of the amino group involved
in the cation complexation was recently unequivocally proved."” According to
calculated theoretical stoichiometric ratio of carboxyl'* with respect to the intro-
duced polyamidoamino functionalities it could be expected 1.74 and 3.48 mmol
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g of total basic sites in A1/ and A2MWCNT adsorbents, respectively. Some-
what lower experimental values of 1.38 and 1.87 mmol g' (Table I) indicated
that the extent of functionalization was lower due to increased surface crowd-
edness which caused decreased efficiency of any subsequent reaction steps.
Additionally, the methodology applied for synthesis of Al/ and A2/ MWCNT—-a-
-FeO(OH) provided the means for controlled precipitation of hydrous iron oxide
in the goethite form with a number of available adsorptive sites effective for
As(V) removal.”'*!*'® No significant increase of the adsorption capacity of these
adsorbents, comparing to A1/ and A2/MWCNT precursor materials, was obtained.
Considering the simplicity of AI/MWCNT adsorbent synthesis and adsorption
capacity of Al/MWCNT-a-FeO(OH) vs. A2/ MWCNT—a-FeO(OH) only former
materials were further used in adsorption experiment.

Textural properties and pHpzc

The physical properties of studied adsorbents are presented in Table II. The
specific surface area, pore volume and average pore diameter were determined
from adsorption/desorption isotherms.

Amino groups on Al/ and A2/MWCNT show basic properties thus pHpzc
were found to be 5.76 and 5.92, respectively. According to the electrostatic inter-
actions, adsorption of Cd*" and Pb*" on A1/ and A2/MWCNT adsorbents is fav-
oured at higher pH values than pHp;c, due to the more negative charged adsorbents
surface.

TABLE II. Textural properties and pHpyc of studied adsorbents

Specific surface area Pore volume Average pore dia-

Adsorbent m’ g’ cm’ g meter, nm Hezc
AI/MWCNT 98.54 0.554 20.1 5.76
A2/ MWCNT 99.66 0.584 21.0 5.92
A1/MWCNT-0-FeO(OH) 115.82 0.242 18.8 6.96
A2/MWCNT-0-FeO(OH) 119.44 0.292 19.7 7.12

Similar phenomena stand for A1/ and A2/ MWCNT-a-FeO(OH) adsorbents,
where an increasing negative surface potential at pH values higher than pHpzc
(6.96 and 7.12 for A1/ and A2/MWCNT-a-FeO(OH), respectively) is due to the
deprotonation of hydroxyl groups present on the adsorbent surface.”'*'° Improved
textural parameters of Al/ and A2/MWCNT-a-FeO(OH), i.e., increased specific
surface area, indicates higher availability of surface active sites for interactions
with arsenic species.

FTIR characterization

FTIR spectra of A2 MWCNT and A1/MWCNT-a-FeO(OH) before and
after metal ions adsorption are shown in Fig. 1. FTIR spectra of A2’ MWCNT
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before adsorption shows high intensity peak at 3351 cm™' that corresponds to the
stretching vibrations of amino group, and the lower intensity peak at 3528 cm
corresponding to the stretching vibrations of OH group. Strong peak at 2938 cm '
relates to the stretching vibrations of methylene group.
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Fig. 1. FTIR spectra of A2/MWCNT before and after the adsorption of Cd*" and Pb*" (a) and
FTIR spectra of AI/MWCNT and A1/MWCNT-a-FeO(OH) before and after adsorption of
As(V) (b); C;=5mgL", m/V=100 mg L, pH 6.0).

Wavenumber, cm”

The FTIR transmission spectrum of A2/MWCNT shows a low intensity
band at ~1740 cm ', and a band observed at lower frequency, ~1640 cm ',
assigned to stretching of the amide carbonyl (C=0) group. In addition, the pre-
sence of new bands at ~1580 and ~1180 cm ', correspond to N-H in-plane and
C-N bond stretching, respectively. A band at ~800 cm ' is due to the out-of-
-plane NH, bending mode.

