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ARTICLE INFO ABSTRACT

Keywords: Desilication products (DSPs) are one of the main components of bauxite residue, which is currently discharged
Desilication product (DSP) without further usage. The present study reports on the use of DSPs as adsorbents for basic fuchsine dye. Using
Zeolite

artificial spent liquor, we synthesized not only neat DSP but also solids in the presence of various organics, to
account for their likely occurrence during the Bayer process. The physico-chemical properties of all DSPs are
similar, except for the specific surface area (SSA), which decreases as the organic content in the final product
increases. Further, we compared the adsorption characteristics of DSP to those of Y-type faujasite (FAUY).
Strikingly, both time-dependent adsorption measurements and adsorption isotherms showed that DSP, despite its
28-fold smaller SSA, binds 4-5 times more dye molecules. Computational modelling for sodalite (as a model for
DSP) and FAUY indicates not only more favourable adsorbent-adsorbate interactions, but also more available
free Si-OH sites for binding of fuchsine in the case of sodalite. Finally, we find that organic impurities present in
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the Bayer liquor do not alter the adsorption capacity of neat DSP to any significant degree; therefore, this
adsorbent tolerates numerous organic contaminants without decreasing its affinity to the binding of fuchsine.

1. Introduction

Due to the fast-paced development of technology following the in-
dustrial revolution, mankind faces challenging environmental problems
caused by various pollutants. Among these, dye-contaminated aquatic
ecosystems are crucial, considering that even a slight amount of these
mostly organic pollutants can lead to water discoloration, which reduces
light penetration and therefore inhibits photosynthesis. The annual
production of dyes mounts to about 1.6 million tons, of which approx-
imately 10-15 % are toxic, non-biodegradable, carcinogen contami-
nants that are released into the wastewater [1-4]. The dye assessed in
the present work is basic fuchsine or magenta II (also known as basic red
9 and rosaniline hydrochloride), a cationic, water-soluble aniline dye,
first patented in 1858 by M. Verguin and 165 years later it is still in use
not only in the industry [5], but also in biomedicine [6,7].

Numerous methods have been employed to eliminate these harmful
dyes from wastewaters including flocculation, sedimentation, oxidation,
filtration, biological degradation; however, only a few of them meet the
criteria of being simple, versatile, and efficient at the same time. In this
respect, adsorption has attracted intense research interest in the past
decades [1-9] as it is generally considered to be a cost-efficient solution
to the problem of water treatment [1,2,10,11]. Further, the utilization of
waste materials generated as by-products of other processes could
render adsorption a more sustainable technology as compared to others.

Regarding adsorbents, zeolites have proven their efficiency in
numerous adsorption processes, such as the binding of heavy metal ions
(e.g. Cr, Ni, Cu, Zn, Cd, Pb) [12-14] as well as both cationic and anionic
dye molecules [2,3,15-19], including fuchsine [17,18]. Structurally
strongly related minerals are sodalites, therefore, their potential for both
ionic and molecular adsorption has also been demonstrated in several
instances [20-23]. Beside sodalite occurring in nature, it is also obtained
as a by-product of alumina production, known as the Bayer process
[24-26]. Namely, various sodalites are formed in the pre-desilication
step (commonly referred to as desilication product, DSP), in which
reactive silica (e.g. kaolinite) dissolves at 80-100 °C in a concentrated
NaOH liquor, then re-precipitates as DSP [24]. The solids all share the
same characteristic Si—-O-Al motif, the so-called p-cage, which is the
basic building block of LTA and faujasite (NaX and NaY) zeolites, too
[24,27]. Their general formula can be described as ([NaAlSiO4le
emNa,XenH,0, where X can be OH~, Al(OH)z, CI-, CO%", and SOZ™ ions.
The first two anions are abundant in the Bayer liquor used for bauxite
digestion, CO%™ is predominantly formed by the dissolution of CO5 in the
liquor, while CI" and S0% impurities stem from the dissolution of
minerals present in bauxite [24,28,29]. Overall, the propensity to be
incorporated into the cages follow the order OH™ < Al(OH)3 < CI” <
CO%’ < SO?{ [24]. In addition, small-to-large-molecular-weight or-
ganics, such as carboxylic and humic acids are also present in Bayer li-
quors [30,31], which in turn can affect the morphology and porosity of
DSP, as demonstrated by the utilization of templating agents in zeolite
synthesis [32].

DSP is generated annually in vast quantities, since it may represent
4-40 wt% of bauxite residue [26], whose amount has reached ~140
billion tons in 2023 [33]. Despite its potential use as a readily available
adsorbent, it is currently discharged with red mud without any further
utilization. This is probably linked to the fact that contrary to phase-pure
sodalites, no detailed study focusing specifically on the adsorption
properties of DSPs with mixed cage anions is available to date. In this
contribution, we aim to help fill this knowledge gap by synthesizing a
series of DSPs and studying their performance concerning the adsorption
of basic fuchsine.

To this end, we prepared DSPs under conditions mimicking the

desilication step of the Bayer process both in the absence and presence of
small organic molecules, polymers, and surfactants, which represent the
rather diverse chemical environment of Bayer liquors. Our primary goal
was to characterize the structural, morphological and surface charac-
teristics of these solids to check whether the addition of organics in-
fluence these physical attributes. In addition, we studied the adsorption
isotherm of neat DSP (obtained in the absence of additives) and
compared it to that of Y-type faujasite (FAUY) as well as activated car-
bon (CARB). Further, we elucidated the differences observed macro-
scopically at the molecular level, applying quantum chemical
calculations. Finally, we assessed the effect of organics on the binding of
fuchsine by DSP via monitoring the amount of surface-bound dye as a
function of contact time.

2. Experimental
2.1. Materials

All solutions were prepared by using deionized water (Millex Syn-
ergy UV). Sodium aluminate stock solutions (~3.8 M), used for DSP
synthesis, were prepared by adding irregular aluminium shots (a. r.
grade, Thermo Scientific) to a 9 M NaOH solution, made from NaOH
pellets (a. r. grade, VWR International) and standardized with an HCIL
solution (a. r. grade, VWR International) as described before [34]. The
kaolinite source, ‘eckalitel’ was received from Imerys Minerals,
Australia. Fuchsine, activated carbon (CARB) and the Y-type faujasite
(FAUY) were all purchased from Reanal. Being the two most common
impurities in Bayer liquors, NaoCO3 (VWR International) and NaySO4
(Molar Chemicals) were also added in anhydrous form to the synthesis
mixtures. To model organics present in Bayer solutions, a range of sugars
or sugar-type carboxylates, as well as surfactants (including non-ionic

Table 1
List of additives used as proxy molecules for organics present in Bayer liquors.

Chemical name Abbreviation  Additive Vendor
type

D-sorbitol Sorb sugar-type VWR

International

D-mannitol Man sugar-type Sigma-Aldrich

D-fructose Fruc sugar-type Sigma-Aldrich

sucrose Suc sugar-type Reanal

sodium D-gluconate Gluc sugar-type Sigma-Aldrich

sodium a-D-heptagluconate Hpgl sugar-type Sigma-Aldrich

cetyltrimethylammonium CTAB cationic VWR

bromide surfactant International

hexadecylpyridiniumchloride HDPCl cationic Sigma-Aldrich

monohydrate surfactant

benzalkonium chloride BACI cationic Sigma-Aldrich
surfactant

sodium dodecyl sulphate SDS anionic Sigma-Aldrich
surfactant

sodium dodecylbenzene SDBS anionic Sigma-Aldrich

sulfonate surfactant

sodium dioctyl sulfosuccinate SDSS anionic Sigma-Aldrich
surfactant

sodium polyacrylate SPAC anionic Acros
surfactant Organics

TritonX—100, MW = 647 TrX non-ionic Reanal
surfactant

polyvinylpyrrolidone PVP non-ionic Alfa Aesar
surfactant GmbH

polyethylene glycol PEG non-ionic Sigma-Aldrich
surfactant

dimethyl sulfoxide DMSO non-ionic VWR
surfactant International
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polymers) were used; see Table 1. All chemicals applied were of reagent
grade and used as received.

2.2. The preparation of DSPs

DSP was prepared by simulating industrial conditions [24,29,35].
23 g L! kaolinite was digested in a supersaturated sodium aluminate
solution (cNaon = 4.5 M, cnaalomys = 1.9 M) at 95°C for 6 h under
constant stirring, as described in our previous study [36]. Furthermore,
NayCO3 (23 g L or 0.22 M) and NapS04 (7.8 g L or0.05 M), the main
inorganic contaminants in Bayer solutions, were also added during
synthesis. Desilication products were prepared both in the absence and
presence of organics; see Table 1. The latter compounds, listed in
Table 1, were used to model organic impurities present in the spent li-
quor or in bauxite, yielding a total number of 18 DSPs. First, the impact
of their concentration on the formation of DSP was assessed by applying
Sorb in the concentration range of 3-9 g L}; see Fig. S1 in the Sup-
porting Information, SI. Dissolution-precipitation curves were very
similar to that of bare DSP (without additives) [36] and there was no
significant change in the amount of dissolved silica or the onset of DSP
precipitation. Hence, for adsorptions studies, the lowest (3 g L™!) con-
centration of Sorb was used and the concentrations of the other organics
were chosen to match this initial Si(IV):Sorb molar ratio of (12:1). As for
polymeric compounds (SPAC, PVP, PEG), for which no accurate molar
mass or distribution of molar masses was provided, 3 g L™* was used.
After the syntheses, the suspensions were filtered with 0.45 um PTFE
membrane filters; the products were washed several times with deion-
ized water and the solids were dried under Ny atmosphere using an
infrared lamp.

