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Abstract

Dry-column vacuum chromatographic technique is introduced for remediation of wastewater for the first time. A previously prepared 

chemically modified silica gel containing covalently immobilized Hg2+-selective acridino-crown ether selector molecules was used as 

an adsorbent. Removal of Hg2+ from highly contaminated river water was carried out to study practical applicability. Adsorption capacity, 

preconcentration factor, pH-sensitivity and selectivity in separation were determined. The adsorbent proved to be outstanding in selectivity, 

only Ag+ and Cu2+ interfered among 29 cations, was inert toward organic contaminants, exhibited regenerability and pH-independency 

between 3.0 ≤ pH ≤ 7.0. The proposed method showed a moderate efficiency in both adsorption (32 mg Hg2+ / 1 g adsorbent) and 

preconcentration (preconcentration factor of 100). A maximum 10 L of wastewater / 1 g adsorbent ratio is recommended as an upper 

limit for applicability. The described method showed a unique robustness and simplicity compared to conventional ion-chromatographic 

methods and an improved selectivity over physical interaction- or simple functional group-based adsorptions.
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1 Introduction
Heavy metal contamination belongs to the biggest con-
cerns regarding environmental issues, due to the destruc-
tive effects to human- and wildlife [1]. Mercury is one 
of the most toxic elements. It originates from both nat-
ural and anthropogenic sources, e.g., agriculture, fossil 
fuel combustion, light, heavy and pharmaceutical indus-
tries [2]. The global emission of mercury reaches at least 
7 kt/year [3]. In aquatic environment, the greatest threat 
is caused by dissolved Hg2+ since microorganisms con-
vert many forms of mercury to methyl mercury, which can 
enter the food chain [4]. Due to the high binding affinity to 
free sulfhydryl groups, mercury can damage the structure 
of proteins and disturb the membrane potential causing 
serious cardiovascular, neurotic and renal disorders [5, 6].

Monitoring and restricting environmental contam-
ination are strongly required to avoid the highly toxic 
impacts of mercury. Natural sources typically cause only 
a low mercury content in surface waters (e.g., the maxi-
mum concentration of mercury was measured as 1.0 ng·L−1, 
3.2 ng·L−1 and 2.78 ng·L−1 in the Great Lakes [7], in Lake 
Baikal [8] or in 29 European streams [9], respectively). 

Attributed to anthropological activities, mercury con-
centrations in surface waters are usually orders of mag-
nitude higher (e.g., the mean concentration of mercury 
was determined as 1.4 µg·L−1, 0.12 µg·L−1 and 0.74 µg·L−1 
in Caspian Sea  [10], in Yellow River [11] or in Sarno 
River  [12], respectively) and can even reach a level of 
2.6 mg·L−1 in highly contaminated areas [13].
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Numerous methods have been developed for removing 
Hg2+, including chemical precipitation, bio-remediation, 
ion exchange, solvent extraction, membrane separation 
and adsorption. These methods show several drawbacks 
compared to adsorption, e.g., the use of hazardous chem-
icals, adverse reusability, tendency for secondary pollu-
tion, large quantities of solvent, weak selectivity, mechan-
ically adverse materials or complicated operation [14–19].

Recent research activities still focus on new remedia-
tion techniques, because besides their high efficiency in 
recovering mercury, robustness, selectivity, scalability 
or regenerability are among the areas, which need to be 
improved [20–29].

The combination of physical (porous structural materials 
with large surface areas) and chemical (organic binding sites) 
adsorption is expected to result in both the highest removal 
efficiency and adsorption capacity in practice [14]. Recently, 
chemically modified porous nanomaterials, – i.e., covalent 
organic frameworks, porous organic polymers, porous metal 
oxides, metal organic frameworks, mesoporous organosili-
cas and modified graphene oxides – are considered as prom-
ising classes of adsorptive materials because of their high 
surface area and strong host-guest interactions [30, 31]. 
However, they generally show a high acid-sensitivity, which 
is clearly a disadvantage as the removal of Hg2+ is especially 
difficult in acidic medium [16, 32].

