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ABSTRACT

In this last decade, numerous works have been published on the use of metal organic
frameworks (MOFs) for applications in adsorption field to remove contaminants from aqueous
solutions. However, little is known about MOFs as adsorbents for the removal of fluoride ions
from real effluents. In this work, a highly porous MOF, UiO-66-NH>, was used for the final
treatment of complex discharge waters containing fluoride ions from a surface treatment plant.
Batch experiments showed that MOF exhibited high adsorption capacities towards fluoride
ions, leading to concentrations under current regulation values. 70-80% of the fluoride was
removed in 60 min using 100 mg of MOF in 50 mL of effluent without changing the industrial
initial pH. At the same time, the treatment also completely eliminated traces of aluminium in

the discharge water. All the results showed that adsorption onto a non-conventional material



such as UiO-66-NH> can be an interesting tertiary treatment step to remove more pollutant

streams from multi-contaminated industrial discharge waters.
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1 Introduction

Among the nanomaterials studied in the literature, the field of metal-organic frameworks
(MOFs) has become one of the fastest growing areas of chemistry due to their remarkable
physical, structural, and chemical properties, and above all their high potential for applications
in a wide range of industrial fields, for example in gas separation/storage, drug delivery, sensing
(luminescent sensors), catalysis, and photocatalysis. This is reflected by the ever-increasing
number of new structures offered and articles published on the subject [1-11]. MOFs are tunable
crystalline organic-inorganic hybrid networks with adsorption capacity properties superior to
those of conventional commercial materials such as activated carbons, silicas, activated
aluminas, and zeolites. They also possess numerous intrinsic characteristics such as high
porosity with a well-controlled pore size distribution, high surface area, and low density. In
addition, their non-toxicity, structural malleability, flexibility, versatility and adaptability to
many different conditions and applications make them particularly attractive [12-14]. This new
class of porous materials with unprecedented functional characteristics can be used in various
fields related to adsorption including gas removal, CO; adsorption, hydrogen storage, and water

and wastewater treatment [15-23].

A review of the literature data on the use of MOFs as adsorbents in batch processes for water
treatment applications shows that MOFs are indeed effective in complexing contaminants,
particularly metals, metalloids, and radionuclides [24-34]. MOFs have also been evaluated for

their ability to remove dyes, pharmaceuticals and personal care products, pesticides and



agrochemicals, phenols, phosphates, and fluoride ions from water [19,35-45]. In general, MOFs
show high removal or recovery performance towards a wide variety of inorganic and organic
substances. However, the survey of the literature data also shows that the efficiency depends
on the characteristics of the materials, the experimental conditions of the batch (often not very
detailed) and the solutions to be treated, notably the pH and the dose of the adsorbent. Some
results from identical materials studied under similar experimental conditions are also
contradictory. In addition, the vast majority of published results have been obtained using
standard solutions, often monocontaminated, prepared in the laboratory under controlled
conditions [35,43,46,47]. Indeed, to our knowledge, there are few studies obtained from

industrial waters [35,47,48].

In Europe, the surface treatment industry is still considered as one of the main consumers of
water and energy resources, and therefore a major polluter. These industries produce huge
quantities of highly loaded wastewater containing inorganic and organic pollutants, including
anions (fluoride and cyanide ions) from cleaning, polishing and passivation operations, cations
(metals and metalloids) from plating and anodising baths, and organic matter from oils, greases,
and solvents. Before being discharged into the environment, this industrial wastewater must
comply with specific regulations. It is therefore treated in wastewater treatment plants, usually
by chemical precipitation techniques coupled with adsorption and filtration stages. However,
even if they comply with the regulations in force, these treated waters still contain a mixture of
chemical substances. Moreover, these contaminant discharges are not consistent either in
quality or quantity and can have adverse effects on aquatic ecosystems. One of the substances
particularly monitored by the powder coating industry, a particularly important activity in
France, is fluorides, with an emission limit value set at 30 mg/L. However, the regulations are
constantly changing, hence the need to find methods capable of eliminating these fluorides, in

order to anticipate any change in this emission limit value.

