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ABSTRACT

Water is an essential resource on Earth and the maintenance of its quality led to the incentive
of water reuse programmes. Among the most relevant contaminants, mercury is recognized for
its toxicity and biomagnifications along the food chain, reason why its removal from aqueous
solutions was studied in this essay using two microporous materials for the first time. The ability
of a niobium silicate, called AM-11 (Aveiro-Manchester No 11), and of a vanadium silicate, AM-
14 (Aveiro-Manchester No 14), were assessed under batch conditions, at fixed temperature and
pH. These microporous materials were synthesized and characterized by SEM, PXRD, ICP-OES,

TGA and elemental analysis. Because of their excellent ion exchange properties, equilibrium and
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kinetics assays were performed using only a few mg dm3 of material. The most relevant two-
and three-parameter isotherms were used to fit the experimental data. Langmuir isotherm
adjusted better the AM-11 data (deviation of 3.58 %, Rgdj=0.980, AIC=52.8), predicting a
maximum uptake of 161 mg g1, while the AM-14 data were better fitted by the Temkin model
(deviation of 3.92 %, R,Zldj:0.985, AIC=54.2). The kinetic study was performed using Elovich,
pseudo-first order and pseudo-second order models. The pseudo—second order and Elovich
equations provided the best fits for both materials. The Elovich equation achieved a better
correlation in the initial branch while the pseudo-second order expression was more efficient
for the horizontal branch. The intraparticle diffusivities of counter ions were also assessed using
a kinetic model based on the Nernst-Plankequations. Performance of these two microporous
materials to remove mercury has been compared with other sorbents, highlighting their

potential as ion exchangers.

Keywords: AM-11; AM-14; ion exchange; mercury removal; modelling; water treatment



1. Introduction

The contamination of waters and aquatic systems due to the discharge of toxic elements
has caused worldwide concern for the last years, due to their well-known effects on biota and
human health [1,2]. Several industries are responsible for the discharge of metals into the
aquatic system including the production of lamps, batteries, electronic devices, chlor-alkali
production and petroleum refining [3]. Mercury is considered one of the most hazardous non-
essential metals, occupying the third position in the rank of the most dangerous substances of
the Agency for Toxic Substances & Disease Registry (ATSDR), which is elaborated based on a
combination of its environmental frequency, toxicity, and potential for human exposure
(“Substance Priority List | ATSDR”). Mercury dangerousness is due to its persistent character,
ease of accumulation and amplification along the food chain causing a lot of toxic effects on
living organisms [5—7]. Therefore, its removal from water and wastewaters is a key issue in water
remediation technologies and that is not a trivial task. The study of Hg removal is delicate and
the efficiency of the process is highly dependent on the speciation, transformation and reactivity
of Hg(ll) species in waters [8]. In fresh waters the interactions between Hg(lIl) and the dissolved
organic matters strongly influence its removal due to the high thermodynamic stability of the
organic mercury complexes formed, which are several orders of magnitude higher than non-

sulfidic mercury complexes [8,9].

A variety of processes are available for the treatment of agqueous streams contaminated
with toxic metals. The most important are electrochemical techniques, chemical precipitation,
membrane processes, flotation, solvent extraction, ion exchange and adsorption [10-16].
However, many of these methods exhibit high operating and maintenance costs, difficult sludge
disposal and are non-effective to treat water with low metal concentrations [2,6,17].
Comparatively, the ion exchange is widely used in industry, because of its simple operation and

efficiency to treat large volumes of dilute solutions [6,18,19]. Here, the need for low cost,



accessible and recoverable sorbents guides the research and development of new materials to

replace the ion exchange resins largely used [6,20].

Zeolites and other zeolite-type materials are receiving special attention in ion exchange
processes due to their structure, high surface areas and selectivity, which provide good cost-
benefit ratios [21-24]. The negative charge of the porous framework of these materials is
balanced by the presence of exchangeable cations electrostatically held within their channels
and/or cavities, which makes them adequate for cationic exchange [25]. Despite the great
interest in ion exchange using microporous materials, only a few publications have addressed
realistic and low concentrated solutions. Recently, titanium silicates, displaying zeolite-type
properties, have attracted much interest [26]. Materials like ETS-4 and ETS-10 have been used
for Hg(ll) and Cd(ll) removal from diluted aqueous solutions and these materials have been
proposed as good exchangers [6,12,19,27,28]. As an extension of these works, novel
microporous niobium and vanadium silicates have been synthesized and studied here for Hg(ll)
removal, namely, AM-11 (Aveiro-Manchester microporous solid no. 11), as an example of a
niobium silicate, and AM-14 (Aveiro-Manchester microporous solid no. 14), as an example of
vanadium silicate [29,30]. The crystal structure of AM-11 and AM-14 materials are still unknown.
Nevertheless, from a wide range of characterisation techniques one may say that both materials
exhibit three-dimensional network of interconnected channels, composed by tetrahedral SiO,
units and octahedral Nb>* atoms for AM-11 [31] and V** for AM-14 [30]. The pore size of these
two silicates were accessed by adsorption isotherms of different organic molecules (n-hexane,
benzene, tripropylamine) indicating that AM-11 contains medium pore size of 4 A and AM-14
possess a median pore size of 6.8 A [29,30]. The NH,* ions are the counter ions used to balance
the charge associated with niobium framework [31] and its theoretical capacity is 2.12 meq g%,
while in the case of AM-14 the Na* cations are the neutralizing species and its theoretical

capacity is 5.20 meq g* [30].