FTIR spectra of the metallic complexes (A2/MWCNT/Cd*", A2/MWCNT/
/Pb*" and A1/MWCNT-a-FeO(OH))/As(V)), Fig. 1, were recorded on the
samples obtained after metal adsorption on A2/MWCNT and A1/MWCNT-
—a-FeO(OH), respectively, using different initial concentration of a pollutant.
Adsorption bands shifts and peak intensities increase or decrease corresponding
to the newly created adsorbent-metallic complexes that include C=0, CH, NH,
CN and C=N groups (Table S-I in the Supplementary material). Minor shifts can
be noticed at lower wavelengths for CO, C=N, CN and CH groups due to stretch-
ing vibrations of bands from functionalized nanomaterials as it is shown in Table
S-1. If compared, FTIR spectra of A2ZMWCNT and AI/MWCNT-a-FeO(OH)
and metal complex with A2/MWCNT and AI/MWCNT-a-FeO(OH) show the
increasing of bond lengths after the formation of metal complexes. Due to lack of
electrons in nitrogen, the vibration of NH group peak shifts towards the higher
wavelength ”'>'®
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On the other side, the peaks assigned to the Fe—OH bands, present on Al/
/MWCNT-a-FeO(OH) surface, appeared at 1124, 1043 and 974 cm ™' (Table S-I).
These peaks almost disappear in the spectra of Al/MWCNT-a-FeO(OH)/As(V)
at As(V) concentration >3 ppm. On the other hand, the new bands, which cor-
respond to As—O stretching vibration of coordinated arsenic species, appeared at
824 and 866 cm™.* The stretching vibration of the band which corresponds to
complexed As—O—Fe was found at lower frequency, 828 cm™', while wavelength
of the uncomplexed/unprotonated As—O—Fe is located at higher value, 866 cm™'.
The shorter bond length results in a stronger force constant, and it is reflected as
higher infrared frequency.’ At higher surface coverage bidentate binuclear com-
plex is a preferential type of arsenic binding.*’

Effect of pH on adsorption process

Adsorption efficiency of As(V), Cd*" and Pb*" on the adsorbent was studied
at pH range between 3.0 and 10 (Fig. 2). The pH value of the solution influences
the surface charge of the adsorbent, the degree of ionization, the content of the
metal species in the aqueous solutions and the surface properties of the adsorb-
ent. It is known that the speciation of heavy metals in the water depend on the pH
value, and different forms could exist: Cd**, Cd(OH)" and Cd(OH), (Fig. 2a),"
Pb**, Pb(OH)" and Pb(OH),, (Fig. 2b),*" and arsenic in the form of H;AsO,,
H,AsO,, HASO42', AsO> species (Fig. Zc).12 At pH values lower than 9.0 the
dominant type of Cd*" is present in the form of the [Cd(H,0)¢]*"."

It can be seen that A2/ MWCNT shows the best sorption capacity for the
adsorption of Cd”" in the pH interval 5.0-8.0. Amino groups on A2/MWCNT,
acids having a pK, value greater than 7.0 '>'* and pHp,c 5.92, contribute mostly
to the adsorption of Cd*".

Decrease of the adsorption capacity for A2MWCNT by Cd*', at pH values
higher than 9.0, coincides with the decreasing concentration of Cd*" and an inc-
rease in the concentration of ionic species which have a lower affinity for the
amino groups. The precipitation of Cd(OH),, at pH > 9.0, is dominant process.
The precipitated Cd(OH),, at pH values higher than 9.0, occupies adsorption
places on the adsorbent, preventing the adsorption of Cd*" with increasing pH.

Apparently, removal of Cd*" at pH > 9.0 is a combination of the two effects,
the precipitation of Cd(OH),, and the adsorption onto the adsorbent. Based on
these results, the pH value of 6.0 was selected as optimal value for Cd** removal.
Similar behaviour was found for Pb>" and optimal pH value 6.0 for lead ads-
orption was also selected.

