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Abstract

The use of different types of zeolites (X, Na-P1, and 4A) synthesized by different methods and scales were tested in this work to
adsorb nutrients present in synthetic solutions and industrial effluents for later application as fertilizer. Modifications with
calcium chloride were performed on the zeolite with the best performance to increase its adsorption capacity. The best performing
zeolite was type X (ZXH) produced on a pilot scale by the hydrothermal process. Its adsorption capacity without modification
was 149 mg P-PO,/g zeolite and 349 mg K/g zeolite. With the change, there was a fourfold increase in these results, which were
up to threefold higher than reported in the literature. The kinetic model that best characterized the adsorption process was the
intraparticle diffusion model, and the equilibrium isotherm was that of Freundlich. The adsorption tests performed with industrial
effluent showed high removal of the nutrients of interest (> 90% for PO,> and > 95% for K*). The desorption tests with zeolites
nutrient-loaded from synthetic solutions showed 13 to 24% PO,*” and 14 to 47% K* release within 24 h, while for zeolite
nutrient-loaded from effluent the release were 7 and 100% for PO,>~ and K*, respectively. The results we obtained in this work
indicated the potential use of zeolites in the treatment of effluent and its application as a fertilizer.
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Introduction disposed of incorrectly, causes damage to the environment
(Gollakota et al. 2019). Thus, studies are aiming to reuse this

In recent years, global coal power generation is estimated to  residue, which is rich in silicon and aluminum, as a raw ma-

have increased by around 3%, representing 40% of the
world’s energy generation. This increase has generated signif-
icant growth in the generation of ash, which, when stored or
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terial in the development of new materials (Hemalatha and
Ramaswamy 2017).

Zeolites are composed of silicon, aluminum, and oxygen
and built by tetrahedrons (TO,4). The union of the tetrahedra
forms typical secondary units and topology of the particle
structure, resulting in micropores, channels, and cavities that
generate specific properties of each type of zeolite (Rhodes
2010). Two methods are the most common among those used
to convert coal ash into zeolites: the hydrothermal treatment,
which consists of the hydrothermal reaction mechanism in-
volving steps of dissolution, condensation, and crystallization
of the material; and the fusion treatment, which consists of
melting a mixture of ash and hydroxide, followed by the hy-
drothermal treatment (Izidoro 2013; Yoldi et al. 2019; Collins
et al. 2020).

It is also worth mentioning the sparse studies on the influ-
ence of the scale increase of zeolite synthesis from ashes,
which are essential for proving the viability of producing these
materials on a commercial scale (Brassell et al. 2016). Zeolites
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are products of great commercial importance since their dif-
ferent structures allow their use in several applications, rang-
ing from catalysts and adsorbents in the treatment of water and
effluents to agricultural uses. For use as fertilizers, some stud-
ies have proposed the modification of zeolites with different
compounds (Ca, Fe, La, among others) to increase the nutrient
adsorption capacities (Bhardwaj et al. 2014; Ji et al. 2015;
Hermassi et al. 2016, 2016; Mitrogiannis et al. 2017;
Goscianska et al. 2018, 2018). Despite proven increases in
nutrient adsorption, there is no assessment of the use of dif-
ferent types of zeolites for these applications.

The high content of nutrients in the aquatic environment is
considered an aggravating factor to the environment since its
excess causes eutrophication. Different technologies are pre-
sented in the literature on ways to treat wastewater for exam-
ple, the use of clay for the treatment in effluent with dyes.
(Ehsan et al. 2017; Kanwal et al. 2017; Nausheen et al.
2017; Kausar et al. 2018). Several authors have suggested
the use of zeolites in the adsorption of nutrients such as phos-
phate and potassium present in different types of effluents
(Wang and Peng 2010; Hamdi and Srasra 2012; Hermassi
et al. 2016; Manto et al. 2017; Shi et al. 2017; Wan et al.
2017). Once loaded with nutrients, zeolites can be applied as
a fertilizer and soil conditioner in agricultural systems
(Bernardi 2008; Lateef et al. 2016; Harikishore Kumar
Reddy et al. 2017; Guo et al. 2018).

Each plant has a different need for macronutrients for its
development, such as N, P, and K, which despite being abun-
dant in the soil, are difficult for plants to assimilate, mainly due
to the way they are available (da Rocha Junior et al. 2017;
Bruulsema 2018). According to the International Fertilizer
Association, the fertilizer industry is committed to the sustain-
able use of all available sources of phosphorus. To this end,
management practices for better recycling of this element and
researches on new fertilizers produced from alternative sources,
as is the case of this study, have been encouraged. It should also
be noted that potassium-based fertilizers represent more than
90% of sales in countries such as Brazil and the USA.

The use of zeolites as fertilizers brings several associated
benefits, such as increased nutrient loading capacity, cost re-
duction, control of the nutrient release rate, adaptability to soil
conditions, and higher water retention. The use of the zeolite,
synthetized from coal ashes, for obtaining fertilizers is extreme-
ly advantageous both from an economic and an environmental
point of view since it makes it possible to add value to a waste
that needs to find a suitable destination (Reddy et al. 2017).

In general, the studies reported in the literature focus on the
use of natural zeolites or Na-P type zeolites, and there are no
studies on type X zeolites. No studies are comparing the in-
fluence of synthesis processes on macronutrient adsorption.
Although some studies use synthetic solutions of potassium
phosphate salts, the simultaneous adsorption of the two com-
pounds has not been discussed, since potassium, for example,

has been studied from its direct synthesis in the production of
potassium zeolites (Flores et al. 2017; Liu et al. 2019).

The objective of this work is to test the adsorption of nu-
trients such as phosphate and potassium in different types of
zeolites (Na-P1, A, and X), produced from different synthesis
methods. Modification of the zeolite with greater adsorption
capacity with calcium chloride (CaCl,) was also carried out to
further increase this capacity to develop a better quality prod-
uct. The zeolite with the best performance was placed in con-
tact with a real effluent to assess the adsorption capacity of
nutrients and the influence of other contaminants present.
Finally, it was evaluated the release of nutrients present in
zeolites aiming at a possible application of the product as a
fertilizer.