Taking into account the small pore diameters mentioned above for AM-11 and AM-14
(4 A and 6.8 A, respectively) along with the strong and long-range nature of the electrostatic
interactions, and the Donan exclusion principle (i.e., solution co-ions cannot penetrate the
zeolite materials), the diffusing species never escape from the force field of the solid matrix and
thus the sorption mechanism of mercury is ion exchange. Accordingly, the systems of interest in

this work are Hg(ll)/AM-11 and Hg(ll)/AM-14.

In line with one of the goals of 2030 Agenda for Sustainable Development of United
Nations, which includes improving water quality by reducing pollution, minimizing the presence
of hazardous chemicals, and to substantially increase water recycling and safe reuse, here we
investigate the applicability of AM-11 and AM-14 to remove Hg(ll) from diluted solutions,
prospecting their potential for treating contaminated waters and industrial effluents. Batch
experiments were carried out for two systems (Hg(ll)/AM-11 and Hg(ll)/AM-14), for which the
kinetics and equilibrium were investigated experimentally and theoretically by applying well-
known kinetic equations and isotherms. To the best of our knowledge these microporous
materials have never been applied in ion exchange processes. With this study, we intend to
contribute to the better knowledge of Hg(ll) removal process, searching alternative materials
for improving water quality and contributing to sustainable development goals of United

Nations.

2. Materials and methods

2.1.Chemicals

All reagents used in this work were of analytical grade. They were purchased and used
without additional purification. The certified standard solution of mercury(ll) nitrate (1000 +2
mg dm3), the sodium hydroxide (= 99 %), the ammonia solution (25 %), the sodium silicate

solution (= 25 %) and the vanadium(lV) oxide sulfate hydrate (= 99 %) were purchased from



Merck. The tetraethyl orthosilicate (= 99 %), sodium chloride (> 99 %), and niobium chloride (>
99 %), were acquired from Aldrich. All working solutions, including standards for the calibration
curves, were obtained by dissolving or diluting the corresponding stock solution in high purity

water (18.2 MQ cm?, Milli-Q system).

2.2.Sorbents materials

2.2.1. Synthesis

AM-11 and AM-14 were studied for Hg(ll) removal from aqueous solution. The AM-11
sample used in this work was prepared using NH*" as cation. Briefly, AM-11 was synthesized as
follows: a solution was made by mixing 0.193 g of NbCls;, with 3 cm3 of HClI (37 %). A second
solution was made by mixing 4 cm? of H,0 and 1.28 g of tetraethyl orthosilicate. These two
solutions were combined and stirred thoroughly, then 50 cm? of ammonium solution (25 %) was
added. The gel was autoclaved for 15 days at 200 °C. The resulting crystalline product was
filtered off, washed with distilled water and then dried at room temperature The final product

obtained was an off-white microcrystalline powder [29].

The synthesis of AM-14 started with an alkaline solution, by dissolving 5.02 g of sodium
silicate solution, 9.05 g of H,0, 0.540 g of NaOH and 0.760 g of NaCl. A second solution was
prepared by mixing 6.66 g of H,0 with 1.44 g of VOSO, - 5H,0. The AM-14 gel was autoclaved
for 3 days at 230 °C. The crystalline green powder was filtered out, washed and dried at room

temperature [30].

2.2.2. Structural and chemical characterization

The crystal morphology of AM-11 and AM-14 was analysed using scanning electron
microscopy (SEM) on a Hitachi SU-70 SEM microscope with a Bruker Quantax 400 detector

operating at 20 kV. The powder X-Ray diffraction (PXRD) patterns of both samples were recorded



on an Empyrean PANalytical diffractometer equipped with a Cu-Ka monochromatic radiation
source. Inductively coupled plasma optical emission spectroscopy (ICP-OES) analyses (for Si, Nb,
V and Na) were carried out on a Horiba Jobin Yvon Activa M spectrometer (detection limit of ca.
20 ug dm3; experimental range of error of ca. 5 %). Elemental analysis of nitrogen present in
AM-11 sample was performed using a Truspec 630-200-200 instrument. Thermogravimetric
analysis curves were measured with Shimadzu TGA-50. The heating rate was 10 °C min from
room temperature until 800 °C for AM-11 and until 700 °C for AM-14. The point zero charge
(PZC) of AM-11 was determined according to an adaptation of the immersion method proposed
by Fiol and Villaescusa [65] using an incubator shaker HWY-200D and the solution pH was
measured on a WTW series 720 meter. In the case of AM-14, the measurement was not

performed over all pH range (0-9) as in the case of AM-11, due to material stability.

2.3.Batch experiments

All the material was washed before the experiments with nitric acid 25 % for 24 hours
and then plenty rinsed with ultra-pure water. The ability of niobium and vanadium silicates to
sorb Hg(Il) from solution was assessed by contacting each microporous material with solutions
of fixed concentration for a determined period of time. All assays were performed in batch
conditions, at 2241 °C in 1 dm?3 volumetric flasks magnetically stirred at 500 rpm. The Hg(ll)
solutions were prepared diluting the standard solution in high purity water (18.2 MQ cm?) to
the desired initial concentration (1 mg dm3). The pH of the solutions was adjusted to 6 with 0.1
mol dm3 NaOH. A blank experiment (without the niobium or vanadium silicate) was always run
as control under the same operating conditions. Rigorous masses of AM-11 or AM-14 were
added to the previous aqueous solutions and this moment was considered the initial time of the
experiment. Solution samples were withdrawn at increasing times, filtered with a Millipore

membrane of 0.45 um, adjusted to pH < 2 with HNO3; and immediately analysed afterwards. The



concentration of Hg(ll) in the samples was measured using a cold vapour atomic fluorescence

spectroscope (CV-AFS), on a PSA cold vapour generator (model 10.003) coupled to a Merlin PSA

detector (model 10.023). The liquid samples containing mercury were introduced in the

equipment, the Hg(ll) was reduced by SnCl, to its elemental form and quantified in the detector.