The adsorption of As(V) ions on the adsorbent A1/ MWCNT—a-FeO(OH) is
more favourable at pH values lower than 7.12 pHpzc. At pH; < pHpyzc the As(V)
removal percentages was in the range from 91.0 to 97.0 %. The electrostatic int-
eraction between the positively charged surface of the adsorbent and the negatively
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Fig. 2. The effect of pH on the formation of ionic species adsorption and desorption of Cd*"
(a), Pb>" on A2ZMWCNT (b), and As(V) at AI/MWCNT-a-FeO(OH) (c); C;=0.2 mg L™,
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charged ionic species of arsenic, monovalent anion H,AsO4 (pKa; 2.3), leads to
more favorable adsorption. Main factor contributing to lower adsorption of ars-
enic at pH; > pHpyc is surface group ionization of iron(IIl) oxide hydroxyl groups
that develop negative charge at adsorbent surface. At higher pH the presence of
divalent As(V) anion dominates in solution and repulsion with negative adsorb-
ent surface cause lower adsorption efficiency. The pH change during adsorption
is an indication that protonation/deprotonation reactions of surface functional
group together with adsorption of arsenic species are operative.

An important property of adsorbent is the ability for reusing after the regen-
eration process. Such an adsorbent, not only should possess a high adsorption
capacity, but also good desorption properties, which significantly reduces the
total cost of the adsorbent. Desorption percentages of Cd*", Pb*" and As(V), and
ions in solutions at different pH values are also shown in Fig. 2. Desorption of
Cd*"increases with the decrease in pH. About 45 % of Cd*" is desorbed at pH 7.0.
The sudden desorption increase occurs at pH < 7 and reaches a value of 99 % at
pH 2.0 (Fig. 2a). Desorption of As(V) is reduced as pH decrease. About 30 % of
As(V) is desorbed at pH 6.5. The sudden desorption increase occurs at pH > 6.5,
and reaches a value of 78 % at pH 10 (Fig. 2b). Incomplete desorption indicates
that part of the arsenic is permanently chemically bound to the adsorbent.

Adsorption isotherms

The earliest-known relationships that describe the adsorption are Freundlich
and Langmuir isotherms.” Langmuir isotherm implies the formation of mono-
layer on a energetically homogeneous surface, while Freundlich isotherm implies
the existence of heterogeneous surfaces with uneven distribution of adsorption
sites with different heat of adsorption and the possibility to create multilayer
adsorption.'® These isotherms, as well as Dubinin—-Radushkevich and Temkin
isotherm models were used to correlate different isotherms to the experimental
data'®?; our results showed better fit for the adsorption of Cd**, Pb*>" and As(V)
ions at 298, 308 and 318 K with Langmuir and Freundlich isotherm, shown in
Fig. 3.

Langmuir (Fig. 3a) and Freundlich (Fig. 3b and c) parameters are presented
in Table III; Dubinin—Radushkevich and Temkin parameters are given in Table
S-1I in the Supplementary material. It can be noticed that for the adsorption of
Cd*" the r values for Langmuir model is larger, and that Ag values and calculated
standard errors of parameters are lower than for the Freundlich model. This
results indicates that the Langmuir model better describes Cd*" adsorption. While
the adsorption of Pb*" and As(V) ions shows that 7 has higher value and that Ag
and calculated standard errors of parameters have lower values which indicates
that Freundlich model better describes the adsorption of these ions. For all three
ions adsorption on selected adsorbents, ¢,.x and b values increase with increasing
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temperature; the adsorption capacity for these ions is greater at higher tempera-
tures, while standard errors of these parameters very little deviate. It is clear that
highest adsorption capacity for these ions is achieved at elevated temperature.

a) 44| b) 60 -
[ ]
A
33 L ] 45 -
"
Ten )
o o
£ 2t g 301
= -
2 =
= Exp. data 298 K = Exp. data 298 K
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C,/mg dm™
Fig. 3. The adsorption isotherms of Cd** (a) and Pb>" (b) on A2ZMWCNT, and As(V) ion on
A1l/MWCNT-a-FeO(OH) (c) at 298, 308 and 318 K (m/V =100 mg L' and pH 6.0).

The essential features of the Langmuir isotherm may be expressed in terms
of the dimensionless separation factor, Kz, given by Eq. (1), which define
whether an adsorption process is favourable or not:

1
B 1+bCO

where C is initial concentration (mg L") and b is Langmuir constant (L mg ")
obtained from adsorption isotherm. The Ky value implies the quality of adsorp-
tion: Kr > 1 indicates that adsorption is unfavourable, Kr = 1 means linear ads-
orption, favourable case gives 0 < Ky <1 and irreversible K = 0.'***

Values of Kg, in the range 0.0199-0.699 for Cd*", 0.042-0.84 for Pb*" and
0.011-0.55 for As(V), indicate favourable adsorption of these ions.