Complementary water treatment techniques to remove fluorides and to move towards zero
discharge are known: adsorption on aluminas, chelation on resins, membrane filtration, etc.
How to choose? As recently discussed by Crini and Lichtfouse [49], the answer is difficult for
small companies for technical and economic reasons. Moreover, from a water engineering
perspective, the challenge is also difficult because the pollutants to be treated, such as fluorides,
are found in trace amounts in complex mixtures containing other elements such as metals. In
addition, the substances interact with each other to form complexes, which does not favour their

elimination. Finally, the waters to be treated have basic pH values (close to 8) and are highly



saline with large quantities of salts (close to marine salinity). It is therefore difficult to find
adsorbent materials capable of selectively eliminating the fluorides present in such conditions.
Innovation is therefore needed to propose materials capable of meeting these challenges.
Nanomaterials, such as MOFs, which are already used in many areas of our daily lives
(electronics, cosmetics, health sector), could be a solution to environmental pollution problems

such as fluorides.

MOFs correspond to a versatile and efficient family of adsorbents, generally associated with
high porosity, surface area and stability in water. MOFs are generally built from metal-oxo
clusters bridged together by multidentate organic linkers (typically dicarboxylate ligands). In
this context, we have selected the UiO-66-NH> MOF, which is a zirconium-based metal-organic
framework consisting of [ZréO4(OH)s]'** building units linked together by 2-
aminoterephthalate carboxylates. These zirconium-based MOFs are some of the most widely
used stable materials that have been tested for several applications, including the
decontamination of water, mainly because of their stability, variety of structures, and relatively
easy synthesis and modification while preserving the morphology of the MOF. In addition, this
MOF family has a high degree of coordination of metal cluster, especially the Zr-UiO-66-NH»
MOFs, which are known for their exceptional water stability over a large range of pH. Their
production in large quantities is well mastered in green conditions, i.e., in aqueous medium
without harmful organic solvents, and at conventional temperature and pressure. Zr-MOFs also
presents a low toxicity and are environmentally compatible. The UiO-66-NH is also expected
to facilitate the adsorption of fluorides via electrostatic attractions and hydrogen bonding due

to the presence of amino groups [12-15,21-24,35-41].

In this work, we studied the decontamination performance of a UiO-66-NH> MOF material
to remove fluoride ions present in polycontaminated water from an industrial powder coating
process with the objective of selectively decreasing the fluoride ions complexed with metals
such as aluminium and significantly lowering the discharged flux. The removal capabilities of
the material were first studied on standard solutions under controlled conditions containing
known concentrations of fluorides in presence or absence of aluminium. The tests were then
carried out on industrial discharge waters (DWs) from the outlet of a physicochemical
wastewater treatment plant. Finally, the effect of several parameters (initial fluoride
concentration in DWs, adsorbent dosage, and contact time) on the performance was studied in

order to optimize the conditions of the proposed treatment.

2 Experimental



2.1 Chemicals

All solvents, salts and reagents were commercially purchased and used as received without
further purification. Zirconium (IV) oxychloride octahydrate (ZrOCl>:8H20, 99.5 %), N,N-
dimethylformamide (DMF, 99.8 %) were purchased from Sigma-Aldrich (Quentin-Fallavier,
France). 2-aminoterephthalic acid (H.BDC-NHa, purity > 99 %) was purchased from Acros
Organics - Fisher Scientific (Illkirch, France) or Strem Chemicals (Bischheim, France). Acetic
acid was provided by Fisher Scientific (France) while absolute methanol and ethanol were

purchased from Verbiese (Merville, France).
2.2 Modulated hydrothermal synthesis of UiO-66-NH>

The hydrothermal synthesis of UiO-66-NH, was performed according to a protocol
previously reported by some of us [50]: ZrOCl>-8H>0 (10.30 g, 10 mmol) was first dissolved
in a mixture of water/acetic acid (150 mL/150 mL) at 90 °C. 2-aminoterephthalic acid (10
mmol) was added to the previous mixture and the reaction was further heated at 90 °C for 24 h.
The precipitate was washed successively with DMF (2 x 50 mL), water (2 x 50 mL) and
methanol (2 X 50 mL) and finely let overnight in methanol (150 mL) in order to remove residual
reagents from the MOF pores. In a final step, the sample was dried under vacuum at 100 °C for

24 h to yield the final UiO-66-NH> product.
2.3 Ui0-66-NH; structure stability control (static conditions)

The stability test was performed by using 100 mg of UiO-66-NH: suspended in 200 mL of
industrial effluent and the mixture was left to stand different times (2 h, 1 day, 1 week) at room

temperature without stirring. MOF was isolated by centrifugation and dried at 100 °C overnight.
2.4 Characterization methods