The response was obtained as a signal and converted to concentration through a calibration

curve.

For AM-11, twelve experiments were accomplished: ten to determine equilibrium points

and two to measure kinetic removal curves (in this case, the final points were also used to get

additional equilibrium data). For AM-14, eleven experiments were carried out: nine to obtain

isotherm points, and the remaining two to generate removal curves (and also two extra

equilibrium data). The detailed experimental conditions can be found in Table 1.

Table 1. Experimental conditions studied: Temperature = 22+1 °C, solution volume = 1 dm3, initial Hg(l)

concentration = 1 mg dm=3, pH 6.

No. Exp. for AM-11 1 2 3 4 5 6 7 8 9 10 11 12
Mass of AM-11(mg) 10 15 25 37 51 60 7.0 80 100 121 65 14.0
Data measured Equilibrium Kme't'lc z?md
equilibrium
No. Exp. for AM-14 13 14 15 16 17 18 19 20 21 22 23
Massof AM-14(mg) 15 20 25 30 38 4.0 50 10.0 120 6.5 3.5
Data measured Equilibrium Klne.t.lc z?md Kinetic
Equilibrium

The average amount of sorbed Hg(ll) per unit mass of microporous material, ga (mg g1),

was calculated by material balance to the whole system at time t:

VL
qa = ;. (Cao— Ca)

(1)



where subscript A denotes mercury(ll), Vi, (dm?3) is the solution volume, mg (g) is the mass of
AM-11 or AM-14, Cpo (mg dm3) is the initial concentration of Hg(ll) in solution, and Cx (mg dm-

3) is its concentration at any time t.

2.4. Kinetic and equilibrium modelling

2.4.1. Kinetic models

The kinetics of Hg(ll) ion exchange on AM-11 and AM-14 was experimentally studied by
batch ion exchange assays. Kinetic data depend on the chemical and structural properties of the
materials, stirring velocity, and the inherent transport properties of the system. The pursue of

sorption elucidate the viability of the ion exchange process to remove contaminants [33].

lon exchange is essentially a diffusion process subject to a stoichiometric restriction,
therefore its rate depends on the mobilities of both counter ions. This process is distinct from a
chemical reaction in the usual sense, though some simple empirical or semi-empirical
expressions, which were initially derived for adsorption considering the process as a chemical
reaction, are frequently adopted to fit ion exchange kinetic data with the aim to evaluate the
behaviour of the process. One may cite, for instance, the pseudo-first order (PFO), pseudo-
second order (PSO) and Elovich equations. Accordingly, the significance of the intrinsic
parameters has little in common with the rate constants of chemical reactions [34].
Phenomenological principles-based models should be preferred in order to obtain theoretically
consistent information about the process. Rodrigues and Silva [35] compared the PFO equation
with the linear driving force model of Glueckauf, and demonstrated that the kinetic constants
of both models showed relevant differences mainly in their temperature dependence.
Nonetheless, in the case of linear isothermal conditions the two models are formally equivalent.
In this work, the above mentioned models were applied to fit the experimental data and extract

information about the Hg(ll) removal from aqueous solutions.



The PFO equation of Lagergren [36,37] assumes that the uptake kinetics is proportional

to the distance to the final equilibrium concentration:

dq
,TtA = k1(qae — qn) (2)

where k; (h) is a rate constant, ga. (Mg g1) is the concentration of sorbed metal at final
equilibrium, and t (h) is time. After integration from the initial clean particle condition (t = 0, ga

= 0) to any time t and solid loading g, one obtains:
In (gae — qa) = Ingae — k1t (3)

The PSO model [38] can also be applied to represent the ion exchange kinetics along
time. Its corresponding differential and integrated expressions embody a rate constant (k;, g

mg? h'l) and are given by:

dq
— = ka(qae — qn)? (4)

t 1 1
+—t (5)

an kzqﬁe qae

The Elovich equation [39,40] describes the sorption kinetics on heterogeneous surfaces,

and it is represented by:

d

% = qe P (6)
1 1

qa= Eln (af) + Eln t (7)

where « is the initial sorption rate (mg g* h?) and S (g mg?) is the desorption constant.

With the objective to estimate the intraparticle diffusion coefficient of the counter ions
of interest, a phenomenological model based on the kinetic equations of Nernst-Plankformalism

[25,34,66,67] has also been included in the calculations.



2.4.2. Equilibrium Isotherm models

The study of equilibrium is essential for evaluating the viability of sorption processes.
Relevant properties and the affinity of the ion exchange system can be disclosed by isotherms,
being important for the effective design of metal removal process [40]. The most relevant two-
parameter isotherms (Langmuir, Freundlich, Temkin and Dubinin-Radushkevich) and three-
parameter isotherms (Langmuir-Freundlich, Redlich-Peterson and Toth) were selected in this

essay to represent the experimental data.