2.3. Characterization of the solids

2.3.1. Qualitative analysis

Powder X-ray diffractograms (XRD) were recorded in the 20 = 4
—60° range on a Rigaku Miniflex II instrument with 4° min™* scan speed
using a Cugy (A = 1.5418 1°\) radiation source. To identify the solids, the
reflections in the diffractograms were compared to literature references,
taken from the database of ICDD (International Centre for Diffraction
Data) [37]. Further, the average crystallite sizes of the solids were
estimated from the full width at half maximum (FWHM) of certain re-
flections applying the Scherrer equation with the shape factor being 0.9.

The Ny adsorption isotherms were registered on a Quantachrome
NOVA 3000e instrument. The samples were degassed at 100 °C for 5 h in
vacuum to remove surface-adsorbed HyO and CO5 molecules. The spe-
cific surface areas were calculated by the Brunauer-Emmett-Teller
equation [38] from the adsorption branches, whereas the average pore
sizes were determined from the desorption branches using the
Barett-Joyner-Halenda method [39]. (An example for the adsorption/-
desorption data for two DSPs (DSP#1 and #2) with no additive prepared
under identical conditions are shown in Figs. S2 and S3, SI. The pore
distribution curve for DSP#2 is also seen in Fig. S3. For further experi-
ments, DSP#1 was employed and will be referred to as ‘neat DSP’.)
Further, the morphology of the as-prepared DSPs was studied using a
Hitachi S-4700 scanning electron microscope (SEM) at 10 kV accelera-
tion voltage at various magnifications.

2.3.2. Quantitative analysis

The Si(IV) concentrations during the formation of DSP were deter-
mined via inductively-coupled plasma optical emission spectroscopy
(ICP-OES), using a Thermo Scientific Iris Intrepid II spectrometer. Dur-
ing measurements, Y was used as internal standard (ARISTAR®, VWR).
The Na:Al:Si elemental ratios of neat DSP and four other solids (Sorb,
CTAB, SDBS, PVP, representing each group in Table 1) were determined
via ICP-MS, following acidic digestion (cc. HNO3, NORMATOM®,
VWR). In each case, the total concentrations of Na, Al, and Si were
measured with an Agilent 7900 instrument. All samples were prepared
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with ultrapure water (Synergy UV®, Merck Millipore) and contained
0.1 ppm Sc and Y as internal standards (ARISTAR®, VWR). As for FAUY,
it did not dissolve in concentrated acids, thus, it was characterized via
energy-dispersive X-ray analysis (EDX), using a Rontec QX2 spectrom-
eter coupled to the SEM instrument. Areas of ~25 um? were measured
and the composition was obtained as the average of 7 determinations.

The total carbon content of the solids (TC, both inorganic and
organic) was measured with an Analytik Jena N/C® 3100 apparatus
equipped with NDIR detector. The furnace temperature was 950 °C, and
the measurements were made in triplicate. The thermal behaviour of the
solids was analysed with a Discovery TGA derivatograph up to 1000 °C,
at 10 °C min™! heating rate, under Ar flow containing 5 % Oy. 25-30 mg
of solids were used for each measurement in a platinum crucible.

The pH might have a large effect on the adsorption due to the de
(protonation) of surface -OH groups [18], therefore, it was essential to
measure the native pH of the adsorbent’s suspension. The adsorbents
were suspended in distilled water, having a 250 mg L™ suspension
concentration, and were stirred for one day. The pH of the suspensions
was measured with a SenTix® H glass electrode (WTW), calibrated
against commercial buffers in the pH range of 1.68-12.00. The point of
zero charge (PZC) of the adsorbents was also determined with the pH
drift method [40], adjusting the pH with HCl and NaOH in H0. The
adsorbent concentration was also 250 mg L.

2.4. Adsorption experiments

Adsorption experiments were carried out at room temperature. All
dye solutions were diluted from stock solution of fuchsine (100 mg L’l),
which was prepared by dissolving the solid dye in deionized water. After
adding DSP (250 mg L) and stirring the suspension for a certain time,
the adsorbent was separated with a 0.45 um PTFE syringe filter and the
concentration of the remaining dye was determined using an Analytik
Jena Specord 210 Plus double-beam spectrophotometer (employing a
glass cuvette with 1 cm optical path length). The adsorption tests were
made in duplicate or triplicate to estimate the standard deviations of the
data.

Adsorption isotherm studies were conducted at ambient temperature
with 250 mg L' adsorbent concentration. The uptake of dye at a given
time (q, mg g™!) or in equilibrium (qeq, mg g™}) time was calculated
using the following equations:

Co — C
o= G -dly M
. Co — Ce
4u = limg, = @0~ Caly @
. Co — Ce
Jeqmax = Chilgoqeq = % 14 (3)

where ¢y (mg LY is the initial fuchsine concentration, ¢; (mg L)) is the
dye concentration at time t, m (g) is the mass of the adsorbent, and V (L)
is the volume of the solution. (Note that geq,max can be obtained by fitting
an adsorption model to the geq data; see Section 3.3.) To calculate c; or
Ceq, a calibration curve was recorded and the absorbance values at Amay
= 542 nm were used.

2.5. Modelling adsorbent-dye interactions

To understand adsorbent-adsorbate interactions at the molecular
level, quantum chemical calculations were performed by first con-
structing various zeolite mode structures for DSP and FAU structures.
Since the major component of the former is sodalite under industrial
conditions [24,25], we used the SOD framework to model the adsorption
behavior of DSPs. The Al:Si ratio was 0:1 and 1:1 for SOD and 0:1, 1:1,
1:2 for FAU; the ratios usually vary between 1.7 [41] and 2.4 [42] for the
latter solid. We note that a ratio of 0:1 is equivalent to SiOy (having
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either SOD-type or FAU-type framework), while for FAU, the ratio of 1:1
and 1:2 belong to type X (FAUX) or type Y (FAUY), respectively. For both
SOD and FAU structures, clusters with O terminations were built, where
the dangling O-bonds were terminated by H atoms. The structures
containing Al have been obtained from the respective pure zeolite
clusters by substituting the proper number of Si atoms with Al atoms at
symmetrically equivalent sites and Na' ions were added to neutralize
the overall charges. Several fuchsine-zeolite adsorption positions have
been probed and optimized for all model structures. The size of the
models ranged from 180 to 280 atoms; all clusters have been fully
optimized, and their equilibrium vibrations were calculated to compute
their contribution to the entropy. Fig. 1 displays the optimized struc-
tures of 0:1 SOD and 0:1 FAUY clusters.

Density functional calculations have been performed using the
Gaussian16 program package [43], utilizing the ®B97XD functional
[44], which has been shown to yield excellent interaction energies for
systems composed of main group elements [45]. The excellent perfor-
mance of the functional for such systems is due to both the built-in
dispersion corrections and the inclusion of the long-range corrected
hybrid exchange terms, which contributes up to 100 % Hartree-Fock
exchange at longer interelectronic ranges. Due to the large model
sizes, the 6-31 G* basis set and ultrafine integration grid were employed
for geometry optimizations and vibrational calculations. This
split-valence double-zeta basis set provides enough flexibility for
structural and vibrational properties.

In this work, we discuss the properties of zeolite-fuchsine configu-
rations with the most stable adsorptive interactions. The strength of the
adsorptions can be characterized by the Gibbs free energy of the ad-
sorptions (AGags), composed of the Gibbs free energies of the calculated
species i (Gj), where i can be the zeolite-dye adduct, zeolite, or fuchsine:

AGads = Gadduct - Gzeolite - Gfuchsine (4)

The Gibbs free energy corrections (G{°") have been obtained within
the ideal gas / rigid rotor / harmonic oscillator approximations. The
final, solvent corrected energy (E°™) of the optimized species have been
obtained using the larger 6-311 G* * basis set and solvent corrections
employing the SMD implicit solvent model [46]. The Gibbs free energy
of a given species is obtained as:

AGi — Eisolv 4 Gicorr (5)
3. Results and discussion
3.1. Formation of desilication products

First, we studied how the different organics influence the dissolution
and re-precipitation of kaolinite. The results for neat DSP (prepared in
the absence of additives) and for DSPs with anionic surfactants are
shown in Fig. 2. We find that the kinetics of desilication is not signifi-
cantly altered in the presence of these materials, i.e. rapid increase in Si

Fig. 1. Optimized structures of the clusters of SOD (A) and FAU (B) where no Al
substitution is present, i.e. Al:Si = 0:1. Color code: orange (balls and tetra-
hedra): Si sites; white and balls: H and O atoms, respectively.

Journal of Hazardous Materials 480 (2024) 136234

4 N m  neat DSP
= = SDS
o = SDBS
= SDSS
o . SPAC
|_| [ |
(o) | |
ey o "
& .
. .
"
1 " i »
l u
| ]
n
]
[ ]
O T T T T T
0 40 80 120 160 200
t/ min

Fig. 2. Variation of the total dissolved silica concentration (as g Lt Si0,)
during the formation of desilication products (DSP) as a function of reaction
time. Acronyms represent solids synthesized in the absence (neat) and presence
of anionic surfactants (SDS, SDBS, SDSS, SPAC; see Table 1). For the syntheses,
kaolinite (23 g L’l), NayCO3 (23 g L’l), and NaySO4 (7.8 g L™Y) were used. The
dispersing medium was a 4.5 M NaOH / 1.9 M NaAl(OH), solution and the
temperature was 95 °C. The average error of determination is + 5 %.