On the other hand, the most frequently used adsor-
bents, – i.e., carbon-based materials, silicas, post-modified 
polymers – typically suffer from a reduced selectivity as 
besides the physical interactions polar functional group-
driven coordination is primarily responsible for adsorp-
tion [33]. The surface of the adsorbents is often function-
alized with amine, carbonyl, carboxyl, phenol, quinone, 
lactone and especially with sulfonic acid, sulphur or thiol 
units [15, 30, 31, 34]. The proper ionization forms of these 
polar units are prone to bind Hg2+ mainly by their lone 
pairs (soft-soft metal-ligand / electrophile-nucleophile in- 
teraction). Thus, these separation techniques typically 
show a  strong pH-dependence [34, 35]. Moreover, con-
taminants and competitive agents also tend to have a high 
affinity to the functionalized, charged surfaces [36].

Selectivity can be improved by applying widely used 
adsorbents supported by covalently immobilized host 
molecules, e.g., crown ethers [37]. Since these synthetic 
receptors are able to recognize and form inclusion com-
plexes with a targeted species, the probability for binding 
a competitor or a contaminant is also decreased.

In our research group, Kertész et al. successfully 
bounded an acridino-18-crown-6 ether to spherical silica 

gel and this adsorbent was preliminary studied in sepa-
ration of metal ions [38]. We report herein the practical 
application-oriented studies of this adsorbent using it as 
a stationary phase in a dry-column vacuum chromato-
graphic process to remove Hg2+ from wastewater. This is 
the first time that this technique is used for heavy metal 
remediation. Furthermore, this method applied previously 
for purification in organic synthesis [39, 40] was firstly 
introduced as a scalable, less complicated and more envi-
ronmentally friendly (less amounts of solvent and adsor-
bent are required) alternative to the conventional liquid 
chromatography in metal ion separation.

2 Experimental
2.1 Materials and apparatus
Functionalization of the silica gel adsorbent was car-
ried out based on a reported procedure [38]. Spherical 
silica gel [PharmPrep® 60 CC (40–63 μm), Merck] 
(12.0  g) and 12-[3-(triethoxysilyl)propyl]-6,9,15,18- 
tetraoxa-12,25-diazatetracyclo[21.3.1.05,26.019,24]heptaco-
sa-1(26),2,4,19,21,23(27),24-heptaene (1.18 g, 2.05 mmol) 
[38] in dry and pure toluene (125 mL) were stirred at 
reflux temperature under Ar atmosphere for 2  days. 
The reaction mixture was cooled down to 20 °C and the 
modified silica gel was filtered off and washed with tol-
uene (60 mL), dichloromethane containing 1% triethyl-
amine (60 mL), methanol (60 mL), aqueous methanol 
(67  V/V%, 60 mL) and methanol (60 mL), respectively. 
Then the functionalized silica gel adsorbent was dried at 
65 °C for 1 day. Untreated silica gel as a blank sample was 
consequently dried. The elemental analysis of this blank 
sample provided the following results C: 0.31; H: 1.25; 
N: 0.00, while that of the modified silica gel gave C: 4.86; 
H: 1.67; N: 0.46. According to these measurements, each 
gram of the functionalized adsorbent contains 0.16 mmol 
(by C%), 0.14 mmol (by H%), and 0.16 mmol (by N%) of 
the acridino-crown ether selector molecule.

Studies were carried out by using a special glass col-
umn with a sidearm for vacuum (Fig. 1).

Vacuum was provided with a water aspirator and was 
kept at 20.0 ± 2.0 mbar which resulted in a volumetric flow 
rate of 15.0 ± 3.0 mL·min−1. The column of 21.5 mm inner 
diameter was filled with 14.0 g of dry adsorbent, which 
resulted in well-compacted bed height of 70.0 mm (part B 
of Fig. 1). There was a porous glass filter with a pore size 
of 5–15 µm at the bottom of the column (part C of Fig. 1).

The samples were collected from river Danube 
(Budapest, Hungary GPS coordinates: 47°29'06.5"N 
19°03'11.8"E, 12/10/2021. 800) and filtered with a porous 
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glass filter with a pore size of 5–15 µm. Detailed infor-
mation regarding the composition of the river water sam-
ples can be found in the Supplement. The pH of the river 
water was originally 7.8, which was adjusted to 3.0 by 
using nitric acid to avoid the precipitation of the metal 
ions. The pretreated samples were spiked with Hg(NO3)2 
to gain simulated wastewater for separation studies.

