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Abstract

description of the experimental data of both adsorbents.

Background: The performance of two adsorbents, i.e. a new ultra stable adsorbent SH-ePMO and a commercial ion
exchange resin TP-214, for the removal of mercury from aqueous solutions was investigated. The operating variables
studied were initial mercury concentration and contact time.

Results: The adsorption isotherms showed favourable adsorption. The adsorption isotherms were analysed using
Langmuir and Freundlich models. The Langmuir model yielded the best fit for the SH-ePMO, whereas the
Freundlich model fitted best the adsorption on TP-214. The maximum adsorption capacities were 66 and 456 mg/g
for SH-ePMO and TP-214, respectively. TP-214 is capable of purifying water to parts per trillion levels.

The adsorption kinetics showed a fast adsorption for both adsorbents. The kinetics was analysed using Lagergren's
pseudo-first-order and pseudo-second-order kinetic models. The pseudo-first-order kinetic model showed a good

Conclusions: This study clearly shows the potential of the ultra stable SH-ePMO for removing mercury from
aqueous solutions and confirms the performance of the ion exchanger resin TP-214.
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Background
Mercury is released into the environment during produc-
tion processes (e.g. chlor-alkali, battery manufacturing, and
others) and during the use and removal of products via
waste. Mercury is regarded as one of the most harmful
metals found in the environment. Therefore, it is classified
by the Water Framework Directive (2000/60/EC) as a pri-
ority hazardous substance. This means that by 2015, no
more mercury can be discharged. Flanders defines a max-
imum discharge limit between 0 and 150 ppb for mercury,
depending on the industry, and the quality standard in
Flanders is 1 ppb Hg for surface water and ground water.
Consequently, removal of mercury from water and waste-
water is required.

Mercury can be removed from (waste)water by several
methods, such as chemical precipitation, membrane
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filtration, ion exchange, electrodialysis, solvent extraction
and adsorption. Adsorption ((bio)-adsorption/ion exchange)
appears to be the most promising technique to remove
mercury from aqueous solutions with mercury concentra-
tions below 100 ppm [1,2].

Several materials such as activated carbon, resins, clays
and silica - some of them are modified with organic
functional groups to improve the selectivity - have been
studied for adsorption of mercury [3].

A new, stable mesoporous adsorbent, i.e. a thiol-
containing ethene bridged periodic mesoporous organo-
silica (PMO) (SH-ePMO), is developed for the selective
removal of mercury [4]. PMOs have well-defined pore
sizes and pore shapes, high specific surface areas and
uniform distribution of the functionalities [5]. This ad-
sorbent combines the adsorption efficiency of the thiol
group towards mercury ions with the stability of ethene
bridged PMOs [6,7]. Moreover, it preserves the amount
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of organic functionalities after multiple regeneration
cycles, allowing recycling and reuse of the adsorbent [4].

The objective of this study was to evaluate the adsorp-
tion properties of this new material and a commercial ion
exchange resin, Lewatit MonoPlus TP-214 (LANXESS
Deutschland GmbH, Leverkusen, Germany). It is known
that ion exchangers are capable of purifying the water
below the mercury discharge limit [8]. TP-214 is a mono-
spherical, macroporous chelating resin with thiourea
groups and has a high affinity for mercury. It cannot be
regenerated. The effect of initial concentration and contact
time on the mercury adsorption was investigated. The ad-
sorption equilibrium data and kinetics data were analysed
using Langmuir and Freundlich models and pseudo-first/
second-order kinetic models, respectively.

Methods

Materials and reagents

The aqueous solution of divalent mercury was prepared
by diluting a specified volume of a mercury nitrate volu-
metric standard, 0.05 N aqueous solution (Sigma-
Aldrich, Bornem, Belgium), in distilled water.

The preparation of SH-ePMO has been described in a
previous study [4]. SH-ePMO has a specific surface area
of about 640 m?/g and contains 0.4 mmol SH/g. Lewatit
MonoPlus TP-214 was obtained from LANXESS
(LANXESS Deutschland GmbH, Leverkusen, Germany)
and contains at least 1.35 N functional groups.

Equilibrium studies
Batch adsorption tests were carried out by adding a fixed
amount of adsorbent (150 mg) into a number of sealed
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glass flasks containing 50 mL of mercury solution of
different concentrations (0 to 900 ppm) without chan-
ging the pH. The flasks were placed in a thermostatic
shaker incubator Multitron (Infors AG, Bottmingen,
Switzerland) and agitated at 21°C and 200 rpm for 3 h.
Samples were filtered through 0.45 pm Rotilabo
syringe filters (Carl Roth GmbH, Karlsruhe, Germany).
The filtrate was analysed for mercury concentration
with cold vapour atomic absorption spectrometry
(GBC Scientific Equipment PTY LTD, Braeside, Australia).
The amount of mercury adsorbed is calculated using the
following equation:

G —Ce
4= 1)
with g, the amount of mercury adsorbed (milligrams per
gram), C; and C, the initial and equilibrium mercury con-
centrations in the solution (milligrams per litre), V' the
volume of solution (litres), and W the weight of adsorbent
(grams).