X-Ray Diffraction (XRD) measurements were performed using a Rigaku ULTIMA IV
diffractometer equipped with a Cu anticathode (Ka = 1.5418 A), Soller slits to limit the
divergence of X-ray beam and a nickel foil filter to attenuate the Cu Kf line. XRD patterns
were recorded in the 20 range of 3-50° (scan speed of 0.4° min™') using the Bragg-Brentano
configuration. Fourier transform infrared (FT-IR) experiments were performed using a
Spectrum Two Perkin-Elmer FT-IR spectrometer equipped with a single-reflection diamond
module (ATR) and a deuterated triglycine sulfate detector. FTIR spectra were recorded in the
wavenumber range of 400-4000 cm™. N> adsorption-desorption isotherms were collected at
196°C using an adsorption analyzer Micromeritics Tristar II 3020. Prior to analysis, 80-100 mg

of a freshly dried sample (100°C, overnight) was degassed for 2 h at 100°C under vacuum. For
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the surface area determinations, the Langmuir and Brunauer-Emmett-Teller (BET) models were
applied to fit the experimental data. The BET specific surface areas were determined in the P/P°
range from 0.001 to 0.05, identified by applying the four consistency criteria developed by
Rouquerol et al. [51] (i) the BET C constant should be positive; (ii) the function V(1- (P/P°))
should continuously increase with P/P¢; (ii1) the monolayer capacity (Vm) should correspond to
a relative pressure P/P° included within the selected pressure; (iv) the calculated value for
monolayer formation (1/(NC + 1)) should be approximately equal to P/P° at the monolayer
formation (a tolerance of 20% has been accepted). In all cases, the four consistency criteria
were satisfactorily fulfilled. The t-plot method was used to estimate the amount of micropores
based on the Halsey thickness equation. The total pore volumes were estimated from the
adsorbed amounts at a relative pressure of ca. 0.95. Based on the N> adsorption data, a nonlocal
density functional theory (NLDFT) model included in the commercial Tristar II 3020 V1.03
software was used for the calculation of pore size distributions (assuming slit pore geometry).
The surface zeta potential of UiO-66-NH> was measured by Malvern Nano ZS Zetasizer at a
controlled temperature (25 + 0.1 °C). The measurements are based on a Laser Doppler
electrophoretic mobility of the MOF via the Helmholtz-Smoluchowski equation § = (n/€)- L,
where L corresponds to the ratio between the velocity of the heterogeneous sample and the
magnitude under the used electric field, n represents the viscosity and ¢ is equal to the dielectric
constant of H>O. For this study, 2 mg MOF were dispersed into 10 mL of deionized water to
have a mass concentration of 0.2 g/L of MOF in every flask. pH of each mixture (1.98, 3.03,
4.05, 4.96, 6.02, 6.99, 8.06, and 9.01) was adjusted by adding some drops of sodium hydroxide
or hydrochloric acid solution (102 mol/L both). Before analysis, each mixture was kept during
5 min under ultrasound. Control of pH was performed after 30 min of equilibrium (without
change of pH). 2 mL of these different mixtures were put in a zeta potential cell. 3 measures
were collected for each unity of pH (an average was done to have the value of zeta potential ({)
for each unity of pH) after 5 min of equilibrium in the cell. The plotting of £ = f(pH) leads to
the determination of the pH of point of zero charge (pHpzc). The surface images were acquired
with a scanning electron microscope ApreoS (ThermoFisher Scientific, France) in a low
vacuum mode (0.5 mbar H,O) to avoid charging effects. The elemental analyses were
performed by energy dispersive spectroscopy with an UltraDry EDS (ThermoFisher Scientific,
France) at 20 kV. Surface observations and analysis were both carried out by adding a specific
X-ray cone on the final lens, in order to minimize the electron path and reduce the beam

scattering within the chamber in low-vacuum mode.



2.5 Industrial effluents

The experiments were carried out on water discharged by a local industry that deals with the
final treatment of large aluminium plates, mainly for architectural purposes, by cleaning,
passivating and painting these surfaces. For this, the company uses large volumes of water (~70-
80 m?/day) and chemicals such as fluoride baths, generating similar volumes of raw wastewater
contaminated by fluorides (the main problem) and metals, which must be purified before
discharge. The fluoride baths, consisting of ammonium salts complexed in a strong acid or
fluorides doped with boron, are essential in industrial processes to attack aluminium and keep

it in solution. These reactions guarantee the anti-corrosion properties of the profiles.