Methodology
Synthesis of zeolites

The zeolites used in this study were synthesized using two
processes: (a) fusion followed by hydrothermal treatment
and (b) integrated hydrothermal treatment. We also evaluated
the bench scale and pilot scale synthesis. The two synthesis
processes, at different scales, were studied to compare the
purity and yield of the materials obtained and their perfor-
mance in adsorption/desorption of nutrients. In both process-
es, fly ash was used, collected in the electrostatic precipitator
of Unit 7 of the Jorge Lacerda Thermoelectric Plant (Capivari
de Baixo- SC). In one of the synthesis tests by the fusion
method, bottom ashes from that same unit were also used.
We present the detailed procedures used in theses syntheses
in the Complementary Information file.

To compare the results of zeolites synthesized with high
purity materials, we used commercial zeolites of the type Na-
P1, 4A, and 13X (IQE, Spain), produced by the hydrothermal
process from commercial inputs (usual reagents — no waste).
Table 1 presents the synthesis conditions and the characteris-
tics of the zeolites used in this work, which will be detailed
below. The codes indicate the material (Z (zeolite)), the type
(X, P, or4A), and the method of synthesis used (F (fusion) and
H (hydrothermal)).

Adsorption studies

Preliminary adsorption tests were carried out to evaluate the
adsorption capacity of the synthesized zeolites and the process
kinetics. The experimental conditions of these tests were
based on procedures reported in the literature (Hermassi
et al. 2016; Cheng et al. 2017; Goscianska et al. 2018). For
that, solutions were prepared from potassium monobasic
phosphate (KH,PO,), resulting in a concentration of 8.0 g
PO,*/L and 3.2 g K/L.
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Table 1 Identification, synthesis

conditions, and basic Zeolite Synthesis

characteristics of the zeolites used
Type Code Process Scale Ratio Hydration (%)

SVAT**

FAU X ZXC Hydro Commercial 1.0-1.5 27
FAU X ZXF Fusion Bench 1.0-1.5 23
FAU X ZXH Hydro Integrated 11 Pilot 1.0-1.5 24
GIS Na-P1 ZpPC Hydro Commercial 2.0-5.0 19
GIS Na-P1 ZPF* Fusion Bench 2.0-5.0 8
GIS Na-P1 ZPH. 1 Hydro Integrated I Bench 2.0-5.0 13
GIS Na-P1 ZPH. 11 Hydro Integrated 11 Bench 2.0-5.0 18
LTA 4A Z4AC Hydro Commercial 1 28
LTA 4A ZAAH Hydro Integrated 11 Pilot 1 22

*Zeolite synthesized using heavy ashes
**Values determined according to Break (1975)

The tests were done in batches using Becker glass of
250 ml with the adsorbent (3.3 g) placed in contact with
200 ml of KH,PO, solution (solid/liquid ratio 16.7 g L.
The mixture was kept under magnetic stirring (400 rpm) at
room temperature (23 + 1 °C) and natural pH (6.21 £ 0.22) for
24 h. The 5 ml aliquots were removed at different times (5, 15,
30, 60, 180, 240, 300, 360, 420, 1380, and 1440 min), with the
pH (Digimed DM-21) and electrical conductivity (SHOT Lab
960) being measured.

The phosphate and potassium adsorption capacities
by zeolites were calculated from Eqgs. 1 and 2, respec-
tively.

MMP
(CIP_CFP) X m X 1000 X 1000
CADp = 4 (1)

Mzeo

where CADp is the phosphate adsorption capacity and
expressed in mgP-PO, per gram of zeolite (wet basis);
Clp—initial phosphate concentration (g L™") in the solution;
CFp—final concentration of phosphate (g L") in the solution;
MMP—molar mass P (g mol '); MMPO,_molar mass PO,
(g/mol); V volume solution (mL™1); m,e, mass of zeolite (2.

v
1000 2)

[(CIg—CFg) x 1000] x
CADy =

Mzeo

where CADy is phosphate adsorption capacity, expressed in
mg K per gram of zeolite (wet basis); Clx—initial K concen-
tration (g L) in the solution; CFx—final concentration of K
(g LY); V volume solution (mL™"); m,,, mass of zeolite ().

Based on the preliminary tests’ results, the other experi-
ments were designed to assess equilibrium and kinetics in a
wide range of concentrations and at different pHs. All other
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experiments were carried out with the zeolites X (ZXF and
ZXH) and Na-P1 (ZPH) that showed better performance in the
preliminary test.

Adsorption kinetics

The results of the kinetics tests of the adsorption process,
according to the procedure previously described, were obtain-
ed using the models of pseudo-first-order (Eq. 3) and pseudo-
second-order (Eq. 4).

kl
log(q,—q,) = log(qe)—mt (3)
t 1 1
R + —t 4
4, k2¢2  q, )

where:q, (mg g ') is the amount adsorbed on the solid phase at
equilibrium; ¢, (mg g~ ') amount of material (phosphate)
adsorbed at time # ¢ (min) time; k1 (min ") pseudo-first-
order speed constant, and k2 (g mg min') is the pseudo-
second-order model speed constant.

Different mechanisms occur during kinetics, in a process
that involves transporting the adsorbate present in a liquid
solution to a porous solid and intraparticle diffusion model
described by Eq. 5.

q; :kit1/2+c (5)

where: k; (mg g™ min ) is the intraparticle diffusion rate

constant, and C is the value of the intersection of the line with
the ¢, axis.

The models used were applied only to phosphate, since this
is the element of main interest in this study. Potassium was
monitored through the results obtained in the initial and final
times in each adsorption test.
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Adsorption in the function of pH

The adsorption test varying the pH of the solution from 4.0 to
9.0 was applied using solutions of NaOH (1 mol L™") and HCI
(1 mol L™) to adjust the acidity/alkalinity following proce-
dures reported in the literature (Jiang et al. 2013; Choi et al.
2016; Hermassi et al. 2016; Goscianska et al. 2018). These
tests were performed with the zeolites X (ZXF and ZXH) and
Na-P1 (ZPH) that showed better performance in the test at
natural pH (6.21 £ 0.22).

The parameters adopted in these tests were the same as
those described in sub-item “Adsorption studies”. At the be-
ginning of the tests, the experimental conditions were moni-
tored every 5 min, and after 60 min of contact, the monitoring
was performed every hour, to maintain the pH stabilization of
the solution in the desired range.