All experiments were performed in tri- or duplicate,
and the mean values are reported. For the triplicate data,
the relative standard deviation was lower than 0.6%.
Blank tests were performed as well.

Kinetic studies

Batch kinetic tests were carried out in a sealed flask at a
fixed ratio (3 g/L) of adsorbent mass to volume of the mer-
cury solution (10 and 100 ppm). Kinetic tests with 1 ppm
mercury solutions and TP-214 were performed as well.
The mixtures were agitated at approximately 200 rpm with
a magnetic stirrer. At predetermined intervals of time,
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Figure 1 Effect of initial mercury concentration on equilibrium mercury adsorption onto SH-ePMO (®) and TP-214 (O).
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Figure 2 Adsorption isotherms of mercury onto SH-ePMO and TP-214 and their models (Langmuir and Freundlich). SH-ePMO (®) and
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samples were withdrawn, filtered through syringe filters
and analysed for mercury concentration with cold vapour
atomic absorption spectrometry (GBC Scientific Equipment
PTY LTD, Braeside, Australia).

Results and discussion

Adsorption equilibrium

The effect of the initial mercury concentration on the ad-
sorption and adsorptivity (percentage of mercury adsorbed)
is shown in Figure 1. The adsorptivity decreases with in-
creasing mercury concentrations, whereas the adsorption
capacity increases. An increasing initial mercury con-
centration results indeed in an increasing driving force,
the concentration gradient. At lower initial concentra-
tions (lower than 400 ppb and 100 ppm for SH-ePMO
and TP-214, respectively), total removal of mercury was
observed, i.e. for these mercury concentrations, the
adsorbents are effective for complete mercury removal.
TP-214 contains more functional groups and therefore
removes more mercury than SH-ePMO. After adsorp-
tion, the pH of the solution decreased, i.e. protons were
released during the adsorption, as expected.

The adsorption isotherms are shown in Figure 2. The
adsorption isotherms exhibit initially a very steep in-
crease, which indicates high adsorption at lower concen-
trations. Both isotherms are type I according to the
classification, i.e. favourable or strongly favourable iso-
therms. The isotherms of Figure 2 were fitted to Lang-
muir and Freundlich isotherm models:

. qmaxbce
L : g = maxTe 2
angmuir : ge = - (2)
Freundlich : g. = K¢C.'/”, (3)

with gmax as the maximum adsorption capacity (milli-
grams per gram), b the Langmuir isotherm constant
(1/ppm), K¢ the Freundlich constant litres to the power
n multiplied by milligrams to the power (1-n) per grams
(L"mg'™/g) and n the heterogeneity factor. The fitted
parameters of both models are reported in Table 1. The
values of the heterogeneity factor (range 1 to 10) indicate
favourable adsorption. The maximum adsorption
capacity of SH-ePMO is 66 mg/g. This confirms the 1:1
stoichiometry of mercury towards the thiol group of
the mesoporous material [4] and is consistent with
previously reported literature [9-11]. The maximal
adsorption capacity of SH-ePMO is lower than the
capacities of mesoporous organosilicas reported in
literature [12,13]. However, it should be taken into
account that the amount of thiol groups on the adsorbent

Table 1 Parameters of the Langmuir and Freundlich
isotherm models

Langmuir Freundlich
Gmax b R? Ke n R?
(mg/g) (1/ppm)x 103 (L"mg'™"/g)
SH-ePMO 665 37.2 0.9765 103 299 09342
TP-214 456 12.7 09736 27.7 208 0.9902
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Figure 3 Separation factor for the adsorption of mercury onto SH-ePMO (®) and TP-214 (O).
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is lower. The maximum adsorption capacity of TP-
214 is 456 mg/g. The calculated minimum capacity of
TP-214 is ca. 446 mg/g, considering a 1:1 stoichiom-
etry and the number of functional groups (minimum
1.35 mol/L), the water retention (43 to 48 wt.%) and
the density (ca. 1.1 g/mL). Therefore, a 1:1 stoichiom-
etry of mercury towards the thiourea groups of the

ion exchanger could also be proposed. The essential
characteristics of the Langmuir isotherm can be
expressed in terms of a dimensionless constant separ-
ation factor Ry [1]:

1

Ry = Tbcl (4)
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Figure 4 Adsorption kinetics onto SH-ePMO at initial mercury concentration of 10 and 100 ppm and their models (pseudo-first- and
pseudo-second-order). Initial mercury concentrations of 10 (®) and 100 (O) ppm and their models (first-order, full line; second-order, dotted line).
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Figure 5 Adsorption kinetics onto TP-214 at initial mercury concentration of 1, 10 and 100 ppm and their models (pseudo-first- and
), 10 (@) and 100 (O) ppm and their models (first-order, full line; second-order, dotted line).
J

The Ry values (Figure 3) show that (1) the adsorption
was favourable (0 <Ry < 1) for all initial concentrations
and (2) more favourable for higher initial concentrations.