KR (1)
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TABLE III. Adsorption isotherm parameters for As(V) on AI/MWCNT-a-FeO(OH), and
Pb’" and Cd*" on A2/MWCNT

cd* Pb*" As(V)
Isotherm model T/K
298 308 318 298 308 318 298 308 318
Langmuir
G/ Mg g'1 4275 4391 4418 5472 5843 60.12 2721 2747 27.55
K, /L mg'1 2.649 2958 3.069 1.88 2.03 226 4291 4.641 40918
Aq /% 3.32 2.66 3.11 3.98 4.09 3.87 2.98 279  3.06
R’ 0.987 0990 0991 097 0.963 0.965 0.991 0.989 0.990
Freundlich
Kr/ mg g'l 21.299 22.724 23.207 23.502 25.760 27.549 15.817 16.198 16.520
(dm3 mg-l)l/n
1/n 0.455 0457 0457 0454 0457 0456 0343 0.344 0.342
Ag /% 413 421 4.12 3.56 3.98 3.45 2.12 2.57  3.01
R 0976 0973 0977 0970 0.979 0.981 0.993 0991 0.993

Thermodynamic consideration

Adsorption data obtained on different temperature were used for calculation
of Gibbs energy (AG"), enthalpy (AH’) and entropy (AS®) changes using the
Van’t Hoff thermodynamic equations, Egs. (2) and (3):"*'®*

AG =—RTInb 2)
0 0

mp=2S" _AH™ 3)
R (RT)

Langmuir constant b is obtained from isothermal experiments (Table III),
while AH and AS® are calculated from the slope and intercept of the linear func-
tion Inb—T"', assuming that the kinetics of adsorption takes place in stationary
conditions.

The calculated thermodynamic values (Table IV) can provide some inform-
ation on the mechanisms of adsorption on synthesized adsorbents.

TABLE IV. Calculated Gibbs energy, enthalpy and entropy changes for Cd*", Pb*" and As(V)
adsorption

Adsorbent Ton AG"/kJ mol” AH’ | AS? |
208K 308K 318K kimol" Jmol K
A2/MWCNT cd* 4120 -42.86 4435 5.83 157.82
A2/MWCNT Pb** -5431 -56.39 -58.57 9.23 213.05
A1/MWCNT-0-FeO(OH) As(V) 4139 4298 4453 5.38 156.90

The negative AG® values indicate that the adsorption of As(V), Cd*" and Pb**
are spontaneous processes. Obtained AG® values, being between —20 and —80 kJ
mol ™' implies that the interaction between the adsorbent and Cd**, Pb*" and
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As(V) is the result of contributions of physical sorption and chemisorption pro-
cesses.”'®

Indication that AG® decreased with the increasing temperature means higher
adsorption efficiency at higher temperature. The lowest AG® value was obtained
for Cd*" adsorption on A2/MWCNT at 318 K as a consequence of its higher
mobility. Regardless of the coordinating solvents, at higher temperatures, sol-
vated Cd*" are easily desolvated, and diffusion through the boundary layer and
within the pores is a faster process.

The positive AH” values indicate that the adsorptions of Cd**, Pb*"and As(V)
are endothermic processes. A possible explanation of endothermic nature is that
an ion, for example [Cd(H,0)s]*", solvated in water needs energy to desolvate, to
make it available to interact with the surface of the adsorbent. Removing the water
molecules from [Cd(H,0)s]*" is an endothermic process, and based on the total
value AH’ of the adsorption process, it can be concluded that the process of
desolvation significantly exceeds the adsorption enthalpy change.

It is generally recognized that the physical adsorption includes enthalpy
change between 2 and 21 kJ mol ', while enthalpy change of chemisorption is in
the range of 80200 kJ mol'.” From this point of view, one could conclude that
in the adsorption of As(V), Cd”*" and Pb>" the physisorption mechanism dominates.

