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ABSTRACT

In this study, environmental friendly halloysite nanotubes and their amino derivatives were used as
adsorbent materials for lead(Il) ions. The adsorption ability of both nanomaterials towards Pb>" ions
has been studied in NaClyg, at 7 = 0.1 mol L, in the pH range 3 — 6. Moreover, the effect of ionic
strength on the adsorption process was evaluated at the pH of maximum efficiency of the adsorbent
materials. Kinetic and equilibrium experiments were carried out by using the Differential Pulse
Anodic Stripping Voltammetry (DP-ASV) technique to check the metal ion concentration in
solution after contact with the two adsorbents. Different isotherm and kinetic equations were used
to fit the experimental data. The speciation of metal ion and the characterization of the adsorbents
with different techniques were considered in order to establish the suitable experimental conditions

for the metal ion removal. The collected data showed that the functionalization of halloysite
1
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enhances the adsorption ability of the clay mineral and it makes the nanoclay a good candidate for

metal removal from aqueous solutions.

Keywords: Halloysite, grafting, lead(Il), adsorption, ionic strength.

1. Introduction

Industrial and agricultural activities, together with vehicle traffic emission, are the main causes of
heavy metals pollution. Toxic metals are persistent in the environment and accumulate in terrestrial
and aquatic ecosystems with serious consequences for human health (Forstner et al., 1995). Among
them, lead is considered one of the most toxic towards living organisms and a long term exposure
can cause a serious damage to different organs and disease of cardiovascular, nervous and immune
systems. (Mason et al., 2014; Gidlow, 2015)

During the last decade various nanomaterials are extensively used in the heavy metal ions removal
from aqueous solutions or from soils. Among them, clay minerals have gathered particular interest
owing to their unique features such as, high specific surface area, low toxicity and natural
availability at low price (Dong et al., 2012; Cataldo et al., 2015). Halloysite nanotubes (Hal) are
particular clay minerals with a predominantly hollow tubular structure (Joussein et al., 2005). Hal
are chemically similar to the platy kaolin and possess a peculiar chemical composition of the
surfaces. They consist in 10-15 aluminosilicate layers with an external surface constituted by
siloxane groups and an inner lumen composed of aluminol groups. Owing to this peculiar
composition, Hal are positively charged in the interior whereas a negative charge is present on the
external surface in a wide pH range. This charge separation is related to the acid-base properties of
functional groups of Hal studied in a recent article (Bretti et al., 2016). The different surface
chemistry allows to the selective functionalization at the inner or outer side making possible the
synthesis of several nanomaterials with hierarchical nanostructure (Cavallaro et al., 2014). The

covalent modification of the outer surface is most commonly achieved by grafting silanes via
2
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condensation between hydrolyzed silanes and the surface hydroxyl groups of the Hal located on the
edges or on external surface defects (Yuan et al., 2008; Yuan et al., 2012; Tan et al., 2016; Sabbagh
et al., 2017). According to Yuan et al. the AI-OH groups present in the Hal lumen possess high
degree of chemical reactivity towards organosilane. On the contrary, the external surface of Hal
nanotubes consists of siloxane (Si-O-Si) groups and few silanols (Si-OH). However, due to the
presence of some surface defects more hydroxyl groups exist on the surface of Hal nanotubes.
These hydroxyl groups are the potential reactive sites for the surface modification on the external
surface of Hal nanotubes which increased the interaction of organosilanes with Hal nanotubes
(Yuan et al., 2008) as reported by other authors (Rawtani et al., 2017; Sadjadi and Atai, 2018).

The functionalization of Hal surfaces opens up several application fields, where halloysite hybrids
can be successful applied. Therefore, functionalized halloysite was used as filler for polymer or
hydrogel matrices (Liu et al., 2010; Fan et al., 2013; Silva et al., 2013), drug carrier and delivery
(Lvov et al., 2015; Liu et al., 2016; Lvov et al., 2016; Massaro et al., 2016a), catalyst support
(Massaro et al., 2016b) as well as adsorbent (Peng et al., 2015). In this context Hal have been
considered ideal alternatives for the preparation of adsorbents for removal of different kinds of toxic
metal ions or organic contaminants from wastewaters or from polluted soils (Zhao et al., 2013;
Kurczewska et al., 2015; Maziarz et al., 2015; Hebbar et al., 2016; Matusik, 2016; Meng et al.,
2016; Zeng et al., 2016; Zhu et al., 2017). Indeed, respect to other nanoclay, the possibility to
adsorb pollutants both in Hal lumen and on Hal external surface, increases the removal efficiency
(Zhao et al., 2013).