To achieve the desired pollutant removal in the most economical way, the general treatment

scheme for industrial process wastewater involves the following five main steps [52,53]:

(1) a chemical pre-treatment to decomplex the pollutants (this step is important to
“liberate” fluorides as they are known to form stable complexes with other chemical
entities present in process water, which makes their precipitation difficult);

(i1) another pre-treatment using calcium carbonate followed by precipitation using lime
to convert soluble fluoride and metal (mainly aluminium) ions into their insoluble
form,;

(i)  if, following these chemical treatments, the residual concentrations of metals
(aluminium) and especially organic load (COD) are high, a fixing agent in powder
form (activated carbon, mineral filler or a co-precipitating agent) is then added to
the precipitation tank to improve the purification efficiency of the process;

(iv)  the treated waters are then collected and flocculated using an anionic polymer and
they are finally decanted before being discharged into the aquatic environment if
they comply with the regulations in force;

(v) finally, the resulting sludge is sent to a specific site for proper disposal.

In this work, 9 samples (denoted DW1-DW9) were collected at the wastewater treatment
plant disposal outlet over a period of 3 months (3 effluents on 3 consecutive days were collected
each month), each effluent being an average sample characteristic of that day’s activity. Their
analytical characteristics are described in Table 1 and these values represent the minimal and
maximal concentrations (expressed in mg/L, with the exception of nonylphenols in pg/L)
determined for the 9 effluents studied. The main concern for the industrial is the concentrations
of fluorides, discharge standards being fixed at 30 mg/L. The industrial must also respect the

emission limit values for other pollutants, in particular metals, as described in Table 1.



Table 1
Minima and maxima (mean + standard deviation) for several parameters and pollutants over 9
industrial discharge waters (DWs) taken during the sampling campaign and the corresponding

legal discharge limits (samples characteristic of that day’s activity).

Pollutant / Parameter Unit LQ4 Nine DWs Limit emission value?®

Water flow m’/day 29-80 (63 £ 17) <100
pH at 20°C 7.7-8.1(7.9£0.2) 6.5-9
Suspended solids mg/L 2 6.2-24 (10.4+5.4) <25
Chemical Oxygen Demand mg/L 2 35-181 (87 £43) <150
Easily released cyanides® mg/L 0.01 <LQ¢ <0.1
Fluorides mg/L 0.17 6.9-25 (14.8 £6) <30¢

Al mg/L 0.014 0.39-1.2 (0.67 £ 0.28) <5

Zn mg/L 0.0002 <LQ¢ <3

Cu mg/L 0.003 <LQ¢ <

Ni mg/L 0.001 0.005-0.01 (0.0061 + 0.0022) <

As mg/L 0.004 <LQ¢ <1

Fe mg/L 0.001 <LQ¢ <5
Cr1II mg/L 0.0002 <LQ¢ <0.9

Cr VI mg/L 0.01 <0.01 <0.1

Ti mg/L 0.0008 0.005-0.01 (0.008 £ 0.007) <

Nonylphenols pg/L 0.01 <LQ¢ -

@ Mean daily output for direct outflow (French law of 5" September 2006).
b Free or complexed cyanides dissolved in water.

¢ For a flow of <100 m?/d.

4 Limit of quantification.

2.6 Batch experiments

The experiments were conducted on industrial wastewaters using the batch method without
changing the effluent initial pH (7.9 + 0.2) in order to simulate the industrial process. 100 mg
of MOF were added in 50 mL of discharge waters in a tightly closed flask, and the solution was
stirred on a thermostatic mechanical shaker operating at a constant agitation speed (250 rpm),
for 1 h at room temperature (22 + 1°C). This time of 60 mins was chosen because it corresponds
to the contact time used by the industry in its treatment plant. After treatment, the MOF was
then removed by filtration and the concentration of the solution was determined. The adsorption
performance, representing the ratio between the amount of adsorbed pollutant and the starting
amount of pollutant, is finally calculated and expressed in percentage abatement/removal (%

R) or in amount of pollutant adsorbed at time t by 1 g of MOF (q; in mg/g). MOF dosage was



varied between 0.025 and 0.1 g to investigate its effect on the biosorption capacity. Studies
were also conducted for various time intervals (ranging from 1 to 120 min) to determine when
adsorption equilibrium was reached. Preliminary studies were carried out on standard solutions
containing fluoride and aluminium at concentrations of 25 and 5 mg/L respectively, under the
same batch conditions (100 mg MOF in 50 mL, 60 min stirring). Mono-contaminated and
binary solutions containing these two elements were thus studied and compared to real waters.
It was noted that, at the end of the adsorption process, a significant pH variation of 1 unit was
observed in each experiment for the real waters while this variation reached 3 units for the