Adsorption isotherms

The evaluation of the phosphate and potassium adsorp-
tion equilibrium was carried out through isotherm tests
following the experimental conditions reported in item
“Adsorption studies” (natural pH, ambient T 23 + 1 °C,
S/L ratio 16.7 g g ml™', 400 rpm ), with PO,*" concen-
trations varying from 1 to 40 g L' and K* from 0.4 to
16 g L', and a total contact time of 5 h. The pH of the
suspensions was measured at the beginning of the tests
and corrected when necessary for the range of 6.0 = 0.2
to maintain the conditions in which the adsorption of
the material is favored, without the degradation of the
zeolitic structure. The equilibrium capacities were deter-
mined using Eq. 6.
14

qe = (Ca Ce)W (6)
where ¢, is the equilibrium capacity, C, (mg L") and
C. (mg L") represent the initial and equilibrium con-
centration of the analytes, respectively, v (L) is the vol-
ume of the solution, and w (g) is the zeolite mass.

The phosphate and potassium adsorption equilibria were
evaluated according to the Langmuir (Eq. 7) and Freundlich
(Eq. 8) isotherms.
Ce 1 C.

= +=¢ (7
9. KL('Im 9m )

1
logg, = logK s + (;) logC, (8)

where ¢,, (mg g ') is the maximum adsorption capacity,
K; (L mg ") is the Langmuir equilibrium constant, and
Kr ((mg gfl)/mg L") is the Freundlich equilibrium
constant.

Desorption tests

The desorption test was performed with zeolites (0.5 g) loaded
with different concentrations of phosphate and potassium in
Na,CO;3/NaHCO; (0.1 mol L") buffer solution, with an pH
of 10, at room temperature (23 + 1 °C), with mechanical
stirring (200 rpm) for 24 h (Onyango et al. 2007; Guaya
et al. 2016; Hermassi et al. 2016). For type X samples, de-
sorption was performed within 120 h, to follow the nutrient
release process over a longer period. Desorption tests were
also performed with zeolites after contact with effluent (item
“Removal of nutrients present in effluents by zeolites”).

Modification of zeolitic material

To improve the adsorption capacity of nutrients, a modifica-
tion of the zeolite with the best result (ZXH) was carried out,
based on the adsorption tests performed (see item “Adsorption
studies”). The modification tests were performed with CaCl,
(0.5 M) solutions placed in contact with the sodium zeolite
ZXH, successive cycles (five) of cation exchange being car-
ried out until obtaining a high calcium loading. CaCl, was
chosen because modified zeolite presented best nutrient ad-
sorption capacities when compared to zeolites modified with
Fe and La compounds (results not presented) and also is more
advantageous in terms of reagents cost.

Removal of nutrients present in effluents by zeolites

With modified (ZXH.Ca) and unmodified (ZXH) zeolites,
phosphate, and potassium adsorption and desorption tests
were carried out in an industrial effluent with high concentra-
tions of these nutrients. The methodologies followed for the
tests were those described in items “Adsorption studies” and
“Desorption tests” (S/L 16 ratio, 24 h, natural pH, 23 °C, 300
rpm). The industrial effluent was collected in a fertilizer in-
dustry located in Porto Alegre (RS-Brazil). The effluent
comes from washing the company’s storage yards, which con-
tain the fertilizer with varying concentrations of the nutrients
of interest. The effluent is not treated being disposed directly
into the water body.

Analytical methods

The concentrations of ions of interest (phosphate, potassium,
and sodium) in the adsorption/desorption processes were an-
alyzed by ion chromatography (IC) following the methodolo-
gy developed by Philippi et al. (2007). The chemical compo-
sition of the adsorbents was analyzed by X-ray fluorescence
(FRX) in a Shimadzu equipment, model EDX 7000, with a 3-
kW tube and rhodium target.

The mineralogical composition of the zeolites before and
after contact with the KH,PO, solutions was also analyzed by
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X-ray diffraction (DRX) using a Shimadzu equipment, model
XRD-6100, with copper Ko radiation, 40 kV power and
30 mA current. The *'P analyses were performed on a nuclear
magnetic resonance spectrometer (MAS NMR) with a
BRUKER AVANCE HD III 400 MHz equipment, the peaks
being identified with the aid of the DMFIT software (Ferrarini
et al. 2016).

The total water content of the zeolites was determined by
controlled heating, after saturation, according to the procedure
mentioned by Abruzzi (2017).

The morphological analyses were performed using the
scanning electron microscope (SEM), HITACHI model SU-
70 coupled EDS system.

The variation in the composition of dissolved species as a
function of pH was simulated using the chemical speciation
software Visual MINTEQ. In these calculations, an aqueous
solution containing only KH,PO, (8 g/L in phosphate) was
considered.

Results
Characterization of synthesized zeolites

The diffractograms of the synthesized materials and the com-
mercial zeolites are shown in Fig. 1.

Type X zeolites, produced from fusion (ZXF) and hydro-
thermal (ZXH) methods at different scales, presented phases
similar to commercial zeolite X, with characteristic 2 angles
(6°,23.2°,26.8°, and 31°). The sodalite phase is also present,
but with low intensity. Its presence can be attributed to the
excess of NaOH added or to the temperature maintained dur-
ing the synthesis process, which also justifies the presence of
amorphous phases (Aquino 2018). Another aspect related to
the appearance of amorphous phases is the synthesis method
since the precursor ash is converted directly into zeolite by the
fusion method, for example, which causes undesirable impu-
rities to remain in the material (Querol et al. 2002; Juan et al.
2007; Petrov and Michalev 2012; 1zidoro 2013; Cardoso et al.
2015a; Brassell et al. 2016).