Generally, pristine Hal (p-Hal) can remove heavy metal ions from aqueous media through the
mechanisms of site geometry, physical and/or chemisorption and so on. However, application of
these materials as adsorbents of pollutants is limited by their low loading capacity, less metal ion
binding active-sites, and low selectivity to specific metals. (Zhu et al., 2017) To enhance the
loading capacity and the affinity toward heavy metal ions, p-Hal can be functionalized with some

interesting nanomaterials and/or functional groups to endow them with the extra mechanism of
3
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complexation (Matusik, 2014; Massaro et al., 2017). Zhu et al. (Zhu et al., 2017) reported the
synthesis of a new nanoadsorbent based on Hal for the simultaneous removal of Cr(VI) and Sb(V)
from wastewater. In order to improve heavy metal adsorption efficiency halloysite was also
functionalized with hexadecyltrimethylammonium bromide. The as prepared adsorbent was applied
to remove Cr(VI) from aqueous solution showing faster adsorption rate and higher adsorption
capacity.(Jinhua et al., 2010)

With the final goal to obtain good adsorbent for toxic metal ions herein we report a thorough study
of the amino functionalized halloysite (Hal-NH,) adsorption ability towards Pb*" ions. FT-IR, TGA
and SEM techniques and contact angle measurements were used to characterize the adsorbent
material whilst Differential Pulse Anodic Stripping Voltammetry (DP-ASV) technique was used to
check the metal ion concentration in solution during the batch kinetic and thermodynamic
adsorption experiments. A speciation study of p-Hal and of Pb*" ions using literature formation
constants (Baes and Mesmer, 1976; Luo and Millero, 2007; Bretti et al., 2016) was done to find the
best experimental conditions for the metal ion removal. Sodium chloride was used as background

and different ionic strengths were considered in the experiments.

2. Materials and Methods

2.1 Reagents.

p-Hal were a commercial product (Sigma, lot MKBQS8631V) and were used after washing with
ultra pure water and drying in oven at 7 = 110 °C. The 3-azidopropyltrimethoxysilane was
synthetized as previously reported (Massaro et al., 2016b). NaCl salt (Riedel-de Haén, puriss.) used
to set the ionic strength of the solutions at desired values was weighed after drying in oven at 110
°C for 2 h. Hydrochloric acid and sodium hydroxide used to adjust the pH of the metal ion solutions
were prepared by diluting concentrated Fluka ampoules and standardized against sodium carbonate

and potassium hydrogen phthalate, respectively, previously dried in an oven at 7= 110 °C. Pb(II)
4
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ion solutions were prepared by weighing the Pb(NO;), (Aldrich, analytical grade) salt. Standard
solutions of Pb(Il) ions used for calibration curves were prepared by diluting a 1000 mg L™
standard solution in 2% HNO; (C + 0,2% - trace select quality, FLUKA). All the solutions were

prepared using freshly, CO,-free ultra pure water (p > 18 MQ cm) and grade A glassware.

2.2 Synthetic run and characterization of Hal-NH, nanomaterial

In a typical synthetic run, 4 g of 3-azidopropyl trimethoxysilane were dissolved in 60 mL of dry
toluene and 2 g of clay mineral powder were added. The clay mineral was first dispersed under
ultrasonic irradiation for 15 min, and then refluxed for 48 h under stirring. Afterwards, the crude
solid was filtered off, washed with several aliquots of CH,Cl, and CH30H and dried overnight at 80
°C under vacuum. The so obtained nanomaterial was re-suspended in DMF and triphenylphosphine
(PPh3) was added to the reaction mixture. The dispersion was left to stir at room temperature for 1h.
After this time a NH; aqueous solution (2 mL) was added dropwise. After 5 days the solvent was
filtered off and the powder was washed several times with CH,Cl, and finally dried at 50 °C under
vacuum.

Contact angle measurements were performed by using an optical contact angle apparatus (OCA 20,
Data Physics Instruments) equipped with a video measuring system having a high-resolution CCD
camera and a high-performance digitizing adapter. SCA 20 software (Data Physics Instruments)
was used for data acquisition. To obtain a tablet, the powder like material was pressed under 104 kg
cm™ for 10 min. The contact angle of water in air was measured by the sessile drop method. The
water droplet volume was 10.0 = 0.5mL. Temperature was set at 25.0 + 0.1 °C for the support and
the injecting syringe as well. Images were collected 25 times per second. From the data analysis the
contact angle, the volume and the contact area of the drop were calculated. The volume of the

droplet was constant within the time of the experiment.
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FT-IR spectra in KBr were determined at room temperature in the spectral region 400-4000 cm™ by
means of an FT-IR spectrophotometer (Agilent Technologies Cary 630). An average of 30 scans per
sample using a nominal resolution of 4 cm™ was registered.

The thermogravimetric analysis was performed by means of a Q5000 IR apparatus (TA
Instruments) under the nitrogen flow of 25 mL min™ for the sample and 10 mL min™ for the
balance. The mass of each sample was ca. 5 mg. The calibration was carried out by means of Curie
temperature of standards (nickel, cobalt, and their alloys). The sample was heated from room
temperature to 900 °C with a scanning rate of 20 °C min™. The degradation temperature (7};) was
taken at the maximum of the first order derivative curve of mass loss versus temperature (DTG
curves).