(IV) concentration, due to kaolinite dissolution, is followed by a slower
decrease, as a result of the formation of the less soluble DSP [36].
Further, the time needed for the system to attain the maximum solubility
of Si(IV) is ca. 40 min for all DSPs. The same applies for DSPs synthe-
sized in the presence of sugar-type molecules, cationic and non-ionic
surfactants, too, see Figs. S4-S6, SI.

However, there are marked differences in the maximum dissolved
silica concentrations: the highest value for SDS is ca. 1.5-fold higher as
compared to template-free DSP. Such increase has not been reported
previously; relevant studies focused rather on the variations of crystal
size and morphology of DSPs [47,48]. Nevertheless, considering the
negatively charged moieties of the surfactants, we deduce the following
trend of increasing silica concentration: no additive < carboxylate
< sulfonate < sulphate. Such trend is not apparent for cationic or
non-ionic surfactants (Figs. S5 and S6, SI). As for sugar-type additives
(Fig. S4, SI), we found a dramatic increase again at t = 40 min for Gluc
and Hpgl. Certainly, this is due to the presence of the terminal carbox-
ylate ion, which can enhance dissolution of kaolinite via the complex-
ation of aluminate ions, forming at pH > 10 [49].

3.2. Characterization of the adsorbents

First, we studied the physical characteristics of DSPs (prepared both
in the absence and presence of organics), FAUY and CARB, the latter
being a standard adsorbent. The XRD patterns of neat DSP and those
synthesized in the presence of anionic surfactants (SDS, SDBS, SDSS,
SPAC; Fig. 3a) are nearly identical and resemble strongly to those
published earlier, where sodium aluminosilicates have been synthesized
in the presence of sodium carbonate [50,51]. The reflections of DSPs
with sugar-type organics, cationic and non-ionic surfactants are shown
in Figs. §7-89, SI. In addition, there are no visible reflections of any
other phases or impurities. Further, the average crystallite size (as
determined from the 211 reflection), increases slightly (from 23 to
30 nm) in the presence surfactant anions, consistent with their bulkiness
(as compared to OH /CO%/SO% in neat DSP), thus indicating their
entrainment in the sodalite cages during their synthesis. (Note that
polyacrylate anions are likely to be present as much smaller acrylate
monomers due to the hydrolysis of SPAC under strongly alkaline
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Fig. 3. Comparison of desilication products (DSPs) and faujasite Y (FAUY). The five DSPs shown here correspond to solids synthesized in the absence (neat DSP) and
presence of anionic surfactants (SDS, SDBS, SDSS, SPAC; see Table 1). (a) XRD traces of DSPs, indicating the most intense reflections, taken from the literature
(Ref. [51] for neat DSP and Ref. [37] for FAUY). Also shown are the average crystallite sizes as determined by the Scherrer equation, using the 211 (DSP) and 100
(FAUY) reflections. (b) ATR IR spectra for five DSPs, indicating characteristic vibration bands. The noisy region at 1900-2200 cm ! stems from the ZnSe crystal. In

both panels, the data were normalized such that the highest value is unity.

conditions.) We determined also larger crystallite size for FAUY (28 nm
vs. 23 nm for neat DSP), using the 100 reflection of the former.

The IR spectra (Fig. 3b) for all five DSPs exhibit a very intense band
at 964-974 cm™! and three other peaks (620, 660, 710 cm™), charac-
teristic of asymmetric and stretching vibration bands of the alumino-
silicate framework [23,50,52]. Weak bands are also present at
1140 cm™! and 1400-1470 cm™), indicative of stretching vibration
modes of S-O and C-O bonds, which confirms the presence of SO%’ and
CO%’ ions in the structures [50-52]. The stretching and deformation
vibrations of HyO molecules situated in the cages show up as a broad
(2700-3700 cm ™) and a sharp band (1650 cm’l), respectively [40,51,
52]. As for the organic anions possibly present for DSPs, they are hardly
discernible using the ATR FTIR detection method. These general ob-
servations apply also to DSPs synthesized in the presence of sugar-type
molecules, cationic as well as non-ionic surfactants.

The scanning electron micrographs show well-defined, lepispherical
morphology typical for DSPs [36,52,53], with aggregate sizes in the
range of 5-15 um, invariant of the additive used. Two representative
images for neat DSP are shown in Figs. 4a and 4b (for Fruc, DMSO,
CTAB, and HDPCI, see Figs. S10a-d, SI). The thermogravimetric mea-
surements for neat DSP and SDBS are plotted in Figs. 5a and 5b,
respectively. First the departure of structural water is seen already at
90 °C, which is then followed by a second water loss at 160-165 °C.
Different from neat DSP, SDBS shows an intermediate loss at 130 °C,
which stems possibly from the decomposition of the surfactant mole-
cule, as suggested by the small CO, peak in the time-dependent mass
spectrum (inset, Fig. 5a). Further prominent losses (which partially

B A R S A |
5.00um

10.0kV 11.4mm x7.00k SE(V)

overlap with the dehydration processes) in the range of 370, 550, and
750 °C also show the departure of CO5. Therefore, the loss at 495 °C for
neat DSP indicates the release of CO,, arising from NapCO3 present in the
cages. (However, its intensity was too low to be distinguished from the
baseline in the mass spectrum.) In conclusion, the markedly higher
carbon content in SDBS suggests the presence of not only Na;CO3 but
also that of the surfactant, being located either at the surface or in the
cages of DSP. This finding is consistent with the higher total carbon
values determined also for Sorb, CTAB, SDBS, and PVP; see Table 2. The
TG curve of FAUY is shown in Fig. S11, SL

We estimated the point of zero charge (PZC) of the adsorbent sus-
pensions (250 mg L) to be 9.0 for neat DSP, 7.7 for FAUY, and 6.3 for
CARB; see the corresponding plots in Figs. S12-514, SI. Previously, PZC
of 7.0 [54] and 7.5 [55] were reported for FAUY. In contrast, a wider
range of PZC of 5.4-7.0 [56] and 7.0-8.8 [57] has been published for
CARB, due to the strong dependence of surface adsorption characteris-
tics on the source and synthesis method. In addition, we determined the
pH of suspensions (250 mg L™) after 1 day to be 9.1 + 0.2 for DSP and
7.8 £ 0.3 for FAUY, respectively. Since these values agree very well with
the PZC of the two solids, surface adsorption of H*/OH™ ions from water
results in an adsorbent surface with neutral charge in both cases.

The specific surfaces areas (SSAs) of the three adsorbents are shown
in Table 2. For neat DSP, our SSA (20 m> g’l) compares well with the
value of 19 m? g™! [23] and is consistent with the higher SSAs of soda-
lites synthesized at higher temperatures [22]. Also, the SSA of CARB fits
well in the broad range of 950-1800 m? g! reported earlier [57],

whereas that of FAUY is some 100 m? g™ smaller than literature values

¢

10.0kV 11.4mm x40.0k SE|

Fig. 4. SEM pictures of a desilication product (DSP) synthesized in the absence of organics.
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sulfonate (SDBS). The left axis corresponds to the mass loss upon heating (black), while the right axis shows its derivative (red). Also shown are the temperatures
regarding characteristic losses on the dm/dT curves. In both panels, the insets show the intensities of decomposition products H;O (m/z = 18, blue) and CO, (m/
2z = 44, green) as obtained from the mass analysis. Measured ion current intensities were normalized such that the highest value is unity.

Table 2

Physico-chemical characteristics of adsorbents used in this work. Listed are
elemental ratios, loss on ignition (LOI), total carbon (TC), specific surface area
(SSA). DSP: desilication products prepared in the absence (neat DSP) or presence
of organics (CTAB, SDBS, PVP); FAUY: faujasite type Y; CARB: activated carbon.
Numbers in parentheses represent standard deviations.

Adsorbent  Na:Si molar Si:Al molar LOI/ SSA / m? TC / mg
ratio” ratio” % gt gt

neat DSP 1.17:1 0.99:1 9.7 20 3.76(6)
Sorb 1.12:1 1.00:1 9.9 15 5.4(3)
CTAB 1.31:1 0.93:1 14.0 9 25.5(8)

22.8(1)
SDBS 1.26:1 0.96:1 12.4 4 34(1)
PVP 1.25:1 0.95:1 22.3 7 94(3)

76.7(1)
FAUY 0.24:1 3.06:1 23.7 563 0°
CARB 1055

# Determined by ICP-MS for DSPs and by SEM-EDS for FAUY
b No carbon content was assumed for FAUY

[58,59]. The SSA of our DSPs always decreases when using an organic
additive, being the lowest for HDPCI (2 m?> g'l). The pore diameters
(Table S1, SI) range from 7.7 nm (PEG) and 7.8 nm (neat DSP) to
10.9 nm (CTAB), which is in line with the data reported for mesoporous
sodalites [60,61]. Expectedly, there is a negative correlation between
SSAs and pore sizes: the higher the pore diameter, the lower the SSA.

