Journal of

Materials

Accepted Manuscript

Chemistry A

Journal of

Materials Chemistry A

d sustainability

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

www.rsc.org/materialsA


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 5 Journal of Materials Chemistry A

Journal Name RSCPublishing

ARTICLE

High-performance Hg2+ removal from ultra-low-
concentration aqueous solution using both acylamide-
and hydroxyl-functionalized metal-organic
framework

Cite this: DOI: 10.1039/X0XxX00000X

Received ooth January 2012,
Accepted ooth January 2012

Feng Luo,* Jing Li Cheng, Li Long Dang, Wei Na Zhou, Hai Lv Lin, Jiang Qiang
Li, Shu Juan Liu, and Ming Biao Luo

DOI: 10.1039/X0XX00000X

www.rsc.org/ Mercury (Hg?"), even ultra-low-concentration amount in water, presents a serious environment

concern. Thus, the removal, especially Hg (II) content in the ultratrace level (ppb), from water
is still challenging. In this work, without any pretreatment, one novel MOF material can act as
high-capacity and collectable adsorbent for the removal of Hg (II) from water, especially for
ultratrace Hg?" ion in the ppb magnitude, mainly due to a combined effect from the pore walls

functionalized by free-standing, accessible acylamide and hydroxyl units.

Introduction

Mercury, a highly toxic and bio-accumulative heavy metal,
shows strong biological toxicities to people’s health'. The main
chemical species of mercury are element mercury (Hg°),
inorganic mercury (Hg?") and methylmercury (MeHg). In
particular, divalent mercury (Hg®>") is a wide-spread
environment pollutant, and mainly found in surface water. It is
reported that contaminated natural waters usually contain Hg in
the magnitude of ppb level.” However the fact proved that Hg>"
poses human risks even at relatively low dosages.>* The World
Health Organization (WHO) has set the maximum level of
mercury contamination in drinking water at 1 ppb.> However,
the mercury removal efficiency by means of traditional mercury
removal technologies is still not satisfied, such as ion exchange,
amalgamation, chemical precipitation, and membrane
separation,®’ because of invalidation of the materials used
when facing ultra-low-concentration Hg®' system. As a
consequence, developing more efficient Hg®" removal material,
especially aiming at ultra-low-concentration Hg?" system, is
very important for water safety.

Metal-organic frameworks (MOFSs) are inorganic-organic solids
that form porous crystalline structures and can be synthesized by
using a wide range of metal ions and organic ligand.® MOFs are of
great interest for technical applications such as gas adsorption
separation,’ catalysis,'® drug delivery'' and sensing due to their
unique properties. Their crystalline nature, high porosities,
extraordinary surface areas, finely tunable pore surface properties,
and potential scalability to industrial scale have made these materials
as an attractive target for further study.'” It has reported that
adsorption is an efficient method to remove heavy metal from
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aqueous solutions. Recently, researchers start to evaluate MOFs as
adsorbents in the aqueous environment."> A few MOFs also have
been used in removal of heavy metal, such as mercury,'*'” revealing
that MOFs can be stable in water and exhibit great capacity to isolate
the target contaminant. In this work, we describe a novel MOF
material that shows excellent capability towards removal of
ultratrace Hg*" ion even in the magnitude of 1 ppb.

Results and discussion

The MOF adsorbent, Zn(hip)(L)-(DMF)(H,0) (H,hip=5-
hydroxyisophthalic acid, L=N*N*-di(pyridine-4-yl)biphenyl-
4,4’-dicarboxamide) was prepared by solvo(hydro)thermal
syntheses strategy.'® Typically, DMF/H,O (6 mL,5:1) solution
of Zn(NOs),, L, Hohip (5-hydroxyisophthalic acid) in a ratio of
1:1:1 was sealed in a Teflon reactor, and heated at 120°C for 2
days, then cooled to the room temperature at 3°C/h. The phase
purity is confirmed by XRD investigation (Fig. S1). The
outstanding structure feature of it is the 1-D regular hexagonal
channel along the ¢ axis with effective aperture of ca. 5.4A and
abundant both acylamide and hydroxyl groups located on the
pore wall (Fig. 1).
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Fig. 1 Overlooking the 1D channel in the MOF along ¢ axis and
the section description of the both acylamide- and hydroxyl-
functionalized 1D channel.