The microscope ESEM FEI QUANTA 200F was used to study the morphology of the
functionalized Hal. Before each experiment, the sample was coated with gold in argon by means of

an Edwards Sputter Coater S150A to avoid charging under electron beam.

2.3 Procedures for kinetic and thermodynamic experiments
The kinetic experiments for Pb>" ion adsorption by p-Hal and Hal-NH, were carried out in NaCl

aqueous solution, at 7 = 0.1 mol L, in the pH range 3 — 6 and at T = 25 °C. ~15 mg of p-Hal or

Hal-NH, were added to 25 mL of the metal ion solution (Cpy2+ = 30 mg L) placed in a
voltammetric cell under constant and regular agitation. The metal ion concentration in solution was
measured at various adsorbent/solution contact times in the interval 0 - 360 min. The solution pH
was monitored during the experiments.

The adsorption isotherm experiments were carried out in the same ionic medium and pH range of
kinetic ones, at /= 0.10 mol L™ and T'= 25 °C. Moreover, at pH = 5 the experiments were extended
at the ionic strengths 0.25 and 0.5 mol L. For each pH and ionic strength, ~ 15 mg of p-Hal or Hal-

NH, were placed in 9 Erlenmeyer flasks containing 25 mL of Pb(Il) solution at different
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concentrations in the range 5 < Cpy2+ / mg L™ < 50. The solutions were stirred at 180 rpm for twelve
hours using an orbital mixer (model M201-OR, MPM Instruments) and then were separated from
the adsorbent before measuring the pH and the Pb>" concentration.

Recycling and reuse experiments were done on the Hal-NH, material. To this end, ~40 mg of the

adsorbent were placed in an Erlenmeyer flask containing 25 mL of Pb(II) solution (Cpp2+ = 30 mg L
'Y in NaCl, at 7/ = 0.1 mol L and stirred for 6 hours. Then the supernatant was collected for Pb*"
analysis. The adsorbent was rinsed with ultra pure water and then treated with 25 mL of HCI 0.1
mol L' to extract the Pb>". The extractant was separated after 6 hours and collected for Pb*"
analysis. The Hal-NH, was left in NaOH 0.1 mol L' for 1 hour and then rinsed with ultra pure
water and reused. The same procedure was repeated three times.

The Pb*" concentration in solutions collected during the experiments was measured by Differential
Pulse Anodic Stripping Voltammetry (DP-ASV) technique. The voltammetric apparatus was
constituted by a Metrohm 663 VA stand combined with the Autolab potentiostat in conjunction
with the IME663 interface. The voltammetric apparatus was controlled by NOVA v. 1.10 software.
The VA stand was equipped with a three electrode system consisting of 1) a Multi Mode Electrode
Pro (Metrohm, code 6.1246.120) working in the Static Mercury Drop Electrode (SMDE) mode, ii) a
glassy carbon auxiliary electrode (code 6.1247.000), and iii) a double junction Ag/AgCIl/KCI (3 mol
L") reference electrode (code 6.0728.030). The DP-ASV measurements were performed after
bubbling purified N, gas into the solutions for 150 s. The experimental electrochemical conditions
were chosen in order to optimize the quality parameters, as signal/noise ratio, repeatability and
accuracy and are reported in Table 1S of Supplementary Materials.

Calibration curves of Pb*" ion were done at the same experimental conditions of kinetic and
thermodynamic adsorption/desorption experiments. To this end, 25 mL of aqueous solution at the
appropriate pH and ionic strength (NaCl) were placed in the voltammetric cell. A voltammogram of

the solution was recorded as blank. Then, voltammograms after addition of different aliquots of the
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standard solution of Pb*" (100 mgL™") at the same pH and ionic strength were collected. The
concentration range of the calibration curves was 3 - 50 mg L™

The pH of the Pb*" solutions was measured with a combined ISE-H" glass electrode (Ross type
8102). The ISE-H" electrode was previously calibrated at the same experimental conditions of the
adsorption experiments. To this end, 25 mL of standardized HCI solution was titrated with NaOH
by using a potentiometric titration system (Metrohm, Model 888 Titrando) controlled by the

TIAMO software.

2.4. Models for kinetic and isotherm studies of Pb** adsorption.

Several models have been proposed by different authors to model equilibrium isotherms and
kinetics of metal ion adsorption onto several bio-adsorbents.(Park et al., 2010).