As for the values of TC, they range from 3.2 mg g (Gluc) and
3.8 mg g’1 (neat DSP) to 113 mg g’1 (HDPC]). The TC for the first two
stem from the carbonate entrapped in the p-cages of sodalite, while
values higher than 23 mg g™ (CTAB) certainly indicate significant
amounts of residual organics in the DSPs. Interestingly, we find (except
for CTAB and PVP) that the TC values correlate well with the SSA data:
namely, high carbon content corresponds to low surface area, as
demonstrated by Fig. S15, SI. (The respective values are listed in
Table S1, SI) This finding is in qualitative agreement with the
decreasing SSA of ZSM-5 zeolite upon increasing concentration of
cationic surfactants [62], and the generally lower surface area of
organic-rich soils as compared to clay minerals [63]. However, an
opposite trend has also been reported [64], suggesting that the corre-
lation between TC and SSA is specific to the solids for which the cor-
relation is observed. Even for the DSPs of this work, there is no obvious
difference between the type of organics (sugar-type, cationic, anionic, or
non-ionic surfactants) regarding SSA.

Finally, the elemental compositions, loss on ignition (LOI), TC, and
SSA values of neat DSP, Sorb, CTAB, SDBS, PVP, FAUY, and CARB are
shown in Table 2. DSPs with no additives and with Sorb show the ideal
1:1 Si:Al molar ratios, whereas the rest appear to be slightly deficient in

Si(IV). The Si:Al ratio was estimated to be 3:1 based on the semi-
quantitative EDS analysis of the solid. Since TC for neat DSP arises
only from cage CO%™ ions, we deduced its formula from the elemental
ratios and total losses (H,O + CO3) to be Nay[SiA-
104]6(0OH) 4(CO3)¢.304.3H50. Ideally, when only OH™ ions are present
in the cages, there are two hydrating water molecules in the unit cell,
whereas their number is always higher if OH™ ions are partially replaced
for CO%‘ ions [50]. (This formula does not account for the presence of
SO% ions; however, its amount was only 20 % of C0%, based on an
independent CHNS analysis.) Likewise, we derived the composition of
FAUY to be Na6 [AlgSi24063] 035H20.

3.3. Comparison of the adsorption reactions of DSP, FAUY, CARB, and
Fe-ZSM-5

Having the adsorbents characterized, we now turn to the study of the
adsorption properties of neat DSP and compare them to those of FAUY,
CARB, and Fe-ZSM-5 [18]. First, we determined the optimum adsorption
parameters of basic fuchsine on DSP, by assessing the effects of time, dye
concentration and stirring rate at room temperature, 250 mg Lt
adsorbent dosage and at the corresponding native suspension pH.

Fig. 6a shows that the bound amount of fuchsine at a given time, q;
(Eq. 1), increases significantly upon increasing cfychsine from 20 to
100 mg L}, as expected in case of an adsorption process. Further, the
degree of fuchsine binding increases steeply in the first 60 min. For
longer times, the binding still increases but at a lower rate, indicating
that the system approaches adsorption equilibrium gradually. Using
Cfuchsine = 60 mg L' and the same time-window, Fig. 6b demonstrates
that increasing the stirring rate (from 200 to 440 rpm) has little impact
on q;, indicating that the rate limiting step of adsorption is the binding
and release of dye molecules at the solid/liquid interface rather than the
diffusion of fuchsine in the liquid phase. Earlier, similar behaviour has
been reported for kaolinite and zeolite 4 A, too [65]. In addition, these
data show also significant deceleration of the adsorption rate after
60 min, similarly to the data in Fig. 6a. Based on these findings, middle
values of cfychsine = 60 mg L‘l, a stirring rate of 320 rpm and a contact
time of 180 min were applied for further time-dependent adsorption
experiments.

Next, we compared the adsorption of fuchsine for neat DSP with
FAUY and CARB. For the first two, we studied not only pristine adsor-
bents but also solids activated at 150 °C for 3 h; such temperature is
typical for zeolites to study the effect of heat activation [66,67]. The
thus obtained values of g, are depicted in Fig. 7a. The corresponding
maximum adsorbed quantities, q;max, for the three adsorbents are ca.
110 mg g * (DSP), 30 mg g (FAUY), and 180 mg g™! (FAUY), respec-
tively. First, we find that heat activation does not alter the adsorption
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Fig. 6. Adsorbed amount of fuchsine as a function of time, g, using neat
desilication product (DSP) as adsorbent. The two panels show the effect of (a)
initial concentration of fuchsine and (b) stirring rate. For panel (a), the stirring
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standard deviation for the series with Cgychsine = 60 mg L™} at t =5 min, i.e.
+ 17 %. For panel (b), Cuchsine Was 60 mg L™, whereas cpsp was 250 mg L™ for
both series. Error bars represent the standard deviations of at least two parallel
measurements. The origin is also indicated to help guide the eye.
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Fig. 7. (a) Adsorbed amount of fuchsine as a function of time, q,, for different
adsorbents (DSP: neat desilication product, faujasite type Y: FAUY, activated
carbon: CARB); Cgychsine Was 60 mg L™, whereas Cagsorbent Was 250 mg L7,
Empty symbols represent data for heat activated adsorbents (150 °C, 3 h). Error
bars represent the standard deviations of at least two parallel measurements.
The origin is also indicated to help guide the eye. (b) Adsorbed amount of
fuchsine at equilibrium, qeq, as a function of its equilibrium concentration, ceq.
The initial dye concentration was 5-100 mg L', whereas Cagsorbent Was
250 mg L!. All samples were stirred at room temperature for 1 day before
filtration. Symbols depict experimental values of g.q, whereas solid, dashed and
dotted lines are the results of fitting the Langmuir, Freundlich, and Sips
adsorption models to the data, respectively; see Table 3 for more details. Hol-
low symbols were omitted from the fit, whereas the inset shows the zoomed
region for 10 mg L™! < Ceq < 60 mg L™l. For FAUY, two sets of experiments
were carried out (full and empty symbols).

capacities for the two zeolites (taking the experimental uncertainties of
g into account), even though treatment at 150 °C leads to a significant
degree of dehydration for both solids (see Fig. 5 and Fig. S11, SI). This is
in line with the fact that these water molecules are situated in the zeolite
cages, therefore they are expected to have little effect on surface
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adsorption. Second, comparing the adsorption rates, FAUY reaches a
maximum of ~30 mg g™ after 30 min, whereas DSP is more ‘sluggish’,
as equilibrium is not yet attained even after 3 h.

CARB, the general standard material for adsorption studies has the
best adsorption capacity, probably due to the greater number of avail-
able binding sites, associated with its very high SSA. By the same token,
the higher SSA of FAUY (563 m? g’l) as compared to DSP (20 m? g’l)
would indicate larger adsorption capacity for the former, which is the
opposite to what we observe. Namely, despite the ~28-fold smaller SSA
of DSP, it can still bind 3-4 times more dye molecules at the same
adsorbent concentration of 250 mg L.

To further explore this difference, we measured the adsorption
isotherm for the two solids, with cgychsine ranging between 5 and
100 mg L}, applying 1 day of contact time. The thus obtained adsorbed
amounts at equilibrium, geq, are depicted in Fig. 7b. Supporting the
findings based on Fig. 7a, we again see markedly higher geq data for neat
DSP as compared to FAUY, already at very low dye concentrations
(Fig. 7b). To quantify the adsorption of fuchsine on DSP and FAUY, we
model the experimental data with three standard adsorption isotherms,
i.e. the Langmuir [68], Freundlich [69] and Sips [70] equations (the
third being the combination of the first two models), see Table 3. In all
cases, we applied the Levenberg-Marquardt algorithm. The thus ob-
tained fits are shown in Fig. 7b, whereas the fitted parameters are listed
in Table 3. Based just on the R? parameter, the three models provide fits
with similar goodness, albeit R? has very limited use in nonlinear fitting
[71]. However, the inset in Fig. 7b shows that the Freundlich equation
fails to reproduce the data between ceq ~ 10 and 40 mg L}, while the
Sips model produces a fit very similar to the Langmuir equation. The
exponent of the latter is virtually one (Table 1), thus it essentially re-
duces to the Langmuir model. Therefore, we find the Langmuir mech-
anism to be the most probable (and simplest) one for fuchsine adsorption
at the surface of DSP in the range of cfychsine investigated.

In addition, we studied the adsorption for another DSP synthesized
under identical conditions (DSP#2). The experimental isotherms ob-
tained from three parallel measurements and the corresponding fits are
depicted in Fig. S16, SI; and fitted parameters are listed Table S2, SI.
Again, we find the Langmuir model to be satisfactory to describe the

Table 3

Results of fitting different adsorption models to the values of equilibrium
amount of adsorbed fuchsine (geq in mg g1 as a function of its equilibrium
concentration (Ceq in mg L™, for desilication product (DSP) faujasite type Y
(FAUY) as adsorbent. Shown are the fitted parameters and their standard error of
the fit.