The positive values of entropy change (AS”) indicate the increasing of the
disorder at the interface solid-liquid, i.e., between the adsorbate and the adsorb-
ent from the solution, during the process of adsorption. The adsorbate binding
causes a reduction in the degree of freedom of the system. In some processes,
such as ion exchange, surface ions are released into solution, thus increasing the
overall entropy of the system."”

Adsorption kinetics

Removal of Cd*", Pb*" and As(V) ions from aqueous solution, as a function of
the contact time is shown in Fig. 4. Adsorption on all three adsorbents, shows
rapid increase with the increase of the contact time, and after 90 min adsorption
equilibrium was established. This contact time was used in the subsequent ads-
orption experiments. A large number of kinetic adsorption models: pseudo-first,
pseudo-second order, Elovich and intra-particular Weber—Morris model (W-M)
are used for modelling of kinetic data.'**® According to the regression coefficient
and calculated standard error parameters for all four models, the experimentally
obtained kinetic data are best described by the pseudo-second order kinetics (Eq.

(4):

— = +—t (4)
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where ¢. and ¢,, mg g, are amount of adsorbed ions at adsorption equilibrium
and in time ¢, respectively, while X', g mg ' min ', is rate constant for pseudo-
second order adsorption kinetics.

The values of g., K', » and Aq are given in Table V.

2.0 | ——

Adsorption exp data at 298K of
= A2MWCNT/Pb2"

« A2MWCNT/Cd?*

< AI/MWCNT-a-FeO(OH)As(V)
pseudo-second order fit

—— pseudo-second order fit

0.5 | —— pseudo-second order fit
1 L 1 " 1 L 1

0 20 40 60 80
t / min

Fig. 4. Time dependent adsorption of Pb*” and Cd*" on A2/MWCNT, and As(V) ion on
Al/MWCNTfa-FeO(OH) (Ci[pby] =0.5 mg L-l, Ci[Cd2+] =0.2 mg L-l, Ci[AS(V)] =0.2 mg L-l,
m/V=100mgL", T=298 K, pH 6.0).

TABLE V. The parameters of the kinetic model of pseudo-second order for the adsorption of
Pb’* and Cd** on A2/MWCNT, and As(V) ions on AI/MWCNT-a-FeO(OH) (Cyp> = 0.5 mg
L, Cyed1=02mg L, Ciagvy = 0.2 mg L™, m/V'=100 mg L', T=298 K, pH 6.0)

Ion q./mgg’ K'/ gmg" min” Ag /% r

cd” 2.338+0.21 0.0329+0.0007 2.07 0.993
Pb* 2.042+0.18 0.0452+0.0012 2.78 0.996
As(V) 2.234+0.04 0.0446+0.0010 2.21 0.993

Considering the values of constants K, it can be concluded that the fastest
adsorption equilibrium was achieved in the case of adsorption of Cd*" on
A2/MWCNT. Slower reaching equilibrium occurs with Pb*" and As(V) showing
that the two processes have higher energy barrier,'®" like chemisorption and/or
surface complexation. The confirmation of the pseudo-second order kinetics,
which is common for the removal of the metal ions, means that the concentration
of the adsorbate Cd*" and Pb*‘on A2/MWCNT, and As(V) on AI/MWCNT—a-
-FeO(OH) adsorbent surface sites are involved in the step that determines the rate
of adsorption process.'*'*!

In order to define the rate determining step of the overall adsorption process
the W—M model was used. This model include four consecutive steps: mass
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transport in the bulk, diffusion through the liquid film surrounding the surface of
the particle (film diffusion), diffusion through the pores inside of particles (intra-
particle diffusion) and adsorption/desorption of adsorbate with active sites at
adsorbent surface (i.e., participation of the mass transfer in the overall adsorption
process). Results are given in Table VI and Fig. 5.