Here, the pseudo-first order equation of Lagergren (PFO) (eq. 1), the pseudo-second order equation
(PSO) (eq. 2) and the intraparticle diffusion equation of Vermeulen (Ver) (eq. 3) were used to fit the

kinetic data (Ho, 2006; Park et al., 2010) and references therein:

(1)
dq, _ 3
dt _kl(qe qz)
d. >
;t’ =k,(q.—q,)
(2)
(3)

da, _, @-a)
a " g,

where ¢, and g. are the adsorption ability of the adsorbent material (mg g) at time ¢ and at the
equilibrium and £; (min™), &, (g mg'1 min) and &, (min') are the rate constants of adsorption.
Integrating eqs for the boundary conditions # = 0 to # = # and ¢; = 0 to g, = ¢, in the non linear form

are listed below:
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Batch equilibrium isotherm curves have been obtained processing the experimental data with three
empirical models namely the two parameters models of Freundlich (eq. 7) and Langmuir (eq. 8) and

the three parameters model of Sips (eq. 9)(Gerente et al., 2007; Park et al., 2010) and references

therein:

g.=K,-C" 7)

q :qm.KL.Ce (8)
° I+K -C

q — Qm : KS : CL/S (9)
¢ I+K,-C”

where ¢,, (mg g") is the maximum adsorption capacity of the material, C. (mg L) is the metal
concentration in solution at equilibrium; K (L' g mg"™""), K, (L-mg™) and K (L"* mg""*) are the
constants of Freundlich, Langumir and Sips models, respectively. Freundlich model takes into
account the heterogeneity of surface or of the binding sites of the adsorbent. K and » are related to
the binding capacity and the affinity of the adsorbent toward the adsorbate. Langmuir model
describes the adsorption on equivalent sites of the material which can be saturated obtaining a
monolayer. K; is related to the initial slope of the isotherm. Finally, in the Sips model both
heterogeneous adsorptions as well as saturation conditions are taken into account introducing a third
parameter (s) in the equation.

The metal ion adsorption capacity at different contact times ¢ (g;, mg g"') in kinetic study, or at

different metal / adsorbent ratio in equilibrium study (g, mg g”') was calculated by the eq. 10:
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m

qg.orq,=

where V (L) is the volume of the metal solution and m is the mass of p-Hal or Hal-NH; (g); Cy and
C, are the metal ion concentrations in solution (mg L™ of Pb*") at #= 0 and ¢ = #, respectively. At the
equilibrium condition, eq. 10 was applied by replacing C, with C, to calculate g..

The Linear and Non Linear data Analysis home-made computer program LIANA and OriginLab

suite were used to fit kinetic and isotherm equations to experimental data (De Stefano et al., 1997).

3. Results and Discussion

3.1 Synthesis and characterization of Hal-NH; nanomaterial

Halloysite nanotubes reacted with an excess of 3-azidopropyltrimethoxysilane in toluene at reflux,
affording the Hal-N3 nanomaterial, following a procedure reported elsewhere (Riela et al., 2014).
After the work up, the -N3 groups loading with respect to p-Hal, estimated by TGA, was ca. 2.4 +
0.2 wt%. Successively, the quantitative reduction with PPh; of Hal-N3, gave amino-functionalized
Hal-NH; that represents the adsorbent material (see Figure 1).

To confirm that the functionalization occurs on the external surface, contact angle measurements
were performed obtaining the 0 values of 21.9 £ 1.3° and 61.2 £ 1.3°, for p-Hal and Hal-NH,,

respectively.

10
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Figure 1. Schematic representation of the synthesis of Hal-NH, nanomaterial.

The two-step synthesis was adopted in order to ensure the highest loading on halloysite external
surface; for comparison, indeed, we also performed a one-step modification with 3-
aminopropyltrimethoxysilane, which gave a percent loading of about 1 wt% whereas the
introduction of the azido group and the following reduction allowed us to obtain a loading of 2.4
wt%.

Compared to p-Hal, (Massaro et al., 2016a) Hal-N; nanomaterial exhibits the vibration bands for C—
H stretching of methylene groups around 2980 cm™ and a strong band around 2100 cm™ due to the
—Nj3 groups of azido silane. The intensity for -N; band decreases after reduction confirming the
presence of the NH, groups on halloysite external surface. These findings provide evidence for the
presence of organic moieties in the new material (Figure 2a). Based on the unaltered frequency of
the stretching bands of OH groups of the alumina inner-surface, we can conclude that the grafting
has taken place only on the external surface of Hal, as reported elsewhere (Rawtani et al., 2017,
Sadjadi and Atai, 2018).

Thermogravimetric analyses (TGA) confirmed the functionalization on p-Hal external surface and it

allowed calculating 2.4 wt% loading of organic moiety on the Hal-NH, nanomaterial as follow:

11



248

249

250

251

252

253

254

255

256

257

258

259

260

wit%=100[1- (MRe00-ta1-NH, TMLi50-Hal-NH,)/ (MR600- p-Hal 7 ML150- p-Hal)] (11)

where MRgoo-Hai-nt: and MRego- p-nat are the residual mass at 600 °C obtained from TG curves of
amine functionalized halloysite and pristine halloysite, respectively, while ML;s¢ is the mass loss
between 25 and 150 °C representing the water content of the investigated material.

The curves (Figure 2b) clearly show that the residual of the nanomaterials is stepwise changing,
from the p-Hal to the Hal-NH,, due to the organic compounds linked on the surface of the
nanotubes. The thermograms were corrected for the different moisture contents to underline the
mass losses of p-Hal and organic compounds. Above 100 °C the p-Hal curve reveals the
characteristic mass loss at 500 °C attributed to the expulsion of two water molecules from p-Hal
interlayer (Massaro et al., 2016b). The Hal-NH,, instead, showed an additional mass loss at 250 °C

due to the organic moiety with NH, termination (Cavallaro et al., 2015).