Langmuir Isotherm. This is the most known isotherm and assumes that the sorbent
contains a finite number of equivalent active sites, the sorption energy is uniform, the sorbed

phase is ideal and forms a monolayer at solid surface [41,42]. It is given by:

qm,LK1LCae
qre = 1+ Ki.Cpe (8)

where g1, (mg g?) is the sorption capacity, related with monolayer coverage, and K}, (dm3 mg

1) is the Langmuir equilibrium constant.

Freundlich Isotherm. This equation is applied to non-ideal systems, with heterogeneous
surfaces and multilayer sorption, and assumes an exponentially decaying function of site density

with respect to the sorption energy [40,43]:
Gne = KpC)™ (9)

Here, Kr (mgt¥/" dm3n g1) and ng are the Freundlich constants. The parameter ng is related
with the nonlinearity of the model: the larger is this value, more nonlinear is the isotherm [44].
One limitation of Freundlich model is that under extremely low concentrations it does not

recover the Henry’s law, which would be expected in advance.



Temkin Isotherm. This equation assumes that the heat of sorption, Ey, decreases linearly
with fractional coverage 6 [45]. As in the case of Freundlich isotherm, it does not exhibit a finite

saturation limit [44]. It is mathematically given by:
RT
6 = 35n(ACac) (10)

where AE () mol?) represents the variation of the heats of sorption corresponding to the particle
initially free of solute (8 = 0) and at maximum coverage (8 = 1), R = 8.314 J mol* K!is the ideal
gas constant, T (K) is the absolute temperature, and A (dm3 mg?) is the isotherm equilibrium

binding constant. Setting B = g, TRT/AE (mg g1), the equation is rewritten as:
qne = BIn(ACxe) (11)

Dubinin-Radushkevich Isotherm. This equation was originally developed for adsorption
and is based on the potential theory of Polanyi [46]. The process relies on the micropore volume
filling concept instead of a layer-by-layer adsorption onto pore walls, and takes into account the
energetic heterogeneity of the solid and the interactions between sorbed species [47-50] It is

frequently extended to ion exchange equilibrium [51,52]. The isotherm is described by:
_ 2
Qae = qmpre (12)
1 1
e=RTIn[1+ CT\E] and E = [\/ﬁ] (13)

where g pr (Mg g?) is the solid capacity, Bpg (mol? J2) is the Dubinin-Radushkevich constant, &
(J mol?) is the Polanyi potential. The magnitude of E represents the free energy change when 1
mol of solute is transferred to the surface of the solid and may be used to distinguish the

sorption mechanisms.

Langmuir-Freundlich isotherm. At low concentrations, this three-parameter isotherm is

essentially the Freundlich isotherm and, at high sorbate concentrations, it predicts a monolayer



sorption characteristic of Langmuir model [40,53]. The Langmuir-Freundlich equation is given

by:

qm,LF(KLFCAe)nLF

14 (KipCae) F

qae

where qm r (Mmg g?) is the capacity of the material, Kjp(dm3 mg?)"F is the Langmuir-Freundlich
constant, and nyyr is the heterogeneity index, which varies from 0 to 1. If the material is
homogeneous, nyr is assumed to be 1, if the material is heterogeneous, n;r gets values lower

than 1 [54].

Redlich-Peterson Isotherm. This model embodies characteristics of both Langmuir and

Freundlich isotherms [40]. It can be expressed as follows:

KrpChe
qu = n, ( 15)

1+ aRpCAEP

where Kgrp (dm3 g) and agp (dm3 mg?)™® are the Redlich-Peterson constants, and ngp is the
isotherm exponent. At low concentrations the Henry’s law is recovered and at high

concentrations it approaches Freundlich behaviour [40].

Toth Isotherm. This model is derived considering the potential theory and it is applicable
to heterogeneous sorption. It assumes a quasi-Gaussian energy distribution and most sites

exhibits sorption energies lower than the mean value [40,55]. It is represented by the following

equation:
GmhCae (16)
qae = 1/
(am + Cym ™

where g Tn (Mg g?) is the solid capacity, ar, (mg dm3)™™ is the Toth isotherm constant, and

nrh the isotherm exponent.

2.4.3. Error analysis



All the parameters of the kinetic and equilibrium models were obtained by nonlinear
regression using the Nelder-Mead simplex algorithm to minimize the error between calculated
and experimental data. With the aim to find out the most suitable models, the coefficient of
determination (R?), the adjusted coefficient of determination (Rgdj), the average absolute
relative deviation (AARD), the sum of squares (SS), and the Akaike’s Information Criterion (AIC)

[56] were calculated. The corresponding definitions and mathematical expressions are given by:

~ 2
R2 =1 20—y 17
T Eoi-) (17)
(Npp—1)
Ri=1-(1- Rz)m (18)
100 i =
AARD(%) = 5% V' (19)
~ 2
SS=2Xi—y) (20)
SS 2Np(Np + 1)
AIC = Nppln (NT)P) +2Np + Nop—Np—1 (21)

where Npp is the number of data points, Np is the number of parameters, y; and 3;i are the
experimental and calculated values for point i, respectively, and y is the average of all observed
values. The value of AIC determines which model is more likely to be correct and quantifies how
much more likely. The lower the AIC (on a scale from -co to +00) the better is the model to

describe the experimental data than the alternative models [56].