TABLE VI. The rate constants of intra-particle diffusion kinetic modelling

2 2 AI/MWCNT-
Step Constant A2/MWCNT/Cd™ A2/MWCNT/Pb —a-FeO(OH)/As(V)
Step 1 ky / mg g min® 0.3349 0.2231 0.2145
(Intra-particle C/mgg’ —0.1325 0.2305 0.4115
diffusion)
R 0.996 0.986 0.995
Step 2 ky» / mg g min®’ 0.0167 0.0206 0.0043
(Equilibrium) C/mgg’ 1.8203 1.9414 1.9414
R’ 0.993 0.992 0.995
2.0 $ 4 —
. .- "
/A
1.54 !
T!JD p A
g
; ,A‘ /‘/
S
W + A2MWCNTs/Pb2"
osd « A2MWCNTs/Cd?*
N <« AI/MWCNTs-0-FeO(OH)As(V)

2

T T T T T

8 10

]

0.5 . 05
¢/ min

Fig. 5. Intra-particle diffusion plots at 298 K (Cyp,”"; = 0.5 mg L, Cic1 =02 mg L,
Citasvy = 02 mg L, m/V =100 mg L', T=298 K, pH 6).

The W-M fitting revealed that two successive linear steps (Fig. 5) could
describe adsorption process: fast kinetics in the first step followed by very slow
attainment of equilibrium in second part. A larger intercept found for the Al/
/MWCNT-a-FeO(OH)/As(V) system indicates higher resistance, i.e., slower
ionic transport due to intra-particle diffusion. The first linear part describe exter-
nal mass transfer from bulk solution to the most available adsorptive surface,
while the second part represent processes of high dependence on adsorbent poro-
sity, i.e., pore geometry and network density. Due to the concentration gradient
the ions diffuse through bulk solution and tree-like porous system which extend
into adsorbent interior approaching to all available surface active sites. The intra-
particle and film diffusion resistance slow down the adsorbate transport, i.e., net
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transport in a direction of variable time-dependent concentration gradient. At the
final stage of process, the adsorption takes place at low rate until saturation of all
available surface sites is achieved.”"®

Activation energy

Known Arrhenius type dependence of rate constant on temperature, Eq. (5):

E
1nK‘=—R—‘}+1nA (5)

can help in understanding of the mechanism of the metal ion adsorption.

Calculated activation energies (kJ mol™) in studied adsorption are as
follows: 8.846 for Cd**, 9.25 for Pb*" and 7.98 for As(V). Relatively close values
of activation energies for Cd*" and Pb*" adsorption indicate that the adsorption
mechanism for both cations involves similar activated complex depending on the
Van der Waals radius of the cation considered. The fact that physisorption gen-
erally has the activation energy bellow 40 kJ mol ' and chemisorption above 40
kJ mol™,"*"® indicates that both types of adsorption processes take place by the
formation of mainly non-covalent interactions. In practice, both physisorption
and chemisorption can be expected to be operative in the course of adsorption
process which means that formation of one chemisorbed layer could be covered
by a physically adsorbed pollutant forming a multilayered structure of adsorbed
pollutants.'*'"?

CONCLUSIONS

In this work, MWCNT modified with polyamidoamine dendrimers produced
an efficient adsorbents A1/ and A2/MWCNT capable for Cd*", Pb*" and As(V)
removal from natural water. The increased numbers of amino terminal function-
alities of A2/MWCNT material contributed to better adsorption performance than
A1I/MWCNT. Furthermore, the controllable precipitation of a-FeOOH on Al/
and A2/MWCNT produced novel Al/ and A2/MWCNT—a-FeO(OH) adsorbents,
respectively, useful for As(V) removal. Due to the complexcity of A2/MWCNT
synthesis and low increases of adsorption potential of A2/MWCNT—a-FeO(OH)
with respect A1/MWCNT-a-FeO(OH), larger usefulness of former one for
As(V) removal is indicated. The adsorption data were modelled by using Lang-
muir and Freundlich isotherm, while kinetic data was successfully fitted by using
pseudo-second-order equation and Weber—Morris model. Desorption experi-
ments indicated a good recovery and repeated use after performing five desorp-
tion adsorption/desorption cycles. Thermodynamic parameters revealed that the
adsorption processes were favourable and more spontaneous at higher tempera-
ture. Results showed that studied adsorbents are efficient and reusable for Cd*',
Pb*" and As(V) removal from natural water.
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SUPPLEMENTARY MATERIAL

Details of adsorption experiments, adsorbent characterization, Dubinin—Radushkevich
and Temkin adsorption isotherms parameters and comments on surface complex formation
and competitive adsorption are available electronically at the pages of the journal website:
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.