12
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Figure 2. FT-IR spectra of p-Hal (solid line), Hal-Nj3 (dotted line) and Hal-NH, (dashed line) (2a);

thermoanalytical curves of p-Hal (solid line) and Hal-NH; (dashed line) (2b).
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The morphology of functionalized Hal was characterized by electron scanning microscopy (SEM)
(see Figure 3). SEM image shows that in the Hal-NH, compound the morphology of Hal was
preserved after organosilane grafting and the nanomaterial shows the typical rod-shaped structure of

halloysite.

Figure 3. SEM image of Hal-NH,.

3.2 Speciation Analysis

An efficient metal ion adsorption onto an adsorbent mainly depends on the chemical form of the
adsorbent and adsorbate in the aqueous solution to be treated.

In particular, the metal ion has to be present in solution as positively or negatively charged species
able to interact with binding groups with opposite charge on the adsorbent.

The chemical form of metal ion, as well as that of the adsorbent material depends on the
experimental conditions of the aqueous solution (ionic medium, ionic strength, pH, etc.) and only an
accurate speciation study gives the possibility to know the best conditions in terms of adsorption
ability of the adsorbent towards the toxic metal ion.

As it is known, the inner and outer surfaces of halloysite nanotubes contain AIOH and SiOH
groups, respectively. Due to their acid-base properties, in a wide pH range there is a charge

separation between the external (negative) and internal (positive) surfaces of the nanotubes. In

14
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addition, in the functionalized halloysite Hal-NH, also the propylamine groups bound to the outer
surface have to be considered.

The protonation equilibria of p-Hal have been studied in a previous article in different ionic media
and ionic strengths (Bretti et al., 2016). Two units namely p-Hal;, and p-Hal, containing AIOH and
SiOH groups, respectively were considered to model the protonation equilibria of halloysite.
Different models, previously tested for natural and synthetic polyelectrolytes, were used to calculate
protonation constants. Here, the protonation constants calculated with diprotic like model have been
used to draw the distribution diagrams of protonated/unprotonated p-Hal species in NaCl medium
chosen in adsorption experiments. As an example, Figure 1S of Supplementary Materials reports
the distribution diagram of p-Hal; and p-Hal, species in NaCl,q, at / = 0.1 mol L' and T=25 °C.

In the ionic medium and pH range considered, Pb>" ion forms several hydroxo and chloride species
differently charged [Pb(OH),”, PbCl,” and PbCI(OH) n = 0 to 3, z = from 2+ to 1-]. Also the
formation and distribution of metal species have been evaluated using the stability constants in
NaCl medium reported in the literature (Baes and Mesmer, 1976; Luo and Millero, 2007). As an
example, the speciation diagram of Pb*" species in NaCl aqueous solution at 7 = 0.1 mol L is
reported in Figure 2S of Supplementary materials.

Table 1 reports the percentages of p-Hal and Pb** species as function of pH and ionic strength in
NaCl medium and at 7 = 25 °C. These data, and those at lower and higher pH values (not reported
here) have been taken into account to establish the best experimental conditions used in adsorption

experiments and they are discussed in section 3.4.

Table 1. Percentages of Pb(Il) and p-Hal species® in NaCl aqueous solution, at different ionic

strengths and pH and at 7= 25 °C

species %

15
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pH 3 4 5 5 5 6
I(mol L™ 0.10 0.10 0.10 0.25 0.50 0.10
p-Hal, 0 0 0 0 0 0
H(p-Hal,)" 0 0.01 0.1 0.11 0.09 0.97
Ha(p-Hal,)*" 100 99.99 99.9 99.89 99.81 99.03
pHal, 6 38.96 86.45 84.18 82.55 98.46
H(p-Hal,) 94 61.04 13.55 15.82 17.45 1.54
Pb>* 24.5 24.5 243 11.7 5.8 22.8
PbCl* 56.0 56.0 55.6 48.6 36.5 52.3
PbCl, 18.5 18.5 18.4 35.0 46.0 17.3
PbCly 1.0 1.0 1.0 44 1.5 0.9
Pb(OH)" 0 0.1 0.7 0.3 0.2 6.6
PbCI(OH) 0 0 0 0 0 0.1

* calculated from distribution diagrams made by using the formation constants of p-Hal and Pb(II)

species reported in ref. (Baes and Mesmer, 1976; Luo and Millero, 2007; Bretti et al., 2016) and the

same concentrations used in the adsorption experiments.