Adsorption Equation® Fitted parameters
model
DSP FAUY
Langmuir Geq = Geq, (258 + 22) mg (58.9 +1.9)
deqmae et max 8 mgg!
1+ Kiceg Ky (0.055 (0.50
2
R +0.011) L +0.11)L
mg! mg!
0.9397 0.7542
Freundlich Qeq = KFCeql/" Kr (29.6 +5.3) (28.6 £ 2.6)
n mg gt mg g™t
R? 2.07 £0.22 5.53 £0.78
0.9034 0.7072
Sips Geq = Geq,  (239+40)mg  (59.3 +3.5)
KsCeg!/™ max 8 mg g
Geamax] K Coql/m Ks (0.048 (0.51
R 0018 £014)L
mg! mg!
0.90 £+ 0.20 1.04 £ 0.29
0.9357 0.7449

? eqmax K1, Kp, Ks and n are adjustable parameters. In addition, Kj, is the
Langmuir equilibrium constant of adsorption, and geqmax is the maximum
binding capacity of the adsorbent.
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isotherms for DSP#2; however, with markedly higher maximum
adsorbed dye (geqmax) and equilibrium constant (Ki) as compared to
DSP#1 used throughout this work (geq,max = 337 vs. 258 mg g ! and
0.45 vs. 0.05 L mg™). These differences highlight the fact that even for
neat DSP, the adsorption properties cannot be described by a single
value determined for one solid but rather by a mean value of a statistical
ensemble collected for a range of DSP adsorbents, which warrants a
further study in this aspect.

As for FAUY (Fig. 7b), we see that the values are scattered and thus it
is difficult to choose between the three models. Nevertheless, we find the
Langmuir equation to provide a fit just as accurate as the those of the
other two models with only two adjustable parameters. Hence, we use
the Langmuir model to describe the equilibrium binding of fuchsine on
FAUY. The thus obtained value of geq max is 59 mg g’l, which agrees well
with the maximum value found from the time-dependence for cgychsine
=60 mg L™ (Fig. 7a). Similarly, a low Jeq,max Value of 48 mg g™ has
been reported for the binding of glyphosate [55].

Beside DSP and FAUY, the adsorption properties of Fe-ZSM-5 for
fuchsine binding has been reported earlier [18]. The Langmuir equi-
librium constants, Ky, and geqmax values together with the SSAs are
listed in Table 4. Beside the discrepancy between geq max and SSA for DSP
and FAUY, we find that geq,max(DSP) ~ qeq,max(Fe-ZSM-5) albeit the SSA
of the latter is 20-fold greater. It is apparent from these comparisons that
Qeq,max is not correlated to the SSA. A plausible explanation for this
observation is that while geqmax reports only on the adsorption of dye
molecules at the surface of the adsorbent, the SSA (as obtained from Ny
adsorption), comprises both the top layer and the interior surfaces.
Therefore, molecular characteristics at the surface must be accounted
for to elucidate the difference in geq,max between neat DSP and FAUY.

3.4. Modelling fuchsine adsorption on DSP and FAUY particles

To explore the differences in fuchsine adsorption between DSP and
faujasite structures at the molecular level, we performed quantum
chemical modelling. To this end, we studied fuchsine adsorption on the
outer surface of the zeolite cluster models as the dye molecule cannot
enter inside the zeolites. DSP was modelled by sodalite (SOD), with Al:Si
molar ratios of 0:1 (‘SOD-type’ SiO3) and 1:1, whereas ratios of 0:1
(‘FAU-type’ SiO3), 1:1 (FAUX), and 1:2 (FAUY) were tested for FAU. (For
simplicity, cage ions other than Na™ to satisfy charge neutrality were not
considered due to their little influence on surface binding.) The opti-
mized geometries are shown in Figs. S17-S26, and the corresponding
XYZ coordinates are tabulated in the SI. The adsorption Gibbs free en-
ergies have been calculated as the differences between the Gibbs free
energies of the optimized fuchsine-zeolite adducts and those of the in-
dividual molecules. Table 5 summarizes the adsorption energies for the
most stable adsorption states for the various zeolite models, whereas
Fig. 8 displays the equilibrium structure of the optimal adsorption
arrangement for fuchsine on a SOD cluster having 1:1 Al:Si ratio as an
example of fuchsine adsorption.

The calculated adsorption free energies are in accord with the
experimental measurements: for example, the estimated Ky, (Table 4) of
the adsorbent DSP can be translated to AG ~ -6 kcal mol™! adsorption
Gibbs free energy (AG = —RTIn(K/c?); ie. the same order of magnitude
as the calculated values. We calculated this value by converting K, / mg

Table 4

Specific surface area, SSA, for different adsorbents, i.e. desilication product
without organic additive (neat DSP), faujasite type Y (FAUY), and Fe-ZSM-5
[18]. Also shown are their maximum adsorption capacity, geq,max, and binding
constant, Kj, for fuchsine adsorption based on the Langmuir model.

Adsorbent SSA /m? g Qeqmax / Mg § K. /Lmg™?
DSP 20 258 0.055
zeolite Y 563 59 0.50
Fe-ZSM—-5 399 252 0.018
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Table 5

Adsorption Gibbs free energies (kcal mol™) of fuchsine on various zeolite
models with increasing Al contents. Bold values correspond to the adsorption
on zeolites with the experimentally most relevant composition.

Al:Si ratio SOD FAU
0 -5.7 -11.3
1:1 -12.6 1.6
1:2 n.d.” -6.9

& This composition was not considered for SOD.

Fig. 8. Most stable configuration of a fuchsine-SOD (Al:Si = 1:1) adsorption
adduct. Color code: orange (balls and tetrahedra): Si sites; light blue (balls and
tetrahedra): Al sites; white, green, blue and red balls: H, C, N, and O atoms,
respectively.

L%, see Table 3, to K, / mol L. Strictly speaking, the Langmuir equation
in Table 3 holds for thermodynamic activities of the adsorbent, a, which
is a dimensionless quantity, but can be replaced by molar concentra-
tions, Ceq, at the limit of infinite dilution. Further, ¢?is 1mol L! to
ensure that Kj, is dimensionless.

The interaction between fuchsine and the zeolite surface is due to
hydrogen bonds and dispersion forces stemming from the large inter-
acting molecular surface area of fuchsine and the surface. Since we
computed the binding of a single fuchsine molecule only (as trade-off
between accuracy and computational cost), we do not have informa-
tion as to how the competition of several fuchsine molecules affects the
energies of the consecutive adsorptions. In this respect, it is reasonable
to assume that subsequent adsorption energies decrease because upon
increasing fuchsine coverage of the zeolite surface, optimal binding sites
become gradually occupied. This can result in increasing competition
between fuchsine molecules for the remaining sites, affecting further
adsorptive interactions adversely.

The main objective of the present modelling was to explain the
observed difference between the adsorption capacities of the 1:1 SOD
(proxy for DSP) and 1:2 FAU (proxy for FAUY) zeolites. The calculated
adsorption energies listed in Table 5 vary with the Al content in opposite
ways: in the case of 0:1 and 1:1 SOD, the binding of fuchsine becomes
stronger in the presence of Al; whereas for FAU structures, increasing the
amount of Al in the framework first weakens, then strengthens the
binding. Further, the energies for the initial fuchsine adsorption indicate
strong chemisorption at the initial stage of the adsorption, which is
greater for 1:1 SOD (-12.6 kcal mol™) than for 1:2 FAU
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(=6.9 kcal mol™).

As discussed above, the values in Table 5 correspond to the initial,
most stable adsorption states, hence they alone cannot convincingly
explain the observed much larger adsorption capacity of 1:1 SOD as
compared to 1:2 FAU, because the experiments correspond to large
adsorption coverage. We point out another rationale for this observa-
tion: a marked difference between the outer surface structures of 1:1
SOD and 1:2 FAU can be invoked to account for the adsorption char-
acteristics. Indeed, the specific scaffolds of the two zeolite lattices have
important implications for the terminating surfaces, namely they define
the proportion of broken Si-O bonds (appearing typically as OH bonds)
with respect to all the exposed surface O atoms. Indeed, the zeolite
particles are formed by Si-O bond cleavages and the dangling bonds are
typically terminated by acidic H leading to the presence of surface
silanol groups. Such surface OH moieties implicate not only possible
bonding sites via H-bonds, but their presence can also be associated with
larger accessible surface area for strong adsorption. In fact, we find that
the ratio of the surface OH groups and the surface O atoms bonded only
to Si (or Al) atoms is 0.67 for SOD and 0.29 for FAU, i.e. a roughly 2.3-
fold difference. These ratios are independent of the Al:Si ratio because
they are defined by the zeolite frameworks. It is expected that these
ratios change only slightly by increasing the particle sizes because an
increase in the surface proportionally increases all types of surface
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atoms. These ratios may change slightly depending on the shape of the
actual crystallites and by possible surface reconstruction processes. Still,
they clearly show a characteristic difference between the two zeolites as
far as their surfaces are considered: the larger ratio of the surface silanol
groups of SOD surfaces give rise to an increased adsorption capacity for
this zeolite. To summarize the results of our computational modelling,
both surface-specific considerations and the calculated adsorption free
energies suggest a considerably stronger adsorption capacity for 1:1 SOD
(as a model of DSP) as compared to 1:2 FAU (as a model of FAUY).