Acknowledgements. The authors acknowledge the financial support from the Ministry of
Education, Science and Technological Development of the Republic of Serbia, grant numbers
11145019, OI 172057, OI 172013 and the University of Defense, grant number VA-TT/4-16-
-18.

H3BOJ
YKITABARE TEIIKHUX METAJIA U3 BOJE KOPUITRELEM BUIIECTEITEHO
OYHKIJMOHAITM30BAHUX BUIIEC/IOJHUX YITBEHUYHHUX HAHOLIEBU

IPATOCJIAB BYJUMMPOBHR', 3TIATE C. BETUYKOBUR?, 30PAH BAJUR?, JIPATAHA JI. MUJIOLIEBUR?,
JACMHHA B. HUKOJIMR'*, CALIA ). JPMAHHR' u AJIEKCAHZIAP J. MAPUHKOBHR'

1YHueep3umem y Beoipagy, Texnonowxo—meiianypwxu paxyniiein, Kapueiujesa 4, 11120 Beoipag,
ZYHueep3uweu7 ogbpane, Bojua axagemuja, ITasna Jypuwuha-Illinypma 33, beoipag u *Uncimuiiyi 3a

xemujy, wexHoI0Iujy u mettianypiujy, Ynueep3utieii y beoipagy, Fbeiowesa 12, Beoipag

Y oxBHpy OBOT paja NpOy4YaBaHa je CHHTe3a M KapaKTepHu3alyja BUIIECIOjHUX YIJbe-
HUYHUX HaHoueBM (MWCNT) MopndurKoBaHUX [eHOpUMepHMa IolvamunoamuHa, Al/
/MWCNT u A2/MWCNT, xopuirheHux 3a ykjiamame kaTjoHa. OBUM IIPUCTYIIOM je OMOTy-
heHo cykuecuBHO yBohemwe amuHo rpymna. Takohe, ancopdent Ha 6a3u A2/MWCNT u retura
a-FeOOH, A2/MWCNT-a-FeO(OH), cy xopuurhenu 3a yknawawme As(V) jona. Ytuuaj pH,
BpeMeHa KOHTaKTa, TOYETHUX KOHLIEHTpalMja joHa U TeMIlepaType Ha e(pUKacHOCT aficopI-
IMje je UCIWTHBaHA y LIapKHUM cucremMuma. OppehuBameM ancoOpIIMOHMX KaraluTeTa,
xopumrhemem Jlanrmuposor (Langmuir) Mozena, mobujeHa je Bpemsoct on 18,8 mg g 3a
As(V), 60,1 u 44,2 mg ¢ ' 3a Pb** u Cd*" ma A2/MWCNT, pexom. Takohe, gobujere cy Bpes-
HOCTH off 27,6 u 29,8 mg g1 3a yknamame As(V) Ha A1/ u A2/ MWCNT-a-FeO(OH), penom.
TepMonvHaMHUYKH TApaMeTPH Cy NOKa3asly [ia je aficOpILHja CIIOHTaH U eHJoTepMaH Ipolec.
PesynTatu McnHTHBama yTHLaja KOHKYDEHTHHX joHa: OukapboHata, cyndarta, docdara,
CUIMKaTa, XpomaTa, ¢uyopuia M NPHUPOAHUX opraHckux marepdja (NOM), Tj. XymMHuHCKe
kucenuHe (HA), cy ykasanu Ha Hajsehu ytunaj docdaTta Ha cMawmeme afcopiiyje apceHara.
BpemeHckH 3aBHMCHa ajcoprniyja je Hajdose onucaHa KMHETUYKMM MOJENOM ICeyno-Ipyror
pena u Bebep—Mopucosum (Weber—Morris) monenom mehyuectuune nudysuje koja je ompe-
WA yKymHy Op3uHy cOpmuHOHOT mpoueca. [Topexn oBora, eHepruja aktuauuje (Ea / kJ mol™),
je v3pavyHaTta W3 KMHETHUYKHX IofaTaKa U u3Hocuia je: 8,85 3a Cd2+, 9,25 3a Pb” u 7 ,98 3a
As(V).

(ITpumsbeno 22. anpuina, peBugupano 29. Maja, npuxsaheHo 29. maja 2017)
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