2.2 Studies on removal of Hg2+

The adsorbent was suspended in acetone and this suspension 
was poured into the column. The column was tapped gen-
tly to compress the stationary phase and to remove voids, 
then the solvent was sucked from the column. This method 
resulted in a more compacted adsorbent bed compared to 
dry filling. A splashguard was applied to avoid the bumping 
of the dried adsorbent. For this purpose, a 2 cm high inert 
and fine-grained sand layer (porous size: 100–300 µm, see 
part A of Fig. 1) was used on the top of the adsorbent and 
the wastewater was directed onto this. Moreover, this layer 
provided a homogenous distribution of the wastewater 

before contacting the adsorbent. As a final step, the bed was 
pressed down carefully while applying full suction.

The stationary phase was tested for voids and channels 
by eluting acetone, while applying suction. During this 
procedure, the surface of the adsorbent bed was kept cov-
ered with the solvent for 5 min. Then the addition of the 
solvent was interrupted and the column was sucked dry. 
The flow rate was constant, no channels and voids occurred 
and an adsorbent bed of uniform consistency was obtained.

During the experiments, the fractions of the sample 
were poured onto the sand layer protecting the surface 
of the adsorbent. The volume of the fractions varied with 
the desired resolution of the results. When a fraction was 
sucked through the column, the vacuum was discontin-
ued and the fraction was segregated. After eluting the final 
portion of the wastewater sample the column was regen-
erated by using aqueous solution of nitric acid (10 V/V%) 
and distilled water subsequently as reported in Section 3.3.

2.3 Analytical measurements
The composition of multielement samples was determined 
by inductively coupled plasma optical emission spectros-
copy (ICP-OES). Sample solutions were measured in 
simultaneous, multielement mode by a Labtest Plasmalab 
ICP-spectrometer (Labtest Equipment Company, USA) 
with a 40-channel Paschen-Runge vacuum polychroma-
tor with photomultiplier detectors. Additional informa-
tion on instrumentation and measurement settings can be 
found in the Supplement.

Concentration of Hg2+ was determined by cold vapor 
mercury method (CV-Hg-AAS) in the cases of samples 
with c(Hg2+) < 10 ppm. The mixed, micro reactor type cold 
vapor instrument with a 7 cm long gas cuvette was attached 
to a Unicam SP-9 atomic absorption spectrometer (Pye 
Unicam Ltd., UK) combined with PC data station. Sample 
volume of 3.00 mL and an SnCl2 reduction agent was used. 
The calibration covered the range of 0.01–10 ppm for Hg2+.

3 Results and discussion
3.1 Removal of Hg2+

Natural water samples were collected from river Danube 
and artificially contaminated with Hg2+ to gain wastewater 
samples for studies on the efficiency of the modified silica 
gel adsorbent in removing Hg2+. An unusually high concen-
tration of Hg2+ had to be applied to be able to determine 
the maximum adsorption capacity. The ionic composition 
of the simulated wastewater sample can be found in the 
Supplement. As the selective retention is directly caused 
by formatting reversible inclusion complexes with crown 

Fig. 1 The applied vacuum chromatographic column (A: sand layer, 
B: adsorbent, C: glass filter)
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ethers (1:1) when flowing through the stationary phase, the 
theoretical adsorption capacity was calculated based on the 
amount of the immobilized host molecule  [38]. The total 
adsorption capacity of the adsorbent was calculated to be 
32 mg Hg2+/ 1 g adsorbent (Hg2+ was present as nitrate salt in 
the samples since nitric acid was used for pH-adjustments.).

During the study, 100 mL-portions of wastewater were 
subsequently poured on the column and sucked through the 
adsorbent layer under vacuum. The relative adsorption capac-
ity related to the theoretically calculated maximum effective-
ness for the retention of Hg2+ was recorded as a function of 
the eluted volume. The results are reported in Fig. 2.

Acidic conditions adversely affect the complexation of 
the immobilized host molecules [41] since the complexing 
ligands become partially protonated. Thus, the capacity 
values determined at pH = 3.0 can be considered as pes-
simistic estimates of the maximum available real binding 
capacity of the adsorbent. However, it can be seen, that 
the real adsorption capacity almost reached the theoret-
ical maximum.  It follows, that the pH of the wastewa-
ter has only a negligible influence on the removal of Hg2+ 
in a broad pH-range of 3.0-7.0, which means an outstand-
ing pH-independency and robustness in practical applica-
bility. Based on the observed adsorption capacity, 1 g of 
the adsorbent is able to totally remove Hg2+ from 10 L of 
extremely contaminated wastewater [13].