The chemical composition of the two synthesized type X
zeolites (Table 2) was similar, being constituted by major
elements Si and Al, expressed as the oxides of SiO, and
Al,O3. In addition to these, we highlight the presence of Na
(Nay0), which provides ion exchange through its mobilization
with K* ions, and the presence of Ca and Fe, which assist in
phosphate adsorption (Hermassi et al. 2016, 2016). P (P,Os)
and K (K,O) are also present in the structure, but in low
concentrations (< 1.5%). As expected, elements present in
ash, such as Fe, Ca, Mg, Ti, and Mn (Aquino 2018), are
present in greater quantity in zeolite synthesized by fusion
(ZXF) compared to commercial zeolite (ZXC) and the one
synthesized by the hydrothermal process (ZXH).
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Fig. 1 Mineralogical characterization (XRD) of the commercial and syn-
thesized zeolites used

To complement the characterization of the formed zeolitic
material, scanning electron microscopy analyses were per-
formed (Figure S1). The micrographs A (ZXF) and B
(ZXH) refer to the formation of zeolites type X, with the
classic configuration of an octahedral prism, proving the for-
mation of the zeolitic material.
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Table 2 Chemical composition
of zeolites before contact Oxide ZXH  ZXF ZXC  ZPF ZPH.1 ZPH.Il ZPC ZAAH ZAAC  ZXH. Ca*
Content (%) | oxides
SiO, 3241 3401 3473 3691 3568 38.90 3490  29.50 3250  36.77
AlLO; 2396 2338 2357 23.69 23.74 29.44 2494 22,64 2500 @ 26.73
Fe,0;  0.08 2.82 0.07 4.05 2.92 3.84 0.07 0.06 0.05 0.30
K,0 0.75 1.09 0.13 0.76 1.15 0.59 0.15 0.51 0.07 0.30
Ca0 0.11 1.12 0.04 1.04 1.38 1.88 0.05 0.06 0.04 13.99
TiO, 0.04 0.66 0.04 0.73 0.92 1.20 0.04 0.03 0.04 0.04
MgO 0.06 0.26 0.09 0.40 0.46 091 0.08 0.11 0.12 0.09
P,05 0.03 0.04 0.03 0.04 0.05 0.05 0.03 0.03 0.03 0.18
Na,O 17.57  1.39 15.02 1296 13.48 9.25 1923 19.26 1898  3.08
MnO 0.03 0.39 0.00 0.52 0.50 0.68 0.03 0.02 0.08 0.02
Total 75.04  79.15 7372 81.09 80.27 86.73 79.52 7222 7691 81.50
PF 2496 20.85 2628 19.73  20.85 13.27 2048 2779  23.09 18.50

*Type X zeolite modified with calcium chloride

Three zeolites type Na-P1 were synthesized on a bench
scale, two produced from fly ash by the hydrothermal method
(ZPH. I—Integrated Process I and ZPH. II—Integrated
Process II), and one by fusion process with bottom ash
(ZPF). 1t is noteworthy that the use of zeolite Na-P1 is the
most recurrent in works presented in the literature (Xie et al.
2014, 2014; Hermassi et al. 2016; He et al. 2017; Goscianska
et al. 2018, 2018), probably due to the greater ease of
obtaining it both by hydrothermal methods and by fusion from
coal ash (Querol et al. 2002; Cardoso et al. 2015a, 2015b).

The diffractograms obtained from the synthesized zeolites
(see Fig. 1), when compared with that of the commercial ze-
olite, present angles 2 12.5°, 17.8°, 21.8°, 28°, and 33.2°,
characteristic of the Na-P1 zeolite and also other phases like
quartz and mullite. Izidoro (2013) comments that the presence
of these phases is due to the synthesis process since they
cannot be substantially dissolved, due to the amount of Fe
present in the ash, which makes it difficult to release alumi-
nosilicates, impairing the formation of the zeolite. In addition
to these phases, the zeolite produced by the fusion process
(ZPF) also presented magnetite, probably due to the use of
bottom ashes in the synthesis process, which have a high iron
content (> 7%) (Canpolat et al. 2004). Berkgaut and Singer
(1996) indicate that the presence of iron oxide does not favor
the formation and growth of crystals, leading to partially for-
mation of the zeolitic material. The major components present
in this material were Si, Al, Na, and Fe (Table 2). P and K are
also present in the structure, but in low concentrations (<
0.5%).

The mineralogical analysis of the ZPH. I sample is also
presented, in addition to the characteristic phase of Na-P1,
quartz and mullite phases, which are present in the ash and
were not eliminated during the hydrothermal process
(Cardoso et al. 2015b), were observed. The major components

present are Si, Al, and Na. Elements such as Fe, Ca, Mg, and
K are also present in concentrations up to 7 times higher than
those found in the commercial zeolite (ZPC), which probably
hindered the formation of the zeolitic material. The zeolite
produced by the Integrated Process II (ZPH. II) also had a
characteristic DRX diffractogram of Na-P1 type zeolites with
2 12.5°,17.8°, 21.8°, 28.0°, and 33.2°, besides quartz, mull-
ite, and sodalite. The amount of sodium present in the synthe-
sized zeolitic material is twice less than that present in the
commercial zeolite, which compromises the formation of the
zeolitic material (Querol et al. 2002). The three synthesized
Na-P1 zeolites presented different micrographs (see
Figure S1, C, D, and E). The ZPF (Image C) presented spheres
typical of the precursor ash that indicate the partially forma-
tion of the zeolitic material. The images D and E referring to
ZPH. I and ZPH. II, respectively, show the formation of the
Na-P1 zeolite, with a similar structure to the reported in the
literature (Querol et al. 2002; Cardoso et al. 2015a, b;
Hermassi et al. 2016; Sharma et al. 2016).

Type 4A zeolite (Z4AH) was produced in a pilot scale
synthesis process, and the X-ray diffractogram (Fig. 1) shows
all angles 2 7°,12.5°,21.7°,24°,26.1°,27.1°,30°, 32.7°, and
34.1°, characteristic of this zeolite, which are also present in
the diffractogram of the commercial Z4AC zeolite. There
were no other phases or the presence of amorphous material
in this sample, which suggests the formation of a product of
higher purity (and crystallinity). These characteristics must be
associated with the synthesis process that starts from ash ex-
tracts, basically containing Si and Al, and the addition of a
supplemental source of Al (sodium aluminate). The chemical
composition corroborates these results, with the presence
mostly of SiO,, Al,O3, and Na,O. The SEM images
(Figure S1F) referring to this zeolite show well-faceted cubes
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with a regular surface, which are typical of this material
(Cardoso et al. 2015b; Igbal et al. 2019; Yang et al. 2019).