3.3 Kinetics of Pb(II) adsorption on p-Hal and Hal-NH; materials

The Pb*" adsorption rate onto p-Hal and Hal-NH, has been studied in NaCl aqueous solution at / =

0.1 mol L, Cpy2+ = 30 mg L, in the pH range 3 - 6. Independently of pH, the adsorption

equilibrium in Pb**- p-Hal system was reached very quickly (~ 40 min). The same behaviour was

found with Hal-NH, at pH = 3, whilst at higher pH, after an initial rapid Pb*" adsorption (~ 40 min),

there was a slow and continue adsorption until ~ 240 min (see Figures 3S and 4S).
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In order to understand the adsorption dynamics, different kinetic models were used to fit
experimental data (see section 2.4). The values of kinetic parameters of PFO, PSO and Ver models
are reported in Table 2S together with R? and o of the fits. The most suitable kinetic model for Pb*"
-p-Hal system at every pH and for Pb>" - Hal-NH, system at pH = 3 was the PFO, whilst, at higher
pH the Ver model better described the experimental data of Pb*" - Hal-NH, system (see Table 2). It
can be explained considering that at pH = 3 the great part of binding groups of both adsorbents are
protonated, their adsorption capacity is low and their behaviour is very similar. At higher pH the
deprotonation of SiOH groups of halloysite favours the adsorption of both adsorbents; moreover
also amino groups contribute to the Pb*" adsorption of Hal-NH, increasing its adsorption ability
(e.g. go = 4.30 and 18.6 mg g at pH = 5 for p-Hal and Hal-NH,, respectively) and changing the
adsorption dynamics of the functionalized p-Hal (Ver model fit better than PFO model; see R* and
o values in Table 2S). The ¢, trends of the two adsorbents vs pH are shown in Figure 5S of

Supplementary Materials.

Table 2. Parameters of PFO and Ver kinetic equations for Pb(II) adsorption on p-Hal and Hal-NH,,

at different pH values, in NaClyg, at /= 0.1 mol L' and at =25 °C,

Kinetic model adsorbent pH q." k> R’ ¢!

PFO p-Hal 3 3.00+0.01 0.154 +0.005 0.9848 0.0849
PFO Hal-NH, 3.74 £ 0.02 0.187 + 0.009 0.9715 0.1417
PFO p-Hal 4 3.27+0.02 0.139 +0.005 0.9856  0.0940
Ver Hal-NH, 13.1+£04 0.003 + 0.001 0.9888 0.3831
PFO p-Hal 5 4.30+0.03 0.21 +0.01 0.9749 0.1413
Ver Hal-NH, 18604  0.0034+0.0001 0.9902 0.4934
PFO p-Hal 6 5.03+0.05 0.101 + 0.006 0.9576 0.2654
Ver Hal-NH, 19.7+£0.7 0.0022 £0.0002  0.9880 0.5651

*mg g’; " min” for both k; and k,; ¢ subscript i is 1 or v according to the model; ¢ std. dev of the fit.
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3.4 Modelling of equilibria of Pb(II) uptake by p-Hal and Hal-NH, materials

Adsorption equilibria of Pb*" onto p-Hal and Hal-NH, have been studied in NaCl aqueous solutions
in the pH range 3 — 6 chosen on the basis of speciation analysis (see section 3.2). The solution pH
was measured at the end of experiments and is reported in Table 3 together with parameters of the
most suitable isotherm equation for each experimental data set. Among the tested isotherm models,
Sips equation was the best or it was equivalent to Langmuir isotherm (s = 1) in terms of quality of
fit for all the systems investigated. Although isotherm models do not necessarily give information
about the mechanism of the adsorption of metal ion they can be useful to predict or optimize the
uptake processes, e.g., through the calculation of ¢, parameter that gives information about the
maximum amount of metal ion adsorbed by 1 g of adsorbent. The parameters of all isotherm
equations tested are reported in Table 3S of Supplementary Materials together with the R? and o of
the fits. In batch experiments, a significant increase of pH of solutions (1.5 — 2 units) at the
adsorption equilibrium was found only with Hal-NH, adsorbent at initial pH =4, 5 and 6 and can be
attributed to the protonation of amino groups not bound to Pb>" ions. In fact, considering the
concentration of Pb>" and the amount of adsorbent used in batch experiments, NH, groups of
adsorbent are always in excess with respect to the metal ion.

The experimental points together with the curve fits of the three isotherm equations for all the Pb(II)
— adsorbent investigated systems are reported in Figure 4 and in Figures 6S and 7S of
Supplementary Materials. The adsorption ability of both pristine and functionalized Hal increases
with the increasing of pH and with the decreasing of ionic strength (see Figures 5 and 6). Looking
at the species percentages reported in Table 1, in the pH and ionic strength ranges investigated the
great part of Pb(Il) is present as positively charged species [Pb>", PbCl" and Pb(OH)'] easily
bounded by silanol and amino groups of adsorbent materials. Moreover, at / = 0.1 mol L™ the % of
Pb species, as well as the % of p-Hal; species do not change with the changing of pH from 3 to 6.