synthetic solutions.
2.7 Analytical methods

The pH of each sample was measured using a portable pH meter (3110 model, WTW, Algs,
France). Al was measured using rapid test kits by a portable photometer (Spectroflex 6100
model, WTW, Al¢s, France) and results were directly expressed in mg/L. Al concentration was
also determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES,
ThermoFisher, iCAP 6500, Courtaboeuf, France). Fluoride concentrations were measured by
rapid test kits using a portable photometer (Spectroflex 6100 model, WTW, Al¢s, France), by
ion chromatography (ThermoFisher, France) and by selective detection using a fluoride ion-
selective electrode (Hach, IntelliCAL ISEF121, France). In all cases, the Al and F

measurements gave comparable values.
2.8 Reproducibility of adsorption data

For real waters, all experiments were run in triplicate and found reproducible (experimental
error within 3%). In each figure showing the adsorption data is shown the standard deviation of
the mean obtained on the three replicates. Blanks were also run without any material to

determine the extent of pollutant removal by containers (no adsorption was observed).
3 Results and discussion
3.1 Characterization of the MOF materials

The XRD and BET analysis were performed to elucidate the structural and textural
properties of UiO-66-NH> (Fig. 1) and were in agreement with the literature data [54,55].
According to the XRD pattern, the most intense characteristic diffraction peaks of UiO-66-NH, at 20 =
7.34°, 8.52° and 25.76° indexed with (111), (002) and (006) crystal planes, respectively, confirm the
face-centred-cubic topology with the Fm-3m space group as the unique crystalline phase [50].

Furthermore, the presence of sharp characteristic peaks indicates a high degree of crystallinity in

9



obtained MOF. The BET analysis by N> adsorption-desorption isotherm reveals a typical type |
isotherm with H4 hysteresis loop proving the microporous structure of solid, with a size of the
pores below 20 A. The enhance crystallinity was confirmed by high BET surface area about
945 g/m?. The SEM images (Fig. 2), used for the characterization of the morphology of the
UiO-66-NH, crystals, showed an agglomeration of the uniformed shaped particles with a size

in the range of 1.5-2 pm.
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Fig. 1. XRD pattern (left) and N> adsorption-desorption isotherms collected at 77 K (right) of
UiO-66-NHa,.
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Fig. 2. (a) SEM images at two different magnifications (x500 and x2500) and (b)
corresponding EDX data of UiO-66-NHa.

The evolution of zeta potential ({) was measured on the UiO-66-NH> sample dispersed in
aqueous solution considering pH ranging from 2 to 9. The results in Fig. 3 indicated a value of
7 for the pH of the point of zero charge (pHpzc). Below this value, the surface is positively
charged leading to the adsorption of the anions by electrostatic attractions. While for a pH > 7
value, the surface is rather negatively charged promotes the adsorption of cations. At the pHpzc
point, the surface has a surface charge density of zero favoring the aggregation of particles.
This behavior agrees the protonation steps of zirconium cluster. A similar isoelectric point has

been published [37].

60 T
50 1
0]
0]
2 |

10 +

Zeta Potential (mV)

210 +
20 4
230 4

40 +

-50 :-
Fig. 3. Zeta potential of UiO-66-NH; evolution in aqueous solution at different pH values.

3.2 Chemical composition of discharge waters

The first aim of this study was to identify and quantify the levels of fluorides and metals
present in the 9 samples. Table 1 reports the levels of the inorganic species present in the 9
considered wastewaters (DW1-DW9), such as fluorides and metals, during our sampling
campaign. It is clear that the physicochemical treatment process used by the industrial for its

wastewaters treatment ensures an efficient purification, lowering the pollutant load at
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satisfactory levels for the current regulation limits. The F content is reduced to a level well
below the legal limit (30 mg/L), with an average of 14.8 + 6 mg/L. However, of the 9 effluents
studied, some such as DW1, DW8 and DW9 have notable fluoride concentrations (Table 1).
This indicates that the physicochemical treatment is highly variable for their removal in terms
of performance, resulting in varying fluoride concentrations. It is known that, by conventional
chemical precipitation, the fluoride concentration in an industrial effluent cannot be reduced,
working under optimal conditions, to < 20 mg/L without the help of dilution with fresh water.
Indeed, it is precipitated as CaF» by the addition of Ca(OH),, assisted by CaCl,, but the
solubility product of the salt is relatively low (Ks = 3.5 10°!'!) allowing the presence in the
solution of at least 8 mg/L of fluorides [52,53]. In addition, the physicochemical treatment is
very efficient for the removal of metals such as Al, Zn, Cu, Ni, As, Fe and Cr. These species
have concentrations well below the regulations (Table 1). For example, the Al content with an
average of 0.67 + 0.28 mg/L has been greatly reduced, below its limit value (5 mg/L). These
results show that the physicochemical treatment results in discharges that certainly comply with
the regulations but still contain variable polycontamination, requiring the installation of
additional treatment to further reduce pollution. Moreover, the industrialist must propose
actions to reduce fluoride discharges in the coming years, as the limit value for fluoride
emissions will be reduced from 30 to 20 mg/L. In this context, the 9 samples considered were