The R* values show that the Langmuir isotherm fits
the adsorption on SH-ePMO better than the Freundlich
isotherm, while the opposite is observed for TP-214.

It is interesting to calculate the equilibrium concen-
tration for very low initial mercury concentration, e.g.
50 ppb, for both adsorbents, considering 50 mL of so-
lution and 150 mg of adsorbent [7]. The equilibrium
concentration is calculated with the mass balance for
mercury:

0.150g

Cet Gos0L L = &0

(5)
and with the respective isotherm models. The equilib-
rium concentration for SH-ePMO is about 6 ppb,
while it is 2x10™* ppb for TP-214. The efficiency of
TP-214 is very high: if equilibrium is reached, the
water can be purified to very high levels. Of course,

Table 2 Parameters of the kinetic models

for full-scale applications, the equilibrium time should
not be too high.

Adsorption kinetics

The adsorption depends not only on the equilibrium
adsorption of the material adsorbent (based on a con-
tact time ‘infinity’), but also on the kinetics of adsorp-
tion. The kinetics of adsorption is governed by mass
transfer and shown in Figures 4 and 5. The adsorption
capacity increased with time until equilibrium is
reached. The equilibrium time increased with the initial
concentration. This can be explained by the fact that at
low concentrations, the mercury was adsorbed faster,
while at higher concentrations, the mercury needed to
diffuse deeper into the adsorbent particle before ad-
sorption took place [1]. The adsorption can be consid-
ered very fast (1 h or more). The initial rate of
adsorption was higher for higher initial mercury con-
centration due to the higher driving force for mass
transfer [1].

Pseudo-first-order

Pseudo-second-order

g. (mg/g) ky (L/min) R? ge (mg/g) k5 (g/mg/min) R?
SH-ePMO 10 ppm 263 00520 09958 312 00201 0.9855
SH-ePMO 100 ppm 408 00129 0.9460 526 118107 0.8694
TP-214 1 ppm 0326 00583 09958 0411 0.0901 0.8882
TP-214 10 ppm 3.99 00227 09765 7.15 145107 0.9452
TP-214 100 ppm 330 0.0487 0.9946 402 134107 09977
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Two models are frequently used to describe the ad-
sorption kinetics of mercury [1,9], i.e. the Lagergren
pseudo-first-order model and the Ho linear form of
pseudo-second-order model [14]:

pseudo — first order : g, = g.[1 — e’klt] (6)
t

1
kaq? T qe

pseudo — second order : q; =

(7)

with ¢, (milligrams per gram) as the adsorption capacity
at time ¢ (minutes); k; (litres per minute) and k, (grams
per milligram per minute), the pseudo-first-order and
pseudo-second-order constants, respectively. Figures 4
and 5 and Table 2 show the results of the fit to both kin-
etic models. A more precise fit was shown by the
pseudo-first-order kinetic model. This confirms the 1:1
stoichiometry of the mercury towards the functional
groups of both adsorbents. The values of adsorption cap-
acity, ¢q., calculated from the pseudo-first-order model
are close to the values observed experimentally, except
for the 100 ppm and SH-ePMO, where there is some
scatter in the experimental data. The initial rate of ad-
sorption, i.e. the pseudo-first-order constant multiplied
by the equilibrium adsorption capacity, increases with
initial mercury concentration, as expected, since the
driving force is increased [15].

Conclusions

The performance of two adsorbents, i.e. a new ultra
stable adsorbent SH-ePMO and a commercial ion ex-
change resin TP-214, was investigated for the removal of
mercury from aqueous solutions.

The Langmuir model yielded the best fit for the SH-
ePMO, whereas the Freundlich model fitted best the ad-
sorption on TP-214. The maximum adsorption capacities
were 66 and 456 mg/g for SH-ePMO and TP-214, re-
spectively, indicating a 1:1 stoichiometry of the mercury
towards the functional groups of both adsorbents. TP-
214 has a much larger adsorption capacity than SH-
ePMO and is capable of purifying water to parts per tril-
lion (ppt) levels. The lower capacity of SH-ePMO is
attributed to its small amount of thiol groups.

Modelling of the adsorption kinetics of both adsor-
bents showed good agreement of the experimental data
with the Lagergren's pseudo-first-order kinetic model.
The equilibrium time was low and comparable for both
adsorbents.

This study clearly shows the potential of the ultra
stable, regenerable SH-ePMO for removing mercury
from aqueous solutions. Future work will concentrate on
optimisation of SH-ePMO to get the same performance
of TP-214 (high adsorption capacity + purification of
water to ppt levels).
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