3. Results and discussion

3.1.Characterization of AM-11 and AM-14 microporous materials

Figure 1 shows the X-Ray diffractograms of the as-synthesized AM-11 and AM-14 used

for the Hg(ll) removal studies, revealing that they are identical to those published by Rocha et



al. [29] and Brandao et al. [30], respectively. SEM images presented in Figure 2 reveal that both
microporous materials contain only a single phase: the AM-11 crystals are needles with ca. 10
um in length and AM-14 consists of thin plates with size of ca. 1-2 um. Table 2 shows the
percentages of N, Si and Nb for AM-11, and of Na, Si and V for AM-14, as well as the main molar
ratios. The molar ratio between Si and Nb in AM-11 is 4.5, and in AM-14 Si/V is 4, which are in
accordance to the values published previously. The theoretical ion exchange in AM-14 is
performed by 2 mol of Na for each mol of V, and in AM-11, according with the amount of
nitrogen (Table 2), by one cation NH,* for each Nb present. The TGA curves shown in Figures Al
and A2 (see Supplementary Material) were obtained under air for both materials. The curves
reveal a gradual weight loss from room temperature until 800 °C for AM-11, and until 700 °C for
AM-14. Total mass losses were 13 % (AM-11) and 14 % (AM-14), although only 4-5 % were
observed below 100 °C, suggesting loss of adsorbed water. Losses at higher temperatures were
most likely due to the release of water molecules strongly coordinated with the cations, which

is related with the structure of the materials.
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Figure 1. PXRD patterns of AM-11 (a) and AM-14 (b).

Figure 2. SEM images of AM-11 (a) and AM-14 (b)




Table 2 - Composition of AM-11 and AM-14

Material Concentrations (wt.%) Molar ratios (mol/mol)

N Si Nb Si/Nb N/Nb (mol/mol
AL / /Nb (mol/mol)

2.7 23 17 4.5 1.0

Na Si \Y Si/V Na/V
AM-14

8.7 27 10 4.0 2.0

The measurement of the Point of Zero Charge (PZC) of both materials was also
considered (see Supplementary Material): in the case of AM-11, the characteristic |ApH| versus
initial pH curve is always negative over pH range 0-9, which means the microporous silicate
surface is negatively charged, with advantage for cation exchange (in this essay, pH was constant
and equal to 6). In the case of AM-14 the same occurs at pH 6, i.e. surface is negatively charged,

and similar conclusions may be drawn.

3.2. Removal of Hg(ll) by AM-11 and AM-14 materials

The variation with time of the normalized Hg(ll) concentration, for two masses of AM-
11 and AM-14, is presented in Figure 3. During ion exchange, it is possible to distinguish two
periods for the two quantities of materials. In the first 48 h the removal is faster than the slower
subsequent period towards the equilibrium. This pattern mirrors the large driving force for mass
transport at the beginning of the process, when particles are free of Hg(ll) or contain negligible

guantities of the metal.
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Figure 3. Normalized Hg(ll) concentration in the liquid phase for AM-11 ((a) and (b)) and AM-14 ((c) and

(d)); two quantities of sorbents were tested

Despite the differences between AM-11 and AM-14, the kinetic curves and the removal
efficiencies of both materials towards Hg(ll) are very similar under the same operating
conditions. For instance, only 6.5 mg dm= of microporous materials were able to remove 92 %
of the Hg(ll) initially present in solution, reflecting the great ion exchange capacity of AM-11 and
AM-14. Moreover, no relevant differences were observed on the kinetics of the two materials:
the initial rates had the same order of magnitude (0.607 and 0.528 mg dm3 h-1, values calculated
from the first derivate of C4 = f(t) at t = 0), and the equilibrium time was approximately 96 h
for both, although the dimensionless concentration in the case of AM-11 decreased smoothly
until 192 h.

The experiments performed with two material doses emphasize the effect of mass on
the removal process. Increasing the dose of AM-11 from 6.5 to 14.0 mg dm-3 led to an additional
removal from 92 to 99 % of Hg(ll) from solution, while the dose increment of AM-14 from 3.5 to

6.5 mg dm3 resulted in the uptake of 81 to 92 % of the Hg(ll) initially present in solution. These



results are naturally due to the fact that more mass provides additional sorption sites available
for ion exchange. The equilibrium time was not very sensitive to the changes in the amount of
material, although slightly small equilibrium time was found for the higher mass of AM-11. Both
materials showed fast kinetics, even smaller masses being sufficient to remove more than 70 %

of the Hg(ll) in solution during the first 24 hours.

In Figure A4 (Supplementary Material) it is plotted the mercury speciation in aqueous
solution for the experimental conditions of this essay, namely, initial metal concentration of 1
mg dm3 and temperature of 22+1 °C. It is possible to conclude that mercury occurs as neutral
(Hg(OH),) and positive ([Hg(OH)]* and Hg?*) species, while complexes with NO;3™ are negligible
and thus not represented. At pH 6 the predominant form is Hg(OH), and no precipitation was
detected. This fact implies that at particle surface the solution equilibrium is shifted to the
mercury(ll) form, and then ion exchange proceeds subjected to the already discussed steric and

Donan restrictions.

The excellent performances of AM-11 and AM-14 obtained in this work are very
promising for waters treatment, though real systems involve competitive ions that may interfere
with the Hg(Il) uptake. Nonetheless, studies in literature using zeolites report little or no impacts
upon Hg(ll) removal by the presence of competitive ions in solution [21,32]. Materials like ETS-
10, ETS-4, AM-2 and AV-13 exhibited similar sorption efficiencies in seawater or in solutions
containing MgS0O, or NaCl [32]. Furthermore, the performances of the zeolites Ag-X, Na-A, Na-
X, 13X and 4A for Hg(ll) removal from an industrial wastewater were not penalized by the
presence of foreign ions [21]. On the other hand, Hg(ll) sorption using biosorbents, like E.
globulus bark, decreased with increasing NaCl concentration in solution [57]. The same
happened in the case of bracken ferns [58] but no influence was observed in the case of Hg(ll)

removal by banana peels [70]. In another study, the addition of NaCl and Cu(ll) decreased Hg(ll)



sorption using Cystoseira baccat, while the existence of Cd(ll), Mg(ll), Zn(Il) and Ca(ll) did not

penalize Hg(ll), and the presence of Pb(ll) improved the biosorbent removal efficiency [59].