The total water content present in each synthesized material
was determined in hydration tests since the formation and
porosity are associated with the ability of molecular interac-
tion on the internal and external surface (Pearce 1975). The
zeolites with the highest moisture content (see Table 1) were
type X (23 to 27%) and 4A (22%). The Na-P1 type zeolites
had lower values (8 to 19%). The total water content is an
indirect parameter, indicating the purity of the zeolite pro-
duced. This can be seen in the results obtained, since the
commercial zeolites presented higher levels than the synthe-
sized ones, which is expected, since the synthesized zeolites
are produced from residues, having higher contaminations
(Hu et al. 2017). Higher moisture content can be interesting
to use as soil conditioners, which can be a vehicle for trans-
ferring chemical elements, nutrients, and other substances
from the soil to the roots (Van Raij 2011).

Characterization of modified zeolite

Through XRD and FRX analyses, it was possible to confirm
the modification of the zeolitic material without altering the
main phases of the type X zeolite (ZXH). Figure 2 and Table 2
show the diffractogram and the chemical composition after the
material has been modified, with the predominant phases of
zeolite X being maintained at angles 2 6°, 23.2°, 26.8°, and
31°. The presence of calcite (CaCOs;) was also observed, be-
ing this phase due to the partial exchange of sodium ions
present in the zeolite for calcium ions from the CaCl, solution
(Hermassi et al. 2016). The incorporation of Ca can also be
confirmed by the analysis of the FRX since, before the con-
tact, the percentage of CaO was 0.11%, passing to 13.99%.
Also, there was a significant decrease in the percentage of Na
present in the sample (from 17.57 to 4.02%), which suggests
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Fig. 2 Mineralogical characterization (DRX) and chemical composition
of the modified zeolite ZXH. Ca
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that the cation exchange process is the main mechanism of this
modification process (Sandomierski et al. 2019).

Phosphate and potassium adsorption in zeolite

The adsorption capacities of phosphate and potassium ions for
the six synthesized zeolitic materials and the modified zeolite
(ZXH.Ca), as well as for three commercial zeolites, are shown
in Fig. 3. In these tests, a solution with a concentration of 1’043
7 8.0 g/L and K* 3.2 g/L (S/L ratio 16.7, 300 rpm, 25 °C,
natural pH ~ 6.2) was used. Figure S2 shows the adsorption
capacities at different contact times, for a better evaluation of
the different behaviors of the adsorbent materials studied.

The ZXF and ZXH zeolites showed the highest adsorption
capacities, 55 and 47 mg P-PO,/g zeolite, respectively, and
fast adsorption in the first 15 min of contact (70% of maxi-
mum capacity), followed by a longer period (20 to 200 min)
until the adsorption equilibrium was reached (Figure S2). The
ZAAH and ZPH. II adsorbents showed intermediate behavior
with capacities of 27 and 35 mg P-PO,/g zeolite, respectively,
and a longer time to reach equilibrium (350 min). The worst
performances were observed for zeolite ZPH. I (17 mg P-PO4/
g zeolite, equilibrium time 420 min) and ZPF (5 mg P-PO,/g
zeolite, equilibrium time 420 min).

For commercial samples, it was observed that type X
(ZXC) and 4A (Z4AC) showed lower adsorption perfor-
mances (39 and 14 mg P-PO,/g zeolite, respectively) com-
pared to the type X and 4A zeolites synthesized in this study,
while the Na-P1 zeolite (ZPC) showed superior behavior
(55 mg P-PO,4/g zeolite). The increase in the contact time in
up to 24 h did not significantly increase the phosphate adsorp-
tion in any of the adsorbents. This result indicates that shorter
times can be used (maximum 5 h) to determine the maximum
adsorption capacity, under these conditions.

For potassium, higher and differentiated adsorption capac-
ities were observed when compared to phosphate adsorption
capacities among the zeolites studied (Fig. 3). The commercial
zeolites (ZPC, ZXC, and Z4AC) showed the highest adsorp-
tion capacities (105, 87, and 48 mg K/g, respectively) when
compared to similar synthesized ones. The biggest differences
are seen in the synthesized Na-P1 zeolites, which have less
than half the capacity (45-48 mg K/g) of the commercial
zeolite.

Regarding the FRX results obtained from the contact of
zeolites, it is noted that before the ion exchange process (mo-
bilization of Na* ions by K* ions), there is a predominance of
the major elements of the zeolitic structure, that is, Si, Al, and
Na, which correspond to more than 70% of the structure
(Table 2). After contact with the KH,PO, (8 g/L) solution, it
is observed that Na is replaced in large part by K (Table 3).

The synthesized zeolites with the highest K percentage
after contact were Z4AH and ZXH (10.12% and 9.42%
K>0, respectively). The zeolites ZXF, ZPH. 1, and ZPH. II
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also showed exchange rates, however, in lower quantities (<
8.15%). Commercial zeolites showed higher percentages than
synthesized, being 15.46; 10.25, and 8.09% of K,0, for the
ZAAC, ZPC, and ZXC zeolites, respectively.

The possible mechanisms involved in adsorption and their
relationship to the characteristics of each zeolite are complex
(Hermassi et al. 2016). Zeolites can have basic sites, due to the
oxygen atoms linked to Al, with which phosphate anions can
interact, in addition to being retained by extra-framework cat-
ions (Ca, Na) and may also suffer interactions with Fe (Jha
and Singh 2016).

The mechanisms that involve potassium absorption are
mainly due to the cation exchange capacity of zeolitic mate-
rials (Flores et al. 2017). In their structure, formed by channels
and cavities, zeolites have compensation cations and water
molecules that are responsible for ion exchange, allowing
the movement of cations to maintain their neutrality (Melo
and Riella 2010). The main counterion present in the studied

zeolites is Na*, and its exchange for K* depends on its con-
centration in solution and on the affinity with each type of
zeolite (Liu et al. 2019).

Figure 4 shows the NMR for the analysis of the ZXH
zeolitic material after being subjected to contact with the
KH,PO, (8 g/L) solution at natural pH (~ 6.2).