subjected to adsorption using MOF materials designed for this purpose.
3.3 Synthetic solutions

Preliminary studies were carried out on standard solutions containing fluoride and
aluminium at concentrations of 25 and 5 mg/L respectively under the same batch conditions.
For fluoride species present in synthetic solutions, the results showed that 100 mg MOF were
able to remove all the element present in the solution (% removal > 95%) and they were found
reproducible (n = 6). This result demonstrates the presence of strong interactions between
protonated amine functions and fluorides [22,24,35,40,45]. Lin et al. [35], in studying fluoride
adsorption onto UiO-66-NH: (batch conditions: 10 mg of MOF in 20 mL of F synthetic solution
at 20 mg/L), also reported the presence of this type of interaction. Zhang et al. [43] studied the
adsorption of phosphates on a similar MOF (batch conditions: 20 mg of MOF in 10 mL of PO4s*>
synthetic solution at 20 mg/L with pH = 2-12) and explained their results by both the presence
of complexation due to interactions between amine functions and phosphates and hydrogen
bonds. Ahmadijokani et al. [40], in their comprehensive review on the application of MOFs in

water treatment, also reported mainly an adsorption mechanism via electrostatic interactions.
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For a binary mixture containing fluoride and aluminium, the presence of aluminium did not
affect the removal of fluoride (% removal > 90%, n = 3). Indeed, even in the presence of
aluminium at a concentration of 5 mg/L, the MOF is able to adsorb the 25 mg/L of fluoride.
However, no adsorption results were obtained for aluminium present in monocontamined
solution. This can be explained by the acidic pH of the solution (Table 2). When MOF is added
to the synthetic solution, a significant decrease in pH was observed, as well as at the end of the
adsorption. At this pH, the aluminium remains in a stable cationic form and therefore does not
interact with the MOF. This interpretation is in agreement with the pH of zero point charge of
the material. It was found that for the real waters, the change in pH after the addition of the
MOF material and at the end of the adsorption process was relatively smaller (Table 2).

Nevertheless, a decrease of 1 pH unit was systematically observed for all 9 discharges.
Table 2

Variation of pH values of synthetic solutions and discharge waters before and after adsorption

(mean and standard deviation for n samples).

Initial pH n After adsorption at t =0 min | After adsorption at t =60 min

Synthetic solutions 6.1+0.2 6 3.6+0.2 3.1+0.3

Discharge waters 73+04 9 6.4+0.2 6.2+04

3.4 Treatment of discharge waters by adsorption on a MOF material

Results are reported in Fig. 4 in terms of pollutant concentration before and after adsorption
treatment on MOF for each studied sample. For both fluorides and aluminium, the results before
adsorption show the significant chemical variability of the discharges, with F concentrations
ranging from 6.9 to 25 mg/L and Al concentrations from 0.39 to 1.2 mg/L. For the 9 discharge
waters studied, the F and Al average concentrations are respectively 14.8 = 6 and 0.67 = 0.28
mg/L. After adsorption on the MOF material, these average decrease to 3.7 + 1.8 for F and 0.01
+ 0.007 for Al, which corresponds to an abatement of 75% for F and 98% for Al. These results
demonstrate the effectiveness of MOF in removing fluorides from polycontaminated mixtures.
Furthermore, whatever the discharge water, the fluoride concentration values obtained are well
below the emission limit value of 30 mg/L. It is interesting to note that MOF 1is able to remove
trace amounts of aluminium from real water, whereas in synthetic solution no % removal was
obtained. This result is consistent with the fact that chemicals present in discharges interact
with each other to form complexes. It is known that fluorides can form complexes with other

cations and substances present in industrial waters [52,53].
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Fig. 4. Comparison for fluoride (left) and aluminium (right) concentrations in discharge waters
before and after adsorption onto UiO-66-NH> (conditions: 100 mg of MOF in 50 mL of

industrial water; contact time = 60 min; n = 3).