3.5. The effect of organic impurities on the adsorption efficiency of DSP

Following the characterization of neat DSP, we studied the adsorp-
tion properties of DSPs prepared using organics (sugar-type molecules,
anionic, cationic, and non-ionic surfactants) and compared their fuch-
sine binding to the adsorbent with no additive. (Here, cfychsine =
60mg L and cpgsp = 250 mg L} were used.) These data and their
standard deviations (as obtained from triplicate measurements) are
shown in Fig. 9a-d. Considering the associated uncertainties, all data are
very similar, and there is no correlation between ¢; and the group of
organics. Further, g; again appears to be decoupled from the SSA: for
instance, the g data for neat DSP having the highest SSA (20 m? g™!) and
for HDPCI having the lowest SSA (2 m? g‘l) are very similar.
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Fig. 9. (a) Adsorbed amount of fuchsine as a function of time, q,, for desilication products (DSPs) prepared in the presence of (a) sugar-type molecules, (b) anionic
surfactants, (c) cationic surfactants, (d) non-ionic surfactants; see Table 1. In each panel, data for neat DSP without organic additives are also shown. Cfychsine Was
60 mg L', whereas cpsp was 250 mg L™! for all series. Error bars represent the standard deviations of three parallel measurements. The origin is also indicated to help

guide the eye.
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In general, we observe that the highest amount of adsorbed fuchsine
is ~120 mg g* after 180 min, which is ~75 % of Qeq ~ 160 mg gl of
neat DSP at cgychsine = 60 mg L% The finding that ¢,(180 min) < geq
essentially for all DSPs is associated with the slower rate of fuchsine
binding as compared to FAUY, as discussed in Section 3.3. (see also
Fig. 7a). The only exception seems to be SPAC (150 mg g~! after 180
minutes), which might be elucidated by the binding of SPAC at the
surface of DSP, which possibly introduces carboxylate groups at a higher
surface density as compared to Gluc and Hpgl. In turn, bound COO~
moieties make fuchsine binding favourable via electrostatic in-
teractions, since the dye molecule possesses a positive charge [18].
Nevertheless, taking the uncertainties of the g; data into account, this
explanation should be taken with a grain of salt.

In summary, the presence of organics used for DSP synthesis has little
influence on the adsorption processes between DSP and fuchsine. In
turn, from this we conclude that DSP tolerates a large variety of organic
impurities likely to be present in Bayer liquors, thereby rendering this
solid a robust adsorbent.

4. Conclusions

In this work, we studied the formation, physico-chemical and
textural properties, as well as adsorption processes of desilication
products (DSPs), forming during the desilication step of the Bayer pro-
cess. Given the wide range of organic impurities of Bayer solutions, we
synthesized a range of DSPs from kaolinite in the presence of organics
and studied their adsorption characteristics concerning basic fuchsine.

We find that the formation rate of DSPs is only slightly influenced by
the organic present, in particular the maximum concentration of dis-
solved silicon(IV) appears always 40 min after the onset of desilication
reaction. Nevertheless, we observe larger differences in the maximum
concentrations, increasing in the order of no additive < carboxylate
< sulfonate < sulphate for non-ionic surfactants. Also, Gluc and Hpgl as
the only carboxylate-containing polyhydroxy molecules exhibited the
highest degree of kaolinite dissolution, whereas cationic and non-ionic
surfactants showed no obvious trends. The as-prepared solids show no
significant differences in terms of their X-ray diffractograms, IR spectra,
morphology and elemental composition. They do, however, differ
markedly in their SSA, ranging between 2 (DSP prepared in the presence
of HDPCI) and 20 m? g’1 (neat DSP), which exhibit strong correlation to
the total organic content either bound to the surface or located in the
pores of the sodalite framework (or both).

Comparing the adsorption properties of neat DSP to faujasite type Y
(FAUY), we observe 3-4 times higher amount of adsorbed fuchsine for
DSP, despite its much smaller SSA (20 m? g™! for DSP vs. 563 m? g! for
FAUY). We find the same difference between the adsorption isotherms of
the two solids, with the maximum adsorbed amount being ~260 mg g
for DSP and ~60 mg g for FAUY. The former is very similar to
252 mg g~! reported for Fe-ZSM-5 previously, albeit this adsorbent has
an SSA of 399 m? gL. Consequently, the adsorption capacity does not
correlate to the SSA, possibly because the latter quantity pertains not
only to the surface but also to the inner surfaces of zeolitic pores.

Quantum chemical calculations could reproduce the overall
adsorption stability of fuchsine on zeolite surfaces, lending credence to
the computational modelling. The computations supported the experi-
mentally observed stronger adsorption affinity of fuchsine to DPS as
compared to FAUY. In addition, the higher adsorption capacity of DSP
can be correlated with the larger ratio of the surface silanol groups
which represent favourable adsorption sites for dye adsorption.

Studying the binding of fuchsine for neat DSP and DSPs prepared
with organics, we again find no large differences in the amounts of
adsorbed dye. Further, there is no clear dependence of the adsorption on
the type of organics used for DSP synthesis. The uptake of fuchsine
(~120 mg g™1) was ca. 75 % of the maximum amount (based on the
adsorption isotherm) after 180 min, with the only exception being SPAC
(~150 mg g™, possibly due to the favourable electrostatic interactions
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between positively charged fuchsine and negatively charged surface-
bound carboxylate groups.

Overall, the similar characteristics and adsorption properties of DSPs
show a high tolerance to the type of organics present during their for-
mation, rendering DSPs versatile and robust adsorbents. Beside DSPs
being readily available as secondary products of the Bayer process, they
are considered value sources due to their alumina and soda content that
are otherwise lost during alumina digestion [26]. Nevertheless, several
disadvantages might be encountered when using DSPs, such as their
partial hydrolysis in water and associated pH changes, concentrations of
dissolved silicon(IV) and aluminium(III), as well as alterations at the
solid/solution interface. All these physico-chemical aspects warrant a
further study to check if there are interactions between water and the
adsorbents, which would impair their adsorption properties. Further, an
ensemble of solids prepared under identical synthesis conditions is
worth for studying to obtain a statistically reliable collection of
time-dependent adsorption curves together with adsorption isotherms
for a given dye molecule.

Environmental implication

Our study demonstrates the efficiency of desilication products
(DSPs), generated in vast quantities during alumina production, for the
removal of toxic dyes (modelled by fuchsine here). DSPs prove to be
superior to Y-type faujasite, an adsorbent commonly used in wastewater
treatment; the difference found from macroscopic adsorption studies has
been elucidated on the molecular level as well. Further, the physico-
chemical characteristics and adsorption capacity of DSPs tolerate a
wide range of organics present during their formation (such contami-
nants are expected under industrial conditions). All results regarding the
binding of fuchsine reported here pertain to ambient conditions (tem-
perature, pressure, pH).

CRediT authorship contribution statement

Eszter Kasa: Writing — review & editing, Writing — original draft,
Visualization, Validation, Methodology, Investigation, Data curation,
Conceptualization. Pal Sipos: Writing — review & editing, Supervision,
Project administration, Methodology, Funding acquisition, Conceptu-
alization. Bence Kutus: Writing — review & editing, Writing — original
draft, Visualization, Validation, Supervision, Project administration,
Methodology, Investigation, Formal analysis, Data curation, Conceptu-
alization. Andras Stirling: Writing - review & editing, Writing — orig-
inal draft, Software, Methodology, Formal analysis. Zoltan Konya:
Resources, Methodology. Akos Kukovecz: Resources, Methodology.
Aron Agoston: Methodology, Investigation, Data curation. Andras
Sapi: Methodology, Formal analysis, Data curation. Ivett Petri: Meth-
odology, Investigation, Data curation. Marton Szabados: Writing — re-
view & editing, Writing — original draft, Supervision, Methodology,
Formal analysis, Data curation.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors are grateful to 1. Halasiné-Varga and J. Papp for tech-
nical assistance, to K. Baan (University of Szeged) for the BET mea-
surements, and to M. Csati for his assistance in the ICP-OES
measurements. E. Kasa expresses her gratitude to the New National
Excellence Program (No. I:INKP—21—3—SZTE—451) by the National
Research, Development and Innovation Office (NRDIO). A. Agoston
acknowledges the Doctoral Student Scholarship Program of the Co-



E. Kasa et al.

operative Doctoral Program (No. EKOP-KDP24-SZTE6) of the Ministry
of Innovation and Technology and the NRDIO. B. Kutus gratefully ac-
knowledges the support of the Bolyai Janos Research Fellowship (No.
BO/00551/23/7) of the Hungarian Academy of Sciences and the OTKA
Postdoctoral Grant (No. PD 146529) by the NRDIO. This work was
partly financed by Emirates Global Aluminium, Abu Dhabi, United Arab
Emirates.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the

online version at doi:10.1016/j.jhazmat.2024.136234.

Data Availability

Data will be made available on request.

References

[1]

[2]
[3]

[4]

[5]

[6

[}

[7

—

[8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Anjaneyulu, J., Chary, N.S., Raj, D.S.S., 2005. Decolourization of industrial
effluents — available methods and emerging technologies — a review. Rev Environ
Sci Biotechnol 4, 245-273.

Gupta, V.K., Suhas, 2009. Application of low-cost adsorbents for dye removal — A
review. J Environ Manag 90, 2313-2342.

Briao, G.V., Jahn, S.L., Foletto, E.L., Dotto, G.L., 2017. Adsorption of crystal violet
dye onto a mesoporous ZSM-5 zeolite synthetized using chitin as template.

J Colloid Interface Sci 508, 313-322.

Mohamed, N.S., Ibrahim, S.M., Ahmed, M.M., Al-Hossainy, A.F., 2023. Removal of
toxic basic dye fuchsine dye from liquids by antibiotic azithromycin using
adsorption, TD-DFT calculations, kinetic, and equilibrium studies. Ind Eng Chem
Res 62, 4312-4327.