3.2 Selectivity in separation
Since river waters contain many cations from natural 
sources, the analysis of the eluted fractions also provides 
opportunity for studying the selectivity in ion-separa-
tion. The changes in the ion concentration of each fraction 
during the separation process can be seen in Fig. 3 in the 
cases of only those ions, which concentration changed sig-
nificantly upon passaging through the adsorbent.

The diagrams show, that in addition to Hg2+, the binding 
of Sn2+, K+, Fe2+, Al3+ and Cr3+ also took place. In the cases 
of the other 24 investigated cations (see Supplement), no 
significant retention was observed as the immobilized host 
molecules did not coordinate them. The relatively high 
concentration of Sn2+ in the wastewater can be attributed 
to spiking the river water with Hg2+, which simultaneously 
caused an additional contamination with Sn2+ due to its 
copresence (Fig. 3 (b)). The initial concentrations of the 
other ions can be considered typical for the natural source. 
Binding the competing ions was significant only in the ini-
tial state covering the elution of the first 400 mL of the 
sample. In this state, the total amount of the competing 
ions occupied approximately 10-12% of the binding capac-
ity. It also means, that the difference between the theoret-
ically calculated maximum capacity of the adsorbent and 
its determined real value is caused by the weak coordina-
tion of the competing ions. After the fourth fraction, all of 
the competing ions were eluted from the adsorbent because 
of the highly reversible complexation of the immobilized 
host molecules. Obviously, the affinity toward other ions 
was not as high as in the case of Hg2+. Among cations, only 
an untypically large concentration of Ag+ or Cu2+ can limit 
the applicability according to preliminary studies on the 
selectivity of the applied host molecule [38].

3.3 Regeneration of the stationary phase
Since the crown ether immobilized to the silica gel form 
a highly reversible complex with Hg2+ (logKcomplex ≈ 2, [38]), 
a large amount of water can also induce the decomplex-
ation of the ligands. It is clearly an adverse property for 
removing the contaminants, but an advantage from the 
aspect of regeneration and reusability. From the latter point 
of view, regenerability was firstly studied by using distilled 
water as an eluent after reaching the total occupation of 
the adsorbent during a previous Hg2+-recovery procedure. 
Results are shown in Fig. 4.

Based on the measurements, the almost complete 
regeneration of the adsorbent totally saturated with Hg2+ 
required the use of 15 L distilled water. Naturally, the 
leaching of complexed Hg2+ from the adsorbent would 
take place later in the case of eluting wastewater or other 
solutions of high ionic strength as well as in the case of 
a partial utilization of the full adsorption capacity. Thus, 
it is an especially pessimistic estimation for the possibility 
of leaching during the elution.

When slightly contaminated river water with a Hg2+-
content of 0.4 ppm passed through a column containing 
the regenerated adsorbent (0.0% relative saturation), no 

Fig. 2 Removal of Hg2+ from contaminated river water with an 
extremely high Hg2+-content of above 600 ppm (pH was adjusted to 3.0 

with nitric acid)
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significant decomplexation of Hg2+ was observed up to 10 L 
of elution volume / 1 g adsorbent (12.5% relative saturation). 
Additional information can be found in the Supplement. 
It indicates, that the removal of Hg2+ can be effectively per-
formed unless applying the adsorbent highly saturated with 
Hg2+. On the other hand, the highly reversible complexing 
ability of the immobilized ligand designates an upper limit 
in applicability for removal of Hg2+. It means, that effective 
retention of Hg2+ can be maintained until reaching the critical 

ratio of 10 L wastewater / 1 g adsorbent when the ionic 
strength is below 10−3 mol·L−1 (typical for surface waters).

Studies on reusability were reported in the Supplement. 
It was found, that subsequent Hg2+-removal processes can 
be performed with similar efficiency. The binding capacity 
of the adsorbent did not show a decreasing trend.

For rapid and simple regeneration, 100 mL of 10 V/V% 
aqueous solution of nitric acid was successfully used. 
It proved to be suitable for the complete removal of Hg2+ 
from the adsorbent. Consequently, the preconcentration 
factor was 100. After regeneration, the residues of acid need 
to be washed off using a three-fold excess of distilled water.

3.4 Comparison with other methods
The studied spherical silica gel-based stationary phase 
showed a unique robustness among chemically modified 
adsorbents as an unprecedented pH-independent working 
range of 3.0–7.0 was obtained coupled with an exceptional 
regenerability and selectivity in separation.