The RMN >'P spectrum of the zeolite exhibits a reference
peak in the chemical environment -12.26 ppm. It is suggested
from that, the formation of monodentate and bidentate phos-
phate complexes, since the presence of this signal occurred
between — 21 and 0 ppm. The peak width, on the other hand, is
characteristic of internal sphere surface phosphate complexes,
linked to compounds present in the zeolite, such as Al and Fe,
which indicates that there is no interposition of water mole-
cules between the adsorbed molecules (Vilar et al. 2010; Zhan
etal. 2017). Lopes (2017) comments that in regions close to —
50 ppm, phosphate species are bound to silicon present in the
material structure. The author also comments that in positive

Table 3 Chemical composition

of zeolites after contact with Oxide ZXH ZXF ZXC ZPF  ZPH.1 ZPH.I ZPC  Z4AH Z4AC ZXH.Ca*

solution containing PO,_ (8 g/L) Content (%) | oxides

and K+ (3.2 g/L).
SiO, 28.69  32.02 32.09 37.05 40.62 37.03 3256 3221 31.24 27.13
ALO; 2262 22.10 2334 2444 2789 28.11 23.81 25.12 25.68 21.06
Fe;,O5  0.09 1.83 0.04 1.97 2.60 2.65 0.06 0.06 0.07 0.06
K,0 9.43 8.41 8.09 12.54  8.11 7.72 1026 1021 1546 785
CaO 0.39 1.15 0.25 1.36 1.72 1.68 0.33 0.36 0.27 8.51
TiO, 0.04 0.47 0.03 0.62 0.83 091 0.04 0.03 0.03 0.03
MgO 0.12 0.15 0.11 0.34 0.48 0.55 0.12 0.14 0.10 0.03
P,05 1433 951 5.44 541 3.88 7.61 10.13  3.16 3.13 24.03
Na,O 5.40 533 6.52 2.54 1.29 1.09 6.74 7.98 3.76 0.90
MnO 0.01 0.29 0.02 0.13 0.46 0.53 0.02 0.01 0.01 0.00
Total 81.11 8125 7592 86.41  87.88 87.90 84.06 79.29 79.74 89.60
PF 18.89 1875 24.08 1359 12.12 12.10 1594  20.71 20.26 10.40

*Type X zeolite modified with calcium chloride

@ Springer



2646

Environ Sci Pollut Res (2021) 28:2638-2654

20.77
-8.55
-42.97

PR

T T T T T T T
150 100 50 0 -50 -100 -150 ppt

Fig. 4 3'P NMR spectra of zeolite after 24 h contact with 8 g/L PO,
solution

regions around 20 ppm, there is the presence of orthophos-
phate (PO,) groups. Thus, the result achieved with the tech-
nique made it possible to confirm the adsorption of phosphate
in the structure of the zeolitic material.

The modified zeolite (ZXHCa) showed a significant in-
crease (~ 5 times) in the maximum adsorption capacity of P-
PO, (224 mgP-PO,/g zeolite) when compared to ZXH with-
out modification (47 mgP-PO,/g zeolite). Through the analy-
sis of XRD after contact, the formation of the Brushite phase
(CaHPO42H,0) was confirmed (Figure S3), which is due to
the formation of this mineral through the Ca that occupies the
ion exchange sites of the zeolitic material (Hermassi et al.
2016). As expected, there was a great change in the chemical
composition of the material (see Table 3) with a higher pres-
ence of Ca (8.51% CaO) compared to Na (0.90% Na,O), in
relation to zeolite without modification. The amount of P,Os
is also significantly higher (24.03%) than that observed in an
unmodified zeolite (14.33% P,0Os), confirming the higher in-
corporation of P in the structure. A large increase was also
seen in the concentration of K (7.85% K,O) in the modified
zeolite after contact with the K,HPO, (8 g/L) solution. These
results suggest that Ca™ can eventually be displaced by K*
when occupying exchange sites. These data indicate that the
zeolite ZXH. Ca has potential as a source not only of P but
also of K in a fertilizer formulation.

Influence of the solution’ pH on adsorption

The influence of pH on phosphate and potassium adsorption
was studied for the synthesized zeolites that showed the best
performance in preliminary tests (ZXF, ZXH, and ZPH. I) and
modified zeolite (ZXH. Ca). These tests were carried out un-
der the same conditions as the adsorption tests, with the pH

@ Springer

being varied from 4.0 to 9.0 and maintained throughout the
contact time (5 h). The results obtained for phosphate and
potassium adsorptions are shown in Table 4.

It is noted that in an acid medium, there was a con-
siderable increase in the phosphate adsorption capacity,
reaching maximum values at pH 5 for zeolites type X
(86, 115, and 288 mg P-PO,/g zeolite) and at pH 4 for
Na-P1 zeolite (63 mg P-PO,/g zeolite). For the four
materials at basic pH, there was a decrease in the ad-
sorption capacity, with pH 9 being the worst performing
band: 20, 12, 7, and 120 mg P-PO,/g zeolite for ZXF,
ZXH, ZPH. I, and ZXH. Ca, respectively.

In an acidic environment, a similar behavior was observed
in potassium adsorption (Table 4), with the highest adsorption
capacities at pH 5 for the zeolites: ZXH (114 mg K/g), ZXF
(130 mg K/g), ZPH. I (54 mg K/g), and ZXH. Ca (288 mg
K/g).

Due to the variation in the adsorption capacity according to
the pH, after the contact tests, the XRD analysis of the zeolitic
material was performed (Fig. 5). At low pHs, there was a
degradation of the zeolitic material ZXF and ZXH, indicating
that under these conditions, the material structure is compro-
mised. The Na-P1 zeolite (ZPH. I) maintained its structure
better, despite having considerably reduced the intensity of
the peaks characteristic of this type of material. It should be
noted that the highest phosphate and potassium adsorption
capacities occurred at pH 4—5 where the zeolite structures
already show degradation with the probable release of alumi-
num species. These structures can play an essential role in
adsorption, especially for phosphate. On the other hand, the
additional increase in acidity (pH 3—4) of the contact solution
reduces the amount of phosphate and potassium retained in
the adsorbent, indicating that the adsorption mechanism is
complex. Despite the higher values of phosphorus and potas-
sium adsorption occurring in acidic conditions, the importance
of maintaining the zeolitic structure to obtain a slower desorp-
tion process is emphasized, which can be beneficial for the use
of materials as fertilizers.