Tarasevich, Y.I., 1999. Application of natural adsorbents and adsorption-active
materials based thereon in the processes of water purification. In: Dabrowski, A.
(Ed.), Adsorption and Its Applications in Industry and Environmental Protection,
Vol. II: Applications in Environmental Protection. Elsevier Scientific, Amsterdam,
pp. 659-722.

Latham, V.A., 1891. The use of stains, especially with reference to their value for
differential diagnosis. Proc Am Soc Microsc 13, 94-109.

Ritter, C., 1940. Studies of the toxicity of basic fuchsine for certain bacteria. Am J
Public Health 30, 59-65.

Zhou, L., Zhou, H., Hu, Y., Yan, S., Yang, J., 2019. Adsorption removal of cationic
dyes from aqueous solutions using ceramic adsorbents prepared from industrial
waste coal gangue. J Environ Manag 234, 245-252.

Rahali, S., Aissa, M.A.B., Khezami, L., Elamin, N., Seydou, M., Modwi, A., 2021.
Adsorption behavior of Congo red onto barium-doped ZnO nanoparticles:
correlation between experimental results and DFT correlations. Langmuir 37,
7285-7294.

Weber, W.J., 1970. Physicochemical treatment of wastewater. J Water Pollut
Control Fed 42, 83-89.

Salleh, M.A.M., Mahmoud, D.K., Karim, W.A.W.A,, Idris, A., 2011. Cationic and
anionic dye adsorption by agricultural solid wastes: a comprehensive review.
Desalination 280, 1-13.

Pandey, P.K., Sharma, S.K., Sambni, S.S., 2015. Removal of lead(I) from waste
water on zeolite-NaX. J Environ Chem Eng 3A, 2604-2610.

Hong, M., Yu, L., Wang, Y., Zhang, J., Chen, Z., Dong, L., et al., 2019. Heavy metal
adsorption on zeolites: The role of hierarchical pore architecture. Chem Eng J 359,
363-372.

Velarde, L., Nabavi, M.S., Escalera, E., Antti, M.-L., Akhtar, F., 2023. Adsorption of
heavy metals on natural zeolites: a review. Chemosphere 328, 138508.
Handreck, G.P., Smith, T.D., 1988. Adsorption of methylene blue from aqueous
solution by ZSM-5 type zeolites and related silica polymorphs. J Chem Soc Faraday
Trans 84, 4191-4201.

Alver, E., Metin, A.U., 2012. Anionic dye removal from aqueous solutions using
modified zeolite: Adsorption kinetics and isotherm studies. Chem Eng J 200-202,
59-67.

Shirani, M., Semnani, A., Haddadi, H., Habibollahi, S., 2014. Optimization of
simultaneous removal of methylene blue, crystal violet, and fuchsine from aqueous
solutions by magnetic NaY zeolite composite. Water Air Soil Poll 225, 2054.
Mohammed, B.B., Hsini, A., Abdellaoui, Y., Oualid, H.A., Laabd, M., Ouardi, M.E.,
et al., 2020. Fe-ZSM-5 zeolite for efficient removal of basic Fuchsine dye from
aqueous solutions: Synthesis, characterization and adsorption process optimization
using BBD-RSM modeling. J Environ Chem Eng 8, 104419.

Assaf, M., Martin-Gassin, G., Prelot, B., Gassin, P.M., 2022. Driving forces of
cationic dye adsorption, confinement, and long-range correlation in zeolitic
materials. Langmuir 38, 1296-1303.

Yu, H., Shen, J., Li, J., Sun, X., Han, W., Liu, X., et al., 2014. Preparation,
characterization and adsorption properties of sodalite pellets. Mater Lett 132,
259-262.

Wahyuni, T., Prasetyoko, D., Suprapto, S., Qoniah, L., Bahruji, H., Dawam, A.A.,
et al., 2019. Direct synthesis of sodalite from Indonesian kaolin for adsorption of

11

[22]

[23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Journal of Hazardous Materials 480 (2024) 136234

Pb?* solution, kinetics, and isotherm approach. Bull Chem React Eng Catal 14,
502-512.

Shen, H., Zou, R., Zhou, Y., Guo, X., Guan, Y., Na, D., et al., 2022. Additive
manufacturing of sodalite monolith for continuous heavy metal removal from
water sources. Chin J Chem Eng 42, 82-90.

Klunk, M., Dasgupta, S., Das, M., Cunha, M.G., Wander, P.R.M., 2019. Synthesis of
sodalite zeolite and adsorption study of crystal violet dye. ECS J Solid State Sci
Technol 8, N144-N150.

Whittington, B., Fletcher, B.L., Talbot, C., 1998. The effect of reaction conditions
on the composition of desilication product (DSP) formed under stimulated Bayer
conditions. Hydromet 49, 1-22.

Grafe, M., Power, G., Klauber, C., 2011. Bauxite residue issues: III. Alkalinity and
associated chemistry. Hydromet 108, 60-79.

Vogrin, J., Hodge, H., Santini, T., Peng, H., Vaughan, J., 2019. Quantitative X-ray
diffraction study into bauxite residue mineralogical phases. In: Chesonis, C. (Ed.),
Light Metals 2019. The Minerals. Metals & Materials Society, Pittsburgh, PA,

pp. 93-99.

Pérez-Botella, E., Valencia, S., Rey, F., 2022. Zeolites in adsorption processes: state
of the art and future prospects. Chem Rev 122, 17647-17695.

Ostap, S., 2013. Control of silica in the Bayer process used for alumina production.
Can Metall Q 25, 101-106.

Vogrin, J., Peng, H., Santini, T., Jee, L.J., Vaughan, J., 2023. The influence of
sodium sulphate on aluminsilicate solubility in Bayer liquor aiding the desilication
process. Hydromet 219, 106079.

Lever, G., 2013. Identification of organics in Bayer liquor. In: Donaldson, D.,
Raahuge, B.E. (Eds.), Essential Readings in Light Metals, Vol. 1: Alumina and
Bauxite. John Wiley & Sons, Hoboken, NJ, pp. 183-190.

Wu, P., Liu, G, Li, X., Peng, Z., Zhou, Q., Qi, T., et al., 2022. Removal of organics
from Bayer liquors via flotation. J Clean Prod 336, 130353.

Pour, Z.A., Sebakhy, K.O., 2022. A review on the effects of organic structure-
directing agents on the hydrothermal synthesis and physicochemical properties of
zeolites. Chemistry 4, 431-446.

International Aluminium Institute, Alumina Production, 2023. (https://internati
onal-aluminium.org/statistics/alumina-production/) (accessed 28 June 2024).
Sipos, P., Hefter, G., May, P.M., 1998. A hydrogen electrode study of concentrated
alkaline aluminate solutions. Aust J Chem 51, 445-453.

Gomes, J.F., Davies, M., Smith, P., Jones, F., 2021. The formation of desilication
products in the presence of kaolinite and halloysite — the role of surface area.
Hydromet 203, 105643.

Késa, E., Szabados, M., Baan, K., Kénya, Z., Kukovecz, A., Kutus, B., et al., 2021.
The dissolution kinetics of raw and mechanochemically treated kaolinites in
industrial spent liquor — the effect of the physico-chemical properties of the solids.
Appl Clay Sci 203, 105994.

Gates-Rector, S., Blanton, T., 2019. The powder diffraction file: a quality materials
characterization database. Powder Diffr 34, 352-360.

Brunauer, S., Emmett, P.H., Teller, E., 1938. Adsorption of gases in multimolecular
layers. J Am Chem Soc 60, 309-319.

Barrett, E.P., Joyner, L.G., Halenda, P.P., 1951. The determination of pore volume
and area distributions in porous substances. I. Computations from nitrogen
isotherms. J Am Chem Soc 73, 373-380.

Mahmood, T., Saddique, M.T., Naeem, A., Westerhoff, P., Mustafa, S., Alum, A.,
2011. Comparison of different methods for the point of zero charge determination
of NiO. Ind Eng Chem Res 50, 10017-10023.

Seo, S.M., Kim, G.H., Lee, H.S., Ko, S.-O., Lee, O.H., Kim, Y.H., et al., 2006. Single-
crystal structure of fully dehydrated sodium zeolite Y (FAU), [Nay;]
[Si121Al7,0384]-FAU. Anal Sci 22, 209-210.

Armstrong, A.R., Anderson, P.A., Woodall, L.J., Edwards, P.P., 1995. Structure of
Na3* in sodium zeolite Y. J Am Chem Soc 117, 9087-9088.

Frisch, M.J., Trucks, G.W., Schlegel, H.B., Scuseria, G.E., Robb, M.A.,
Cheeseman, J.R., et al., 2016. Gaussian 16, Revision A.03. Gaussian, Inc.,,
Wallingford, CT.

Chai, J.-D., Head-Gordon, M., 2008. Long-range corrected hybrid density
functionals with damped atom-atom disperison corrections. Phys Chem Chem Phys
10, 6615-6620.

Modrzejewski, M., Chalasinski, G., Szczesniak, M.M., 2014. Range-separated meta-
GGA functional designed for noncovalent interactions. J Chem Theory Comput 10,
4297-4306.

Marenich, A.V., Cramer, C.J., Truhlar, D.G., 2009. Universal solvation model based
on solute electron density and on a continuum model of the solvent defined by the
bulk dielectric constant and atomic surface tensions. J Phys Chem B 113,
6378-6396.