Desorption studies also need to be considered in order to reuse the synthetic materials
and recover the sorbed metal if it is of interest. Depending on the easiness of desorption, the
solid may be subsequently applied for several cycles as long as its efficiency, stability and
structure are maintained [71]. For instance, in the particular case of mercury, its desorption
from functionalized zeolite PPy/SH-Beta/MCM-41 using 0.5 M H,SO, was able to recover more
than 90 % of the metal. The efficiency of the sorbent was analysed during five cycles and it was
possible to remove Hg(ll) in all of them, although metal removal was decreasing along the
cycles [72]. In a different work, Hg(Il) was removed from aqueous solutions using titanosilicate
ETS-4 in fixed-bed [68] and its regeneration was successfully accomplished with a concentration
gradient (0.05-0.25 M) of EDTA-Na2 solution. The metal recovery was very fast and reached 98
% with a concentration factor of 920 (ratio between the maximum peak concentration during
elution and the initial metal concentration). The utilization of NaNO, solutions (10 M) was also

tested to guarantee the complete elution of Hg(ll) and Cd(ll) from loaded ETS-4 [69].

3.3. Modelling

The solid loadings along time were modelled by PFO, PSO and Elovich equations. The
variation with time of the experimental and calculated Hg(ll) concentrations in the materials are
shown in Figures 4 and 5. The PSO and Elovich models show the best fit to the experimental
data. The PSO model have presented good description of the kinetic data from other mercury
removal processes reported in the literature [53,60]. In general, there is a good agreement
between the Elovich fitting and the experimental ga values for the ascend branch, while the PSO
expression achieved a better performance on the horizontal branches of each curve. Moreover,

the AARDs found for the microporous materials in the first 6 h were between 2.96 % and 8.18 %



for the Elovich model and between 12.1 % and 24.6 % for the PSO model, which confirms the

above mentioned. The best fit parameters are shown in Table 3, and the values of the rate

constants (k1, k2 and a) of the PFO, PSO and Elovich models follow the sorbent mass tendency,

lower values for the smaller doses of material.
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Figure 4. Sorption kinetics modelling for the AM-11 particles: (a) and (b) represent the sorbent dosage of

6.5 mg dm3, (c) and (d) represent the sorbent dosage of 14.0 mg dm=.
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Figure 5. Sorption kinetics modelling on the AM-14 particles ((a) and (b) represent the sorbent dosage of
6.5 mg dm3, (c) and (d) represent the sorbent dosage of 3.5 mg dm3).

Table 3 — PFO, PSO and Elovich constants for Hg(ll) sorption on AM-11 and AM-14.

Kinetic Model Fitted parameters of AM-11 R? Ry AARD  AIC
PFO Qepxp (MEE')  Gepqy (Mg g?) ki(h™)
6.50 mg 150 1419 0.291 0.916 0.902 16.5 98.7
14.0 mg 70.5 70.1 0.526 0.940 0.930 15.1 69.6
PSO Qepxp (MBEY)  Gengj(mMgg?)  ka(gmg™h?)
6.50 mg 150 142 0.00420 0.951 0.943 9.93 87.5
14.0 mg 70.5 71.0 0.0118 0.977 0.973 9.44 55.9
Elovich a(mggthl) B (g mg?)
6.50 mg 176 0.0453 0.987 0.985 4.17 67.6
14.0 mg 198 0.108 0.972 0.967 7.70 71.7
Kinetic Model Fitted parameters of AM-14 R? Rﬁdj AARD AIC
PFO Gepxp (MEEY)  depgj (Mg E™) k1(h™)
6.50 mg 148 146 0.223 0.949 0.941 19.8 84.9
3.50 mg 239 239 0.187 0.970 0.964 13.9 87.0
PSO Qepxp (MBEY)  depg (Mg EY)  kao(g-mg™h?)
6.50 mg 148 152 0.0017 0.960 0.953 14.3 76.2
3.50 mg 239 246 0.0010 0.993 0.992 6.97 59.9
Elovich a(mggthl) B (g mg?)
6.50 mg 114 0.0422 0.990 0.988 5.21 52.7
3.50 mg 104 0.0212 0.974 0.969 7.48 80.7




With respect to the calculated results achieved by the Nernst-Plank based model and
the corresponding intraparticle diffusivities of counter ions, the following points can be
highlighted: (i) AARD = 16.9 % for AM-11 and AARD = 10.1 % for AM-14. These are good results
taking into account that the two curves for the same material were fitted simultaneously with
only two parameters. (ii) The self-diffusivity of Hg(ll) was 2.561x10° m? s for AM-11 and
3.342x10° m? s for AM-14. These values can be directly ascribed to the larger pore diameter
of AM-14 (6.8 A) in comparison with AM-11 (4 A). (iii) The self-diffusivity of the counter ion of
AM-11 (NH,*) was 4.593x10® m? s}, while for AM-14 (Na*) it was 1.480x1028 m? s'1. The faster
kinetics found in the case of AM-14 dues to the combined action of two positive effects, namely,
the larger pore size of this solid and the smaller diameter of Na* (in opposition to NH4*). (IV)
Finally, the estimated convective mass transfer coefficients were kf(AM-11) = 8.5x10* m s* and

ki(AM-14) = 2.5x103 m s'L.