Table 4  Capacity of adsorbents after contact with solution containing
PO,- (8 g/L) and K+ (3.2 g/L) at different pHs

pH ZXF ZXH ZPH.1 ZXH.Ca ZXF ZXH ZPH.l1 ZXH.Ca
mg-P-POy/g zeolite mg-K/g zeolite

9 20 12 7 120 nm nm nm n.m
8 18 25 19 167 nm nm nm n.m
7 29 47 20 196 nm nm nm n.m
6 55 48 19 224 86 69 49 196
5 86 114 47 288 130 114 54 288
4 65 104 63 270 55 51 36 270
3 nm* nm 61 n.m nm nm 23 n.m

*n.m., Unmeasured
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Fig. 5 Mineralogical characterization of zeolites ZXH, ZXF, ZPH. I, and ZXH. Ca after contact with 8 g/L solutions of P-PO4 at different pHs

Figure 6 presents the data from the simulation of phosphate
and potassium speciation in an aqueous solution of K,HPO,
(8 g/L) as a function of pH using Minteq software. According
to the pH variation (Fig. 6a), there is a variation in the phos-
phate species present, at pHs between 3 and 6, the predomi-
nant species is H,PO,4™ and, since the adsorbent surface is
positively charged by protonation, there is a higher interaction
between the zeolitic material with this species, thus increasing

the adsorption capacity (Goscianska et al. 2018). In basic
zones, pH > 7, the effects of electrostatic interaction and ion
exchange weaken, since deprotonation occurs on the surface
of the adsorbent, thereby decreasing its interaction with the
predominant phosphate species in an alkaline medium
(HPO4>).

The presence of potassium changes the balance of phos-
phate species (Fig. 6b), with the formation of KH,PO, at pH

0.25 1 025 -
a + PO b ® K+l
K2HPO4 (aq)
= HPO, K2PO4-
02 1 0.2 KH2PO4 (aq)
A HPO, KHPO4-
= mKPO4-2
£0.,15 wo2 0,15 A
2 : L |
Ny m
=3
|
8 . - :/
E oo a . § 0.1 A
> 3
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H . S
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Fig. 6 Chemical speciation in aqueous KH,POy, solution as a function of pH obtained by the Minteq application: a phosphate species and b potassium

and phosphate species
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between 2 and 6 and KHPO, at pH > 6, with the consequent
decrease in free K* in solution with increasing pH. This be-
havior may explain the lower potassium adsorption (5 times
less) in alkaline pHs.

Adsorption isotherms

The results obtained in the adsorption tests with different ini-
tial phosphate concentrations (1 to 20 g PO4/L) by the zeolites
ZXH, ZXF, and ZPH. I and by the modified zeolite ZXC. Ca
were applied in the models of the Langmuir and Freundlich
isotherms. The Langmuir model describes an adsorption pro-
cess that leads to the formation of a monomolecular layer on
the surface of the adsorbent, the principal adsorption mecha-
nism occurring on the surface of the zeolite. Freundlich’s
model is used to describe adsorption processes in heteroge-
neous systems. The results obtained in this work are shown in
Table 5.

In the Langmuir model, the correlation coefficient R?
showed ranges that varied from 0.9179 to 0.9885, which are
smaller than the coefficients obtained by the Freundlich mod-
el. The highest KL value (0.008 L/mg) was obtained for the
ZXC. Ca sample, which means that this material exhibits the
highest selectivity in relation to phosphate, which can be prov-
en with the maximum adsorption value of this zeolite (625 mg
P-P 04/ g) .

The behavior of the studied zeolites was better described by
the Freundlich isotherm since the R* for the four adsorbents
was higher than 0.98. It should be noted that the constant 1/n
indicates the heterogeneity factor, which is related to the af-
finity of the adsorbent to the adsorbate. The affinity is higher
when this factor tends to zero, which suggests that the surface
adsorption conditions were favorable. Other studies have also
indicated the Freundlich model as the most adequate to de-
scribe the phosphate adsorption in zeolites without modifica-
tions (Pengthamkeerati et al. 2008; Hermassi et al. 2016).

In addition, at low concentrations (30 to 100 mg P-PO,/L),
the phosphate adsorption capacity in zeolites increased signifi-
cantly with the increase in the equilibrium concentration, indi-
cating a high affinity of the phosphate ion binding sites. In
higher concentrations, the adsorption capacities are less intense,

which is the result of the higher occupation of the active sites.
Onyango et al. (2007) comment that this type of behavior is
interesting since high adsorption in low equilibrium concentra-
tion will allow the treatment of a large volume of water before
the replacement or regeneration of the adsorbents.

It is important to highlight that with the isotherm tests, it
was possible to evaluate the maximum adsorption capacity of
P-PO, for the zeolites without modification ZXH, ZXF, and
ZPH. I, which were 190, 159, and 74 mg P-PO,/g zeolite,
respectively. These results, when compared with those report-
ed in the literature using unmodified zeolites (Table 6), are
promising for the application of the zeolites synthetized in this
work. For modified zeolite (ZXC. Ca), it was possible to ver-
ify that the result obtained in this study (625 mgP-PO,4/g) was
three times higher than that reported in literature (Wu et al.
2008; Zhang et al. 2012; Xie et al. 2014; Hermassi et al. 2016;
Goscianska et al. 2018).

Adsorption kinetics

The curves obtained by the pseudo-first-order and pseudo-
second-order models referring to zeolite ZXH are shown in
Fig. 7a, b. It was found that the pseudo-second order model
presented a better fit to the experimental data. The values of R>
and of fit coefficients corresponding to each model are shown
inside the figures.

Different mechanisms occur during kinetics, and several
models can be used to provide an understanding of the process
that involves transporting the adsorbate present in a liquid so-
lution to a solid surface. One of the models that explain this
mechanism is that of intraparticle diffusion (Chmielewska et al.
2013). The results for this model are shown in Table 7, and the
graphical representation of the ZXH zeolite is in Fig. 7c.

A two-stage behavior is consistently observed with the
amount of P captured, as mentioned above, having a rapid
increase in the first 15 min, and then the sorption rate de-
creases dramatically. For all sorbents, the coefficients calcu-
lated for the diffusion of the pore (kd, p) are up to 20 times
lower than those of the film diffusion (kd, f), indicating that
the diffusion through the micropores within the zeolites is the
limiting process.