To demonstrate the effective mercury capture from water, a
series of batch adsorption tests were conducted to examine the
effects of pH, contact time, temperature, and initial
concentration on Hg(II) uptake by the adsorbent. Stock solution
of Hg(II) (1000 mg L") was prepared from Hg(NO;),. All the
working Hg(II) solution were prepared using appropriate
subsequent dilutions of the stock solution. The adsorption of
Hg(II) was assessed under static condition. The pH of the Hg(II)
solution was adjusted to required value by using a HCI and
NHj;-H,O solution. The residual concentration of the Hg2+ in
the determined by atomic fluorescence
spectrometer (AFS). The amount of adsorption at equilibrium,
qe (mg/g),was calculated according to Eq. (1):"7

qe = Lot (M

m
Where ¢y (mg L") and c, (mg L") are the initial and
equilibrated concentrations of Hg”", respectively, v (L) is the

solution was

volume of solution, and m (g) is the mass of dry adsorbent.
The removal efficiency (%) of the mercury was calculated by
Eq. (2):

Removal efficiency (%)=——=¢

x 100% 2)

mercury

Co

One of the main factors that can modify the
adsorption efficiency is the solution pH, because multiple
inorganic mercury species could be present in an aqueous
solution depending on pH and chloride concentration. In order
to illustrate the adsorption processes and mechanisms the effect
of solution pH were studied. For an aqueous solution of
mercury ions (cy = 100ppb), the effect of pH on the removal
efficiency is showed in Fig. S2. It is illustrated that the removal
efficiency was very low at strong acidic solution and increases
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with increasing pH values, until a certain pH value of 5 was
reached, and then decreased at higher pH. This is because of the
protonation effect on the surface of MOF adsorbent at low pH
conditions, resulting in that the sorption of Hg*" were restricted.
Of course, other factors such as that the presence of excess H"
ions offer competition between H" and Hg”" for the sorption
sites on the surface of adsorbent should be also accounted into.
Accordingly, optimum pH value of 5 was selected for
subsequent adsorption experiments.

In order to evaluate the kinetic mechanism that control the
adsorption process, the effect of contact time on the adsorption
of Hg(II) onto the MOF was investigated. 2 mg MOF adsorbent
was added into 40 mL mercury ion solution (co(Hg>")=100 ppb,
pH=5), then shaken at 25°C for a predetermined time. The
effect of contact time at optimum pH and room temperatures is
shown in Fig. S3. The results demonstrated that the adsorption
was rapid within 30 minutes and then slowed considerably. It
achieved equilibrium within 1 h. The adsorbent could remove
80% of Hg”" ion from the solution within 1 h even when initial
Hg?" concentration was as low as 100ppb, suggesting that this
MOF sorbent possesses high adsorption efficiency in the
removal of Hg(II) from water.

Kinetic models are usually used to understand the
mechanism of metal adsorption and the performance of the
adsorbents for metal removal. The pseudo-first-order kinetic
and pseudo-second-order kinetic model are the most typical
ones. The pseudo-first-order model is expressed as

In(ge — q¢) = Inge — kgt 3
where q. (mg g) and g, (mg g) are the adsorption amounts at
equilibrium and at time t, respectively, k; (min™) is the pseudo-
first-order rate constant.

The pseudo-second-order model is expressed as
t 1 t

qt - k2 qé ; (4)
where k, (g (mg min)) is the pseudo-second-order rate
constant. Fig. S3 shows the fitting result of experimental kinetic
date for mercury adsorption on the MOF material by pseudo-
first-order kinetic model and pseudo-second-order kinetic
model.

The regression coefficient (R*) and several parameters
obtained from kinetic models are shown in Table 1.

Table 1 Kinetic parameters for adsorption of Hg2+

Pseudo-first-order Pseudo-second-order

kinetics kinetics
Je,exp kl (e,cal R? k2 (e,cal R?
1.62 0.042 0.886 0.120 1.680 0.9992

As shown in Fig. S3 and Table 1, the pseudo-second-order
model fits the data very well and provided better coefficients of
determination than the pseudo-first-order for the adsorption of
Hg(II) on adsorbent, suggesting that the pseudo-second-order
model was more suitable for describing the current adsorption
kinetic of Hg(II) ion. Furthermore, the calculated q, value from
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the pseudo-second-order model were in good agreement with
the experimental value, e exp- Thereby it is believed that both
mechanisms of physisorption and chemisorption with different
contribution should be involved in the current Hg(II) adsorption
process. From the viewpoint of structure, both hydroxyl and
acylamide groups in the pore wall hold the potential to
coordinate with Hg(II) ions, thereby acting as strong sites for
Hg(IT) chemisorptions.