The results in Fig. 5 compare the removal (expressed in % abatement) of fluorides and
aluminium present in a discharge water by changing the dose of MOF in 50 mL of water without
changing the industrial initial pH and keeping the other parameters of the batch constant. The
initial F and Al concentrations for this real water were 20 and 0.5 mg/L. As expected, by
increasing the amount of adsorbent from 25 mg to 100 mg, the removal percentage of fluorides
increased significantly from 34 % at a dose of 25 mg to 70 % at 100 mg. This result can be
explained by the increase in complexation sites that favour interactions between protonated
amine functions and fluorides [35,40]. For Al, an increase in the dose had no effect. A dose of
75 mg in 50 mL is sufficient to obtain a result. At this dose, the final concentrations of F and
Al after adsorption were 7 and 0.1 mg/L respectively, values well below the regulatory
concentrations. This experiment was repeated with another discharge water containing 17 mg
fluoride and 0.3 mg aluminium per liter and similar results to those shown in Fig. 5 were found,

showing the reproducibility of the data.
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Fig. 5. Comparison of the fluorides and aluminium removal (in %) by different doses of UiO-
66-NH> in 50 mL of industrial water DW8 (other conditions: [F] = 20 mg/L; [Al] = 0.5 mg/L;

contact time = 60 min; n = 2).

The adsorption data of fluorides and aluminium present in DW8 versus contact time are
presented in Fig. 6. All the experiments were conducted at industrial pH with the same amount
of MOF and the same conditions of the batch. Similar trends were obtained for the two
pollutants. As expected, an increase of the adsorption capacity with increasing the contact time
was observed. Kinetics also indicated that the adsorption process was uniform with time and
can be considered very fast because of the largest amount of pollutant adsorbed to the MOF
within the first 15-20 min of adsorption. The remaining concentration of pollutant becomes
asymptotic to the time axis after 40 min of stirring. The amount of pollutant adsorbed showed
no significant difference when the contact times were longer than this. Fig. 7 compares the
removal of fluoride and aluminium by UiO-66-NH> and activated carbon materials. It is
interesting to note that MOF was able to remove both pollutants simultaneously while activated
carbon removed only aluminium. In addition, the Al removal was higher for MOF. The carbon
used by the industry is a material with basic properties used on an ad hoc basis to reduce the

organic load and metal cations, which is why it is not effective in removing fluorides.

This difference in adsorption capacity could be explained by several mechanisms of fluoride
adsorption by UiO-66-NH,. The material has different possible interaction sites of interaction

for fluorides. Firstly, the amino groups present in the linker favour the formation of hydrogen
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bonds with fluorides. Secondly, the positive charges on the zirconium cluster, due to the
unsaturated coordination, lead to electrostatic interactions with negatively charged ions.
Thirdly, the hydroxyl groups present in the Zr cluster also participate in the capture of fluorides.
This combination of positive effects may explain the better adsorption of fluoride by UiO-66-

NH> compared to carbonate materials commonly used in industry [35, 63-65].
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Fig. 6. Comparison of the kinetics of adsorption capacity (expressed in q; in mg/g) of fluorides
(left) and aluminium (right) by UiO-66-NH> (other conditions: 100 mg of MOF in 50 mL of
industrial water DW8; [F] =20 mg/L; [Al] = 0.5 mg/L; n = 2).
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activated carbon (AC) in 50 mL of industrial water DW7 (other conditions: 100 mg of material
(MOF or AC); [F] =17 mg/L; [Al] = 0.6 mg/L; contact time = 60 min; n = 3).

3.5 Characterization of materials after adsorption

The XRD and BET analysis and IR spectra were carried out to control the structural and
textural properties of UiO-66-NH; after adsorption of fluorides and aluminium ions from
industrial effluents in dynamic conditions described above. According the XRD diffraction
pattern (Fig. 8), the recovered material, having characteristic peaks expressed of UiO-66 family
framework with a face-centered-cubic fm3m structure, preserves a high degree of crystallinity.
Nevertheless, in parallel of two peaks at 7.4° and 8.5° representing the crystal plane (111) and
(002) of UiO crystal structure, two sharp peaks were appeared at 12° and 24° showing the
presence of crystalline unidentified impurities adsorbed on zirconium MOF from industrial
effluents. The decrease of Sget surface about 30%, from 945 g/m? to 672 g/m? (Fig. 8) confirms
also that the impurities are adsorbed by the pores of the UiO-66-NH>. In other hand, EDX data
(Fig. 9) displays the presence of adsorbed metallic ions as aluminium and calcium with a slight
change of morphology on SEM images. Compared to the reference (Fig. 2), the particles of