Therefore, the increase of ¢, with pH for both p-Hal and Hal-NH, can be ascribed to the
18
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deprotonation of SiIOH groups of p-Hal, units (Bretti et al., 2016) of halloysite (% p-Hal,” = 6 and
98 at pH 3 and 6, respectively) and to the presence of NH, groups in Hal-NH, material that are fully
protonated at pH = 3 and becomes gradually available to bind Pb*" ions at higher pH values. At pH
= 5, the increase of ionic strength from 0.1 to 0.5 mol L' causes a decrease of positively charged Pb
species (substituted by chlorinated PbCl, and PbCl;™ species) that is responsible of the lowering of
qn of p-Hal and of Hal-NH,.

Independently of the experimental conditions, the adsorption ability, as well as the affinity of Hal-
NH, towards Pb*" are higher than p-Hal (higher g¢,, and K, values) and the differences in adsorptive
performances of the two materials are more pronounced at higher pH values (e.g., g, = 6 and 46 mg
g! K,=0.017 and 0.43 L"* mg™"”* at pH = 6 for p-Hal and Hal-NH,, respectively).

Considering i) the changing of pH during adsorption, ii) the speciation analysis of p-Hal and of Pb*"
ion in aqueous solution and iii) the dependence on pH and ionic strength of adsorption ability of p-
Hal and Hal-NH,, an adsorption mechanism mainly based on positively charged Pb*" species [Pb*",

Pb(OH)" and PbC1"] chelation by silanol and amino groups can be hypothesized.

Table 3. Sips isotherm parameters for the Pb(II) adsorption on p-Hal and Hal-NH, in NaCl,g, at

different pH and ionic strengths and at 7'= 25 °C.

adsorbent  pH;* pH? I qm' K,° s R’ ¢*

p-Hal 3.0£0.2 3.1+0.2 0.10 3.10+0.03  0.016+0.003  0.80+0.06 0.9974 0.0469
Hal-NH, 2.9+0.3 3.1+0.4 5+1 0.010+0.004 0.7£0.1 0.9848 0.1420
p-Hal 4.0+0.3 4.0+03 0.10 3.5+0.4 0.013+0.001  0.84+0.06 0.9982 0.0282
Hal-NH, 4.0+0.3 6.0+0.2 19.1+0.4 0.57+0.04 1.00£0.01  0.9979 0.2627
p-Hal 5.0£0.2 5.3+£0.3 0.10 4.5+0.2 0.03+0.01 0.66+0.08 0.9907 0.1378

Hal-NH,  5.0+0.2 6.7+0.6 37+2 0.69+0.08 2.1£0.2  0.9978 0.4640
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p-Hal 5.0£0.2 5.2+0.3 0.25 3.3£0.6 0.037+0.009 0.9+0.2  0.9847 0.1013
Hal-NH,  5.0+0.2 6.3+0.5 312 0.41+0.5 1.6£0.2  0.9926 0.7261

p-Hal 5.0£0.2 5.240.2 0.50 1.40+0.04  0.009+0.003  0.50+0.04 0.9944 0.0365

Hal-NH,  5.0+0.2 6.2+0.5 28+6 0.31+0.7 1.6£0.4  0.9791 1.0020
p-Hal 6.0£0.2 6.1+0.2 0.10 6+1 0.017+0.002  0.98+0.08 0.9972 0.0474
Hal-NH,  6.0+0.2 6.8+0.4 46+7 0.43+0.09 2.1£0.3 0.9943 0.7821

379  ?solutions pH before (pH;) and after (pHy) contact with adsorbents; "mol L™; mg g™; ¢ L mg™"; ©
380  std. dev of the fit.

381
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382  Figure 4. Adsorption isotherms of Pb*" on Hal-NH, (Fig. 3a) and p-Hal (Fig. 3b) from aqueous

383  solutions at pH = 5 containing NaCl 0.10 (), 0.25 (O), 0.50 (A) mol L™ and at T = 25 °C.
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384  Experimental data fitted with Freundlich (dashed lines), Langmuir (continuous lines) and Sips

385  (dotted lines) models.

50

40
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386
387  Figure 5. Experimental g, values vs pH for the Pb** adsorption onto p-Hal (O) and Hal-NH, (L)

388  adsorbent materials in NaCl,g, at / = 0.10 mol L'and T=25°C.
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Figure 6. Experimental ¢,, values vs I (mol L™ for the Pb*" adsorption onto p-Hal (O) and Hal-

NH, (LJ) adsorbent materials in NaCl,q, at pH =5 and 7'= 25 °C.

The possibility of recycle and reuse of Hal-NH, material has been evaluated. The results of
adsorption/desorption cycles are shown in Figure 7. As can be seen, at the conditions used in the
experiments, the adsorbent exhibits a good reuse capacity with slight variations of

adsorbed/desorbed amount of Pb*" in the first three cycles.
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Figure 7. g, values of adsorption and desorption steps. Experimental details: amount of Hal-NH, =

40 mg, Cpy2+ =30 mg L' in NaCl, at /= 0.1 mol L.