The properly understanding about the ion exchange systems involves a good description
of the equilibrium behaviour. The analysis of the isotherm curves allows to find out the best
equation for design purposes, and their parameters unveil information about the surface
characteristics and metal-sorbent affinity [40,61]. The main two-parameter and three-
parameter isotherms are plotted for AM-11 and AM-14 in Figure 6, together with the
experimental data. Both materials display favourable isotherms, and the uptake ability increases
until it reaches a saturation plateau for AM-11, which establishes the capacity of this material.
However, the same behaviour cannot be observed for AM-14 since the uptake continues to
improve along the range of tested conditions. Agreeing with the Giles classification [62], which
divides all isotherms into four main classes according with their initial slope and curve trend -,
L (“Langmuir”), H (“high affinity”) and C (“constant partition”) — the ion exchange of Hg(ll) by
AM-11 follows the H-type curve pattern while in the case of AM-14 it seems to follows the L-
type. In the L-type isotherm the initial curvature shows that as more sites in the AM-14 are filled

it becomes increasingly difficult for Hg(ll) to find a vacant site available [62]. The H-type is



considered a special case of the L-type curve, in which the initial part of the isotherm is vertical
due to the high affinity of the solute by the sorbent. Hence, in dilute solutions the solute tends

to be completely sorbed, or at least there is no measurable amount remaining in solution [62].
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Figure 6. Sorption equilibrium isotherms on the AM-11((a) two parameters and (b) three parameters)

and AM-14 ((c) two parameters and (d) three parameters).

The optimized parameters of the equilibrium models, the adjusted coefficient of
determination, the average absolute relative deviations and the values of Akaike’s Information

Criterion are listed in Table 4 for AM-11 and in Table 5 for AM-14.

In general, the AM-11 and AM-14 equilibrium results are well described by all isotherms
excluding Freundlich. According to the results obtained, the Langmuir equation describes better
the Hg(l1)/AM-11 system (AARD=3.58 %, Rgdj:0.980) and the lowest AIC value observed (52.8)
corroborates with this statement. The sorbent achieves a plateau, in accordance with the
monolayer sorption characteristic of this model, and indicates an uptake capacity of 161 mg g.

The model also suggests that all active sites on the AM-11 surface possess equal affinity for Hg(ll)



and constant sorption energy [40]. The mean sorption energy (E, k] mol?) can be calculated
through the Dubinin-Radushkevich parameter. The calculated value of E = 9.91 kl mol* denotes
the free energy change when the Hg(ll) is sorbed onto the solid surface. According to Helfferich
[34] as ion exchange is not a chemical reaction, the values of heat involved in the processes
should be small. Normally such energy is lower than 8 kJ mol?, but values up to 40 k) mol* have
been observed in exceptional cases [34]. Therefore, it is possible to conclude that in the case of
the system Hg(Il)/AM-11 the removal is conducted by ion exchange. The difference between the
experimental (1.60 meq g?) and theoretical (2.12 meq g*) ion exchange capacity of AM-11

suggests that some active sites may be not accessible to Hg ions.

The experimental data of the Hg(Il)/AM-14 system are slightly better fitted by Temkin
isotherm (AARD=3.92 %, Rﬁdj=0.985, AIC=54.2), disclosing that the solid surface is more
heterogeneous. Despite the measured data do not achieve an horizontal branch under the
operating conditions of this study, the highest uptake observed was 280 mg g* (or 2.79 meq g
1) and the capacity obtained by the Langmuir model is 304 mg g* (3.03 meq g). Once again, the
estimated value of 3.03 meq gis inferior to the theoretical ion exchange capacity (5.20 meq g
1), and the sorption energy calculated from the Dubinin-Radushkevich parameters is
characteristic of an ion exchange mechanism (E = 5.36 kJ mol?). It is also interesting to mention
a previous study performed with Hg(l1)/ETS-4, for which the counter ions (Na* and Hg?*) are the

same as in AM-14, and the calculated sorption energy is quite similar, E = 6.38 kJ mol* [7].



Table 4 - Isotherm parameters for Hg(ll) sorption on AM-11.

No. of Model Fitted parameters R? Ri; AARD  AIC
param
2 Langmuir gmg (mggl) K1, (dm3 mg?)
161 149 0.984 0.980 3.58 52.8
2 Freundlich K (mglt/nF dm3/nF g-1) ng
181 7.03 0.901 0.879 9.00 76.1
2 Temkin A (dm3 mg?) B (mgg?)
1.81E+04 18.1 0.922 0.905 8.07 716
2 Dubinin-Radushkevich qgmpgr(mg g) Bpgr (mol? kl?)
171 5.09E-09 0.953 0.942 565 67.6
3 Langmuir-Freundlich gmyr (mg gl) K r (dm3 mg?)ntF N
162 143 0.898 0.981 0.974 3.58 60.0
3 Redlich-Peterson Kgp (dm3 g?) agp (dm3 mg1)"RP NRp
2.26E+04 141 1.02 0.983 0.977 3.56 554
3 Toth gmrh(mgg?) arp (mg dm3)7 NTh
160 3.30E-03 1.18 0.984 0.978 3.56 543




Table 5 - Isotherm parameters for Hg(ll) sorption on AM-14.