UiO-66-NH> seems to be less agglomerated, possessing more homogenous size (at x2500).
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Fig. 10 gives quantitative results from EDX data before and after adsorption of fluorides and
aluminum ions from industrial effluent. However, these percentages obtained are only semi-
quantitative. In addition, the error is quite important on this type of analysis (notably because

of the roughness of the powders).
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Fig. 8. XRD pattern (a) Sget results (b) and FTIR spectra (c) of UiO-66-NH before and after

adsorption of fluorides and aluminium ions from industrial effluent.

18



b)

10K+

6K

4K

2K+

Al
Hf]

Zr

cl

Cl

Ca

Ca

Hf

eV SR S

Hf

——ne

05 1.0 15 20 25 3.0 35 40 45 50 55 60 65 70 75 80 85 9.0 9.5

Fig. 9. SEM images at two different magnifications (x500 and x2500) (left) and corresponding

EDX data (right) of UiO-66-NH; after adsorption of fluorides and aluminium ions from

industrial effluent.

19



Al 1.69 3.98 F 4.22

13.59
Cl 26.35 47.11 Na 2.19 5.82
Zr 68.74 47.76 Al 2.16 4.89
Hf 321 1.14 Cl 11.16 19.27
Total 100.00 100.00 Ca 4.06 6.19
Zr 73.44 49.28
Hf 2.77 0.95
Total 100.00 100.00

Fig. 10. Quantitative results from EDX data a) before and b) after adsorption of fluorides and

aluminium ions from industrial effluent.

The stability of Zr-MOF in water and controlled conditions as a function of pH variation is well
documented in the literature [54-62]. However, a lake of data about their behavior in the real
industrial effluents have encouraged us to control the stability of our MOF (static conditions
described above). The BET and XRD analysis were performed in order to control a textural
properties and crystalline structure preservation (Fig. 11). In order to evaluate the possibility of
the desorption of the pollutant from the UiO-66-NH: after adsorption experiment (2h, 1 day, 1
week), a complementary study was carried out by washing the obtained MOF with water (50
mL x 2) and drying under vacuum at 100 °C for 24 h (Fig. 10). As shown in the XRD patterns,
the presence and intensity of characteristics peaks were identical, demonstrating that crystalline
structure was preserved after both adsorption experiments (without and with aqueous washing).
Besides, no significant changes were observed for specific surface area Sger after adsorption
experiment in both conditions (Fig. 10). With the aim of showing the effectiveness and stability
of UiO-66-NH; in the industrial effluent treatment, the same characterization studies were
performed in dynamic conditions (by stirring, described below) to control the evolution of their

structural and textural properties.
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Fig. 11. XRD pattern data (a and b) and Sggt results (¢ and d) of UiO-66-NH> before and after
industrial effluent adsorption, b and d being obtained after washing (ref = sample before

adsorption, 2 h = after 2 h, 1 d = after 1 day, 1w = after 1 week).

4 Conclusion

This contribution reported a study of the use of a highly porous MOF material as adsorbent
for the removal of fluorides present in discharge waters from a surface treatment plant.
Experimental data indicated that UiO-66-NH> was able to remove 70-80% of the fluoride while
aluminium was totally eliminated. In both cases, the final concentrations obtained are well
below those of the regulatory values, demonstrating the interest of using the process as a
complementary treatment to the industrial treatment to further reduce the flow of pollutants. In
addition, kinetics are very fast, which is another important aspect for the industrial sector. The
next objective of this work will be to prepare large quantities of UiO-66-NH> for pilot testing

on much larger volumes of water. We have also another ongoing work focused on modeling
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results using standardized solutions to compare our results with those published in the literature

(Table 3).
Table 3

Reported maximum adsorption capacity (qmax in mg/g) of UiO-66 and UiO-66-NH, MOFs for

fluorides.
MOFs pH (max Mechanism Reference
Ui0-66 6.8 41.36 electrostatic interactions [40]
Ui0-66 41.2 electrostatic interactions [35]
UiO-66-NH:2 52.6 electrostatic interactions [35]
UiO0-66-NHz 6.1 49.7 electrostatic interactions This work
UiO-66-NH2 7 41.5 electrostatic interactions [46]
UiO-66-NH2 6.5 26.53 electrostatic interactions [62]
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