3.5 Literature data comparison

In the last decades a lot of articles and reviews have been published on the adsorption ability of
different pristine or modified clay minerals towards Pb*" ions (Jiang et al., 2009; Oubagaranadin
and Murthy, 2009; He et al., 2013; Matusik and Wscislo, 2014; Maziarz et al., 2015; Yuan et al.,
2015; Sdiri et al., 2016; Hu et al., 2017; Uddin, 2017). A comparison of the adsorption capacity of
the different clay adsorbents is very difficult because it depends on many variables of the metal —
adsorbent system investigated such as: the origin of the clay, the type of modification, the loading
percent (in case of functionalization), the experimental conditions of metal ion solution (pH, ionic
medium, ionic strength, metal ion concentration, temperature). In Table 4 are reported the ranges of
maximum adsorption capacity values (g,,) of different pristine and modified clay minerals towards

Pb*" recently reported in literature. On average, the adsorption ability of p-Hal toward Pb*" is lower
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than other clay minerals. However, p-Hal has a good dispersability in water and does not need
exfoliation to expose large surface area in an efficient way.

Considering the experimental differences, the adsorption results here obtained for p-Hal towards
Pb>" ion are comparable with those reported in literature by (Matusik and Wscislo, 2014) and
(Maziarz et al., 2015). The authors reported a ¢,, = 8 and 7.7 mg g, respectively, at pH = 5 and
without ionic medium. Considering the absence of Pb-Cl species and the consequently higher
percent of positively charged Pb species in solution, these g, values are in line with the ¢,, = 4.5 mg
g that we found at the same pH, in NaClyq at 7 = 0.1 mol L. Two functionalized Hal with
diethanolamine (HD) and triethanolamine (HT) were also tested as adsorbent materials towards
Pb*" ion by (Matusik and Wscislo, 2014). The ¢,, = 37 mg g found by us for Hal-NH, at pH = 5
and 7= 0.1 mol L™ is significantly higher than 13.28 and 12.18 mg g found at the same pH and
without chloride medium for HD and HT, respectively. These differences in ¢, values could be
attributed to the steric indrance produced by the two or three ethanol groups of HD and HT that
hampered the Pb”" interaction with amino groups of the functionalized Hal. Moreover, the

functionalization of Hal in HD and HT adsorbents occurs in the interlayers of Hal.

Table 4. Literature maximum adsorption capacity values (qm) of different clay minerals

p or m clay® g¢," ref

p-kaol® 0.12-11.50 (Jiang et al., 2009; Oubagaranadin and Murthy, 2009; Uddin, 2017)
m-Kaol 25.13-82.65 (Jiang et al., 2009; Uddin, 2017)

p-Mont 31.10-37.16  (Sdiri et al., 2016; Uddin, 2017)

m-Mont 71.92-121.95 (Huetal., 2017; Uddin, 2017)

p-Smec 3.13-75.35 (Uddin, 2017)

p-Sep 30.5 (Sdiri et al., 2016)

p-Bent 28.00 - 51.19 (Sdiri et al., 2016; Uddin, 2017)

25



432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

m-Bent 110 (Uddin, 2017)

p-Pal 62.1 (Oubagaranadin and Murthy, 2009)
p-Hal 6-8 (Matusik and Wscislo, 2014; Maziarz et al., 2015), this work
m-Hal 12.18 - 46 (He et al., 2013; Matusik and Wscislo, 2014), this work

* p = pristine, m = modified,; b mg g'l; ¢ Kaol = Kaolinite; Mont = Montmorillonite; Smec =

Smectite; Sep = Sepiolite, Bent = Bentonite, Pal = Palygorskite.

4. Conclusions
Functionalized halloysite nanotubes with amino groups (Hal-NH;) have been successfully
employed as adsorbent for Pb*" ions. Their adsorption ability was kinetically and
thermodynamically studied. Results were compared with that of p-Hal in NaCl aqueous solutions
and in the pH range 3 -6. The best experimental conditions for the metal ion removal were
established on the basis of a speciation study of Pb>" and of the p-Hal. The results obtained can be
summarized as follows:

1.  FT-IR, TGA and contact angle analysis on Hal-NH, material confirm the successful outcome
of synthesis with a 2.4 wt% loading of organic moiety on the nanomaterial, whilst, the
preservation of morphology of p-Hal after organosilane grafting was showed by SEM
analysis;

2. several kinetic and isotherm equations were used to fit experimental data and the parameters
of the most suitable models were analyzed to discuss the adsorption performances of the two
adsorbent materials;

3. an improvement of the adsorption ability of both pristine and functionalized p-Hal materials
was found with the increasing of pH and the decreasing of ionic strength;

4. the adsorption ability of amino-functionalized Hal-NH, towards Pb*" is considerable higher

than that of p-Hal and of other functionalized halloysite reported in literature.
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453 5. The Hal-NH, shows a noticeable reuse capability that encourages the use of this material as
454 adsorbent of Pb*" ions in the pH and ionic strength ranges considered.
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