The adsorption capacity of the MOF adsorbent was
investigated at pH 5 upon Hg”' solution with concentration
from 1 to 25 ppm. The uptake of Hg?* by adsorbent can be
described in the form of sorption isotherms, see Fig. 2. The
existence of a plateau indicated the final saturation of MOF
adsorbent, giving an unprecedented adsorption capacity of ca.
278 mg g’ when initial Hg>* concentration was 20mg L™'. Such
high capacity could be attributed to both hydroxyl and
acylamide groups densely populated on the inner surface of
porous MOF.

250+
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Fig. 2 Sorption isotherm of Hg*" by the MOF material

(co(Hg")=100 ppb,v=40 mL, m(adsorbent)=2 mg, T=25°C, t=1
h).
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To analyze the equilibrium date, two common equilibrium
models, the Langmuir adsorption isotherm and the Freundlich
adsorption isotherm, were employed. The Langmuir model is
monolayer sorption onto homogeneous surface.'®!® In contrast,
the Freundlich isotherm is applicable to both monolayer
(chemisorptions) and multilayer adsorption (physisorption) and
is based on the assumption that the adsorbate adsorbs onto the
heterogeneous surface of an adsorbent.”*?' The Langmuir
isotherm is described as follows:

C, 1 C,

=€ = —K € 5

PR )
The Freundlich is described as

Inqe. = InKg + %lnce 6)

Where g, (mg g™') is the adsorption capacity, ¢, (mg L) is the
equilibrium concentration of Hg**, K|, (mg L") is the Langmuir
adsorption constant, K (mg g") and n are the Freundlich
constants. The isotherm date fitted using Langmuir isotherm
were represented by Fig. S4a and R? of the fitting line were
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shown in Table S1. The value of R? is 0.914. Subsequently, the
adsorption isotherm date was analysed using Freundlich
isotherm. The values of R* both the Langmuir and Freundlich
models could be reasonable for describing the adsorption
behaviour of Hg?" onto the adsorbent. However, R*> of the
fitting (Fig. S4b, Table S1) by Freundlich model was not as
high as that obtained by Langmuir isotherm, indicating that the
Langmuir isotherm model more suitable for describing the
adsorption isotherm of Hg?" onto MOF material, implying that
the surface of MOF is more homogeneous and dominating
chemisorption mechanisms, very likely derived from Hg-O
contacts from both hydroxyl and acylamide groups in the pore
wall. The maximum adsorption capacity was calculated to be
333 mg g' by the Langmuir adsorption isotherm model,
slightly bigger than the experimental value.

Thermodynamic analysis of mercury removal by adsorbent
assessed by energy change of adsorption. The
thermodynamic parameters (enthalpy AH®, entropy AS?) of
sorption of Hg*" were determined by performing batch sorption
experiments at 25°C, 35°C, 45°C. The energy change of
adsorption was calculated by the following equation:

was

AG=AH—TAS® (7)
0 0
Inkd = 2= 28 (8)
Ve T
Kd=_(C -1 )]

Where AG? (kJ mol™) is the Gibbs free energy change, AHO(kJ
mol™) is the change in enthalpy, AS® (J (mol K)™') is the change
in entropy, Kd is the distribution coefficient of adsorption, R
(8.314 J (mol K)™) is the universal gas constant, T (K) is Kelvin
temperature. The values of AS?, AH?, and AG® are summarized
in Table S2. The negative AH? values for the MOF adsorbents
indicate that the adsorption process was exothermic. The
positive values of AS® suggest that the randomness of the solid-
solution interface increased during the Hg”* sorption. The
negative sign of AGindicates that the adsorption of Hg*" onto
adsorbent was spontaneous.

Table 2 initial and final Hg>" concentrations, removal
efficiency

Initial Hg®" Final Hg?* Removal
concentration (ppb) concentration (ppb) (%)

1.0 0.57 42.60
2.0 0.68 66.50
5.0 1.45 70.98
10.0 1.65 83.53
20.0 3.05 84.76

The qualitative study described above indicated that the
MOF is excellent for the removal of Hg®>" ion from
contaminated solutions. To demonstrate the effective Hg?'
capture from water, a MOF sample (2 mg) was added into a
dilute aqueous solution (40 mL) of Hg®" (pH=5). These
solutions cover different concentrations of Hg** ranging from 1
to 20 ppb. The MOF sample is very effective in removing Hg?"
ion from solution with low initial concentration, see Table 2.
After being stirred at room temperature for 1 hour, residual
Hg®" in solution become smaller than 1 ppb when the initial
Hg®" concentration as low as 2 ppb, lower than criterion of 1
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ppb requested by the World Health Organization. And a 83.53% Thereby, it is clear that the free hydroxyl and acylamide groups

removal can be obtained when the initial Hg®" concentration
was 10 ppb. By contrast, the reported MOF material®*> shows
outstanding and effective Hg?" removal only in the 100 ppb
magnitude of Hg?" concentration and the residual is more than
10 ppb, much higher than the criterion of the World Health
Organization. This strongly suggests that our MOF material is
an excellent adsorbent towards Hg®' removal, especially for
ultra-low-concentration Hg?* solution.