No. of
param  Model Fitted parameters R? Rﬁd]- AARD  AIC
2 Langmuir qgmp, (mgg?) K1, (dm3 mg?)
304 10.8 0.983 0.978 3.93 593
2 Freundlich Kg (mgly/nF dm3/nF g-1) ng
343 2.63 0.968 0.959 7.11  66.6
2 Tembkin A (dm3 mg?) B (mgg?)
135 61.4 0.988 0.985 3.92 54.2
2 Dubinin-Radushkevich  gmpgr(mg g?) Bpgr (mol? kJ?)
292 1.74E-08 0.988 0.984 430 555
3 Langmuir-Freundlich gmir (mgg?) Kir (dm3 mg?)ntF N
337 8.92 0.799 0.988 0.982 3.72 584
3 Redlich-Peterson Kgp (dm3g?) agp (dm3 mg1)"RP nRrp
5.30E+03 16.8 0.860 0.989 0.983 3.63 58.1
3 Toth qmm (mgg?) atn (mg dm3)7Th nTh
369 0.162 0.628 0.988 0.982 3.69 58.5




3.4. Comparison with other sorbents

In the following it is accomplished a comparison between the performance of AM-11
and AM-14 with other materials from the literature, namely: titanosilicate ETS-4; a modified
zeolitic mineral of clinoptiolite-heulandite called ZNaSS; activated carbon, considered an
universal adsorbent; and magnetic nanoparticles functionalized with a high Hg-affinity funtional
group (dithiocarbamate). The comparison was based on the following quantities: sorbent doses

used, initial mercury concentration and uptake removal (Table 6).

Table 6. Parameters related to the Hg(ll) removal by various sorbents performed at temperature of 22 °C.

Material Sorbent doses Hg(Il) initial pH Omax Reference
studied (mg dm3)  conc. (mg dm3) (mgg?)

ETS-4 0.290-8.11 5.00E-02 4.00-5.00 246 [7]

ZNaSsS ** 1.00E+04 6.20-62.2 3.00 10.1 [63]
Activated Carbon * 1.50E+03 20.0 5.50 439 [64]
Dithiocarbamate grafted on 0.248-6.13 5.00E-02 7.00 142 [53]

Fe;0, particles

AM-11 1.00-14.0 1.00 6.00 161 This study
AM-14 1.50-12.0 1.00 6.00 304 This study

(*) Experiment carried out at 30 °C. (**) No information available about temperature.

Satisfactory Hg(ll) removals are reported in various works. For example, ETS-4 [7]
showed a removal capacity of 246.3 mg g and the dithiocarbamate grafted on magnetite
particles [53] presented an uptake capacity of 142.0 mg g! under the same initial Hg(ll)
concentration of 50 pg dm3. The sorption experiments using ZNaSS [63] and activated carbon
[64] were carried out under higher initial Hg(ll) concentrations, in the range of 6.20-62.2 mg dm-3
for ZNaSS and 20.0 mg dm-3 for activated carbon, and the capacities reported for these materials
are 10.1 and 13.3 mg g respectively. The uptake capacities (qm,,1) found for the microporous

materials AM-11 (161 mg g!) and AM-14 (304 mg g!) were comparable and even higher than



the other selected materials (Table 6). These values were obtained using very low exhanger
doses and highlight the great capacity of AM-14 and AM-11. The use of small quantities of AM-
n materials is an advantage to treat a large volume of water, since small packed beds or stirred

vessels are necessary to meet design specifications.

4. Conclusions

The sorption ability of AM-11 and AM-14 towards Hg(ll) was investigated carrying out
batch stirred tank experiments. Even small masses of those sorbents are able to achieve trace
final concentrations of mercury. The Hg(ll) removal increased with increasing contact time and
mass, being possible to distinguish a fast removal in the first 48 h followed by a slower removal
towards the equilibrium. PSO and Elovich models are adequated to describe the ion exchange
kinetics of both materials. The values of the rate constants found (k1, k, and [5) agree with the

mass trend, i.e. higher initial rates for higher masses and vice-versa.

The Langmuir isotherm provides the best fit to the Hg(ll)/AM-11 data, predicting a
sorption capacity of 161 mg g at room temperature and pH 6 (typical of various industrial
effluents and other wastewaters). The experimental data of Hg(ll)/AM-14 is slightly better fitted
by Temkin model and despite the full capacity of the material was not attained under the
conditions studied, the highest uptake observed was 280 mg g and the maximum uptake
predicted by Langmuir model is 304 mg g*. The low mean sorption energies calculated on the
basis of Dubinin-Radushkevich equation indicate that ion exchange is the mechanism for Hg(Il)
removal by AM-11 and AM-14. For both systems, the theoretical exchange capacity is not
achieved, which may suggest that some sites are not accessible to Hg(ll) ions. The performance
of these two microporous niobium and vanadium silicates to uptake Hg(ll) from aqueous
solutions was generally excellent in comparison with other sorbents published in the literature,

emphasising its high potential as ion exchangers for wastewaters treatments.
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Highlights

Niobium and vanadium microporous silicates exhibit extraordinary ion exchange properties
AM-11 and AM-14 silicates were tested for mercury(ll) removal from contaminated water
Kinetic and equilibrium experiments were performed and accurately modeled
Pseudo-second order and Elovich models were able to represent the purification kinetics

lon exchange capacity from Langmuir model: 161 mg g (AM-11) and 304 mg g* (AM-14)
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