Seneviratne, D., Peng, H., Vaughan, J., 2017. The impact of organic additives on
phase transformation and particle size of Bayer process desilication product.
Travaux 46, Proceedings of the 35th ICSOBA Conference, Hamburg, 2-5 October
2017, pp. 229-241.

Yao, J., Zhang, L., Wang, H., 2008. Synthesis of nanocrystalline sodalite with
organic additives. Mater Lett 62, 4028-4030.

Buckd, A., Kutus, B., Peintler, G., Kele, Z., P4linké, L., Sipos, P., 2020. Stability and
structural aspects of complexes forming between aluminum(III) and D-
heptagluconate in acidic to strongly alkaline media: an unexpected diversity. J Mol
Liq 314, 113645.

Hermeler, G., Buhl, J.-Ch, Hoffmann, W., 1991. The influence of carbonate on the
synthesis of an intermediate phase between sodalite and cancrinite. Catal Today 8,
415-426.


https://doi.org/10.1016/j.jhazmat.2024.136234
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref1
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref1
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref1
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref2
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref2
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref3
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref3
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref3
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref4
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref4
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref4
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref4
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref5
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref5
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref5
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref5
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref5
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref6
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref6
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref7
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref7
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref8
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref8
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref8
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref9
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref9
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref9
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref9
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref10
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref10
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref11
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref11
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref11
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref12
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref12
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref13
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref13
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref13
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref14
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref14
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref15
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref15
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref15
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref16
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref16
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref16
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref17
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref17
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref17
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref18
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref18
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref18
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref18
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref19
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref19
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref19
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref20
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref20
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref20
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref21
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref21
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref21
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref21
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref22
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref22
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref22
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref23
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref23
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref23
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref24
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref24
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref24
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref25
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref25
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref26
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref26
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref26
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref26
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref27
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref27
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref28
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref28
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref29
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref29
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref29
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref30
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref30
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref30
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref31
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref31
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref32
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref32
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref32
https://international-aluminium.org/statistics/alumina-production/
https://international-aluminium.org/statistics/alumina-production/
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref33
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref33
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref34
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref34
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref34
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref35
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref35
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref35
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref35
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref36
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref36
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref37
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref37
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref38
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref38
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref38
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref39
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref39
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref39
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref40
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref40
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref40
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref41
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref41
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref42
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref42
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref42
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref43
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref43
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref43
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref44
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref44
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref44
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref45
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref45
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref45
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref45
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref46
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref46
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref47
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref47
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref47
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref47
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref48
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref48
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref48

E. Kasa et al.

[51]

[52]
[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Zheng, K., Gerson, A.R., Addai-Mensah, J., Smart, R.St.C., 1997. The influence of
sodium carbonate on sodium aluminosilicate crystallization and solubility in
sodium aluminate solutions. J Cryst Growth 171, 197-208.

Deng, Y., Harsh, J.B., Flury, M., Young, J.S., Boyle, J.S., 2006. Mineral formation
during simulated leaks of Hanford waste tanks. Appl Geochem 21, 1392-1409.
Campoverde, J., Guaya, D., 2023. From waste to added-value product: synthesis of
highly crystalline LTA zeolite from ore mining mailings. Nanomater 13, 1295.
Djawad, F., Djamel, N., Mekatel, E., Samira, A., 2019. Adsorption of Ni%* jons onto
NaX and NaY zeolites: Equilibrium, kinetics, intra crystalline diffusion and
thermodynamic studies. Iran J Chem Chem Eng 38, 63-81.

Sophiphun, O., Bua-ngern, W., Chanprame, S., Laksana, C., 2022. Synthesis and
characterization of zeolite NaY and its glyphosate adsorption capacity with varying
iron content. Trends Sci 19, 6270.

Babic, B.M., Milonjic, S.K., Polovina, M.J., Kaludierovic, B.V., 1999. Point of zero
charge and intrinsic equilibrium constants of activated carbon cloth. Carbon 37,
477-481.

Michalek, T., Wojtaszek, K., Malecki, S., Kornaus, K., Wandor, S., Druciarek, J.,
et al., 2023. Recovery of Pd(II) ions from aqueous solutions using activated carbon
obtained in a single-stage synthesis from cherry seeds. J Carbon Res 9, 46.
Setyaningsih, E.P., Rachman, R.A., Martia, U.T.I., Widyanto, A.R., Igbal, R.M.,
Widiastuti, N., 2019. The MnO,/zeolite NaY catalyzed oxidation of CO emission in
catalytic converter system. Mater Sci Forum 964, 199-208.

Sumari, S., Fajaroh, F., Yahmin, Sholilah, N., Santoso, A., Budianto, A., 2019. Effect
of temperature synthesis on structural behaviours of NaY zeolite using local sand as
a silica source. IOP Conf Ser, Mater Sci Eng 515, 012036.

Cui, L., Han, R., Yang, L., Wu, Y., Pei, R., Li, F., 2020. Synthesis and
characterization of mesoporous sodalite and investigation of the effects of
inorganic salts on its structure and properties. Micro Mesopor Mater 306, 110385.

12

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]
[69]

[70]
[71]

Journal of Hazardous Materials 480 (2024) 136234

Ulfa, M., Masykur, A., Nofitasari, A.F., Sholeha, N.A., Suprapto, S., Bahruji, H.,
et al., 2022. Controlling the size and porosity of sodalite nanoparticles from
indonesian kaolin for Pb?* removal. Materials 15, 2745.

Fouad, O.A., Mohamed, R.M., Hassan, M.S., Ibrahim, I.A., 2006. Effect of template
type and template/silica mole ratio on the crystallinity of synthesized nanosized
ZSM-5. Catal Today 116, 82-87.

Arthur, E., Muller, M., Norgaard, T., Moldrup, P., Chen, C., Rehman, H.U., et al.,
2023. Contribution of organic carbon to the total specific surface area of soils with
varying clay mineralogy. Geoderma 430, 116314.

Kirschbaum, M.U.F., Giltrap, D.L., McNally, S.R., Liang, L.L., Hedley, C.B.,
Moinet, G.Y.K., et al., 2020. Estimating the mineral surface area of soils by
measured water adsorption. Adjusting for the confounding effect of water
adsorption by soil organic carbon. Eur J Soil Sci 71, 382-391.

Rida, K., Bouraoui, S., Hadnine, S., 2013. Adsorption of methylene blue from
aqueous solution by kaolin and zeolite. Appl Clay Sci 83-84, 99-105.

Aziz, H.A., Noor, A.F.M., Keat, Y.W., Alazaiza, M.Y.D., Hamid, A.A., 2020. Heat
activated zeolite for the reduction of ammoniacal nitrogen, colour, and COD in
landfill leachate. Int J Environ Res 14, 463-478.

Wang, S., Wang, Y., Kuang, Y., Xu, S., Gao, S., Liu, L., et al., 2022. Adsorption
behaviour of molecular sieve and activated carbon for CO, adsorption at cold
temperatures. Carbon Neutr 1, 16.

Langmuir, 1., 1916. The constitution and fundamental properties of solids and
liquids. Part L. Solids. J Am Chem Soc 38, 2221-2295.

Freundlich, H., 1907. Uber die Adsorption in Losungen. Z Phys Chem 5 (7),
385-470.

Sips, R., 1948. On the structure of a catalyst surface. J Chem Phys 16, 490-495.
Spiess, A.-N., Neumeyer, N., 2010. An evaluation of R? as an inadequate measure
for nonlinear models in pharmacological and biochemical research: a Monte Carlo
approach. BMC Pharm 10, 6.


http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref49
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref49
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref49
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref50
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref50
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref51
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref51
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref52
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref52
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref52
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref53
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref53
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref53
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref54
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref54
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref54
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref55
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref55
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref55
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref56
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref56
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref56
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref57
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref57
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref57
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref58
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref58
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref58
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref59
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref59
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref59
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref60
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref60
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref60
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref61
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref61
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref61
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref62
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref62
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref62
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref62
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref63
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref63
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref64
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref64
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref64
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref65
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref65
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref65
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref66
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref66
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref67
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref67
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref68
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref69
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref69
http://refhub.elsevier.com/S0304-3894(24)02813-9/sbref69

	Utilization of desilication products as efficient adsorbents for the removal of basic fuchsine
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 The preparation of DSPs
	2.3 Characterization of the solids
	2.3.1 Qualitative analysis
	2.3.2 Quantitative analysis

	2.4 Adsorption experiments
	2.5 Modelling adsorbent-dye interactions

	3 Results and discussion
	3.1 Formation of desilication products
	3.2 Characterization of the adsorbents
	3.3 Comparison of the adsorption reactions of DSP, FAUY, CARB, and Fe-ZSM-5
	3.4 Modelling fuchsine adsorption on DSP and FAUY particles
	3.5 The effect of organic impurities on the adsorption efficiency of DSP

	4 Conclusions
	Environmental ​implication
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	datalink5
	References