To confirm the chemic stability of the MOF material after
loading Hg®* ions, the powder X-ray diffraction (PXRD)
investigation is employed. As shown in Fig. S5, the PXRD patterns
of MOF material after loading Hg®" ion match well with the as-
synthesized samples, suggesting excellent chemic stability of it in
this system. But, the lowest angle peak of 010 was greatly
diminished. New peak appeared at 26=7.7° and the peak of 012 shift
towards high angle, as well as higher-angle peaks like that of 110,
013, 121, 131 became generally stronger. Such significant changes
mainly reflect the large increase of electron density in the channel
region, since the system becomes less porous as a result of the
uptake of Hg(II) ions. Moreover, the filtrate was analyzed by IR and
AFS, no obvious residue like that of organic ligand and Zn(II) ions,
suggesting that part dissolution of MOF material in this system is
excluded. Furthermore, the surface morphology and chemical
composition of the MOF sample material after loading Hg®" ions
was characterized by SEM and EDX investigation (Fig. S6, 7). It is
clear that the perfect hexagonal pillar-like crystals of as-synthesized
samples are eroded after loading Hg®" ions. The content shown by
EXD spectra of Hg is 4.7 times bigger than Zn, approximately equal
to adsorption amount of 360 mg/g, higher than the experimental and
theoretical value, implying that the Hg*" uptake is uneven for every
MOF crystal and the experimental and theoretical value is an
average statistical result. Moreover, the presence of Cl” ions indicate
the adsorption of HgCl, (exp. HgCl, ;), where the CI” ions derived
from HCIl during adjusting pH value. Then, based on the max
adsorption amount of Hg(II), element analysis (C 40.78%, H 2.65%,
N 6.10%), as well as EXD result, we can deduce the chemical
formula, Zn(hip)(L)-(H,O)(HgCl,), for the HgCl, loaded samples.
To further confirm the loading of HgCl, in this MOF material, TG is
investigated. In contrast to the as-synthesized samples that shows
major weight loss (16%) of solvent molecule at 40-272°C, the HgCl,
loaded samples at this region only gives a slight weight loss (2%,
equal to one water molecule of 1.9%), directly supporting the fact of
loaded HgCl,. The difference of TG plots at 272-377°C between as-
synthesized samples and HgCl, loaded samples indicates the loss of
HgCl, (exp. 22%), small than the expected value of 28%, possibly
due to the formation of HgO, as after 450°C the TG plots of them are
also distinct (Fig. S8).

To relate the excellent adsorption performance and implied
chemisorptions process with the MOF structure, IR spectrum is
carried out for as-synthesized samples and HgCl, loaded
samples. The characteristic O-H stretching bond at 2665 cm™
becomes absent and new bond appears at 583 cm™ in the HgCl,
loaded samples, strongly suggesting the formation of Hg-O
bond. Moreover, the great decrease in intensity of the
characteristic C=0 stretching bond at 1682 cm™ for acylamide
group also implies strong contact between HgCl, and C=O unit.
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in the channel of MOF materials should be responsible for the
present excellent adsorption performance.

Conclusions

This study systematically evaluates a novel MOF material
with the pore wall functionalized by both hydroxyl and
acylamide groups towards the removal of Hg*" ions from water
in detail. Notably, without any pre-treatment, this porous
material shows a high affinity and significant adsorption
capacity (278 mg g ') for Hg’" removal from solution, thus
preforming a big potential in Hg®" removal from water.
Importantly, for ultra-low-concentration Hg*" aqueous solution
(co(Hg™") <5 ppb), effective removal is also observed, such as
an one-off removal efficiency of 66.5% can be obtained under a
2 ppb Hg*" aqueous solution, below the criterion (1 ppb) of the
World Health Organization. To some extent, this work has
established a simple and efficient route to remove ultra-low-
concentration Hg”" ions from aqueous solution.
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