The high selectivity of the studied stationary phase to 
other adsorbents is related to the formation of special-type 

Fig. 3 Changes in the concentration of the remediated wastewater-fractions in the cases of potential competing ions (The competing ions come 
from a natural source except Sn2+, which increased concentration in the samples is attributed to spiking with Hg2+. The pH of the initial wastewater 

was adjusted to 3.0 using nitric acid.); (a) Changes in Hg2+-content during remediation; (b) Changes in Sn2+- and K+-content during remediation; 
(c) Changes in Fe2+- and Al3+-content during remediation; (d) Changes in Cr3+-content during remediation

(a) (b)

(c) (d)

Fig. 4 The release of Hg2+ from a fully saturated adsorbent using 
distilled water as an eluent
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coordinating interactions for retaining Hg2+. The immo-
bilized supramolecular inclusion ligand greatly surpasses 
conventional chemically polarized material-surfaces in 
selective coordination of cations due to its structural spec-
ificity and ability for molecular recognition. The major-
ity of adsorbents functionalized with polar groups [15, 30, 
31, 34, 37] can coordinate any soft electrophilic cations 
besides Hg2+ as well as organic compounds, which have an 
electrophilic character. Therefore, the exposure of these 
adsorbents to both competing ions and organic contami-
nants is greatly increased, which inevitably decreases the 
selectivity in separation [33, 36, 37].

For similar reasons, the studied adsorbent overcomes 
the conventional ones (typically exploiting polarity-based 
interactions) by its large range of pH-independency since 
all of the molecular centers of the immobilized ligand 
responsible for coordination cannot be directly disenabled 
by protonation. Thus, it is needless to adjust the pH pre-
cisely unless unusual conditions are present, which carries 
an exceptional simplicity comparing to other procedures 
for removal of Hg2+ [16, 32, 34, 35].

The insensitivity to hard conditions, especially to acids 
during both application and regeneration renders a further 
contribution to the robustness of the procedure. Moreover, 
plugging and fouling of the column can be easily elimi-
nated. While solid contaminants tend to trap on the top of 
the small-pore-size adsorbent layer, organic contaminants 
adhering to the stationary phase can be easily washed off 
with apolar organic solvents. (Acetone is recommended as 
it can be removed by eluting water.) The presence of organic 
contaminants (investigated by using a mixture of amino 
acids, see Supplement) did not influence the separation.

Compared to other adsorbents [14–16, 31, 37, 42], an ad- 
sorption capacity of a medium value was obtained due to 
the few binding sites, which value appreciates in the light 
of the improved selectivity.

The preconcentration factor was determined as 100, 
which can be regarded moderately high among chemically 
modified adsorbents [37].

4 Conclusions
The novelty of the present work lies on the introduc-
tion of dry-column vacuum chromatography in waste-
water-remediation for the first time. It provides a faster, 

less complicated (no continuous flow system and efforts 
against column-drying) and more environmentally 
friendly (less eluent, adsorbent and preparation) alter-
native to functionalized stationary phase-based conven-
tional liquid chromatography.

The studied adsorbent is especially suitable for precon-
centration and for the removal of Hg2+ from previously 
preconcentrated samples or highly contaminated waste-
waters. The reversible complexing property of the immo-
bilized ligand resulted in an outstanding regenerability 
and gave a maximum permissible ratio of 10 L wastewater 
to 1 g adsorbent as a recommended upper limit for appli-
cability considering both binding capacity and limitations 
from the decomplexation of bonded Hg2+.

It can be concluded, that the competitiveness of acrid-
ino-crown ether-modified silica gel compared to other 
adsorbents was demonstrated by its several advantages 
(wide range of pH-independency, robustness, regenerabil-
ity, selectivity) in practice. Based on the present results, 
the application of dry-column vacuum-chromatographic 
method can establish a novel direction in heavy metal 
separation and in remediation of highly contaminated 
wastewaters.

Sections in the Supplement
Further information can be found in the Supplement 
regarding the following topics:

1.	 Additional information on instrumentation and mea-
surement settings regarding the ICP-OES method.

2.	 Ionic composition of the river- and untreated waste-
water samples.

3.	 Removing Hg2+ from slightly contaminated waste-
water using a regenerated adsorbent.

4.	 Studies on reusability.
5.	 Studies on the possible limitations caused by organic 

contaminants.
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