Table 5 Isothermal parameters of

phosphate sorption in different Langmuir Freundlich

zeolitic materials
Zeolite I K, R K; 1/n R

mggh  (@Lmg)h ((mg g")/mgL)"")

ZXH 190 0.002 0.9538 0.002 0.8804 0.9807
ZXF 159 0.001 0.9179 0.014 0.8840 0.9817
ZPH. 1 74 0.001 0.9885 0.005 09487 0.9917
ZXH. Ca 625 0.008 0.9707 0.944 1.6379 0.9766
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Table 6 Comparison of the maximum adsorption capacities obtained in this study with data from the literature

Type of zeolite ~ Method Code Maximum adsorption capacity mgP-PO,/g Concentration pH Reference
of the mgPO,/L

Unmodified zeolites Modified zeolites solution
X Hydrothermal ~ZXH 190.0 625.0 20000 6.50 This study
X Fusion ZXF 159.0 n.m* " 6,50 This study
NaP1 " ZPH 74.0 n.m " 6.50 This study
NaP1 " NaPl-Fa 57 203 16000 8,00 Hermassi et al. (2016)
NaP1 " NA-P1 11.4 58.2 200 5.30 Goscianska et al. (2018)
NaP1 " ZFA 6.1 71.9 1530 10.00  Xieet al. (2014)
NaP1 " ZHZ n.m 74 500 7.00 Fan et al. (2017)
Natural zeolite " Zeo N 0.6 34 6130 8.00 Guaya et al. (2015)

*n.m Uninformed

The multilinearity present in the intraparticle diffusion mod-
el is characterized by three main stages. The first stage, corre-
sponding the film diffusion, is attributed to the solid surface
layer of the zeolitic material. The adsorption kinetic rate is fast
since the interaction between the adsorbate and the adsorbent is
direct. The second stage is characterized by the diffusion on
particles pores, which occurs slowly because the external sur-
face of the adsorbent has reached saturation. The phosphate
ions adsorbed into the solid fill the internal pores of the material,
increasing the resistance to intraparticle diffusion. The final
equilibrium phase begins when the speed of diffusion decreases
due to the low concentration of solute in the solution and the
smaller amount of active adsorption sites available (Onyango
et al. 2007; He et al. 2016; Manto et al. 2017).

Figure S4 shows the ratios between the maximum adsorption
capacity and those obtained in 5, 15, and 60 min of contact. It is
observed that the ZXH, ZXF, and ZPH. I samples reach 50% of
their total adsorption capacity in up to 5 min, with ratios close to
80% in the first 60 min, followed by a slower process until
reaching equilibrium in 300 min of contact. The same conditions
are observed with the modified zeolite (ZXC.Ca) since its max-
imum capacity is reached within 60 min of contact.

According to He et al. (2016), the rapid adsorption caused
in the first stage (within 60 min) is probably due to the active
sites available on the surface of the material, becoming less
efficient with their gradual occupation during the adsorption
process. Besides, Onyango et al. (2007) comment that the
affinity of phosphate for active sites is strong so that the pro-
cess of mass transfer within the particles is a limiting factor in
the rate of the adsorption process.

Phosphate and potassium desorption

For the desorption tests, a Na,CO5;/NaHCOj3 (0.1 mol L pH
10) buffer solution was used because the phosphate ions are
displaced by the bicarbonate ions, favoring the release of the
adsorbent (Hermassi et al. 2016). Figure 8 shows the

percentages of phosphate and potassium desorption obtained
for each type of zeolitic material.

Despite being different materials, in the first 24 h of testing,
the range of phosphate desorption between zeolites of type X
and Na-P1 was similar, varying from 13 to 25%, indicating
that the use of these types of materials allows more slow
release of this nutrient. By monitoring the ZXH zeolite within
120 h, it was possible to confirm this type of release since the
total release at this time did not reach 50% of the initial
capacity.

The potassium desorption mechanism is associated with
the influence of the buffer solution through the exchange
mechanism between Na and K, as mentioned in item
“Phosphate and potassium adsorption in zeolite”. Table 8
shows the variation in the chemical composition of loaded
and desorbed zeolites, indicating that sodium has been incor-
porated into the zeolitic material at the same time that potas-
sium has been released.

When compared to phosphate releases, the percentages of
potassium release were higher (14 to 50%), having been sub-
jected to the same test conditions. As with phosphate, potas-
sium release analysis was also performed within 120 h.
Contrary to the behavior evaluated for phosphate, for zeolite
ZXH, there was an increase in the release of potassium in the
first 48 h (44%), decreasing to 8% in 120 h, indicating that the
exchange of potassium with sodium was saturated.

It is also important to note that the chemical composition
before and after the desorption analyses, except for the ex-
change of K and Na ions, remained similar for all types of
zeolitic materials, suggesting that the zeolite structures were
maintained, which corroborates with the use of these materials
as fertilizer.

Adsorption of nutrients present in the effluent

The pH, conductivity, and chemical compositions of the ef-
fluent before and after contact with zeolite ZXH. Ca are
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Fig. 8 Phosphate and potassium desorption from zeolites after 24 h of
contact with the buffer solution (0.1 mol Na,COs3, NaHCO3)

shown in Table 9. As expected, the effluent contains signifi-
cant concentrations of the nutrients of interest (44.4 mg K*/L
and 111.4 mg PO, /L).

Significant removal was observed for nutrients K (97%) and
PO,>™ (95%) after the contact with zeolite ZXH. Ca. It is expect-
ed that the adsorption process involves the binding of phosphate
with Al, Ca, and Fe present in the zeolite while for potassium, it
should occur by cation exchange with Na (extra framework cat-
ions). Other studies indicated in the literature using zeolites for
this purpose showed removals of 50% (Dionisiou et al. 2013)
and 90% of PO,>~ (Yang et al. 2014) from waters enriched with
P and amended sediments effluents with concentration ranging
from 0 to 122 mg PO,/L. Using technologies like graphene
nanotubes, the removals were 86% (Kim et al. 2018), 85%
(Tran et al. 2015), and 80% (Zou and Wang 2016), which shows
the excellent performance of the zeolites tested in this work.
Besides, it is crucial to note that after treatment, the concentration
of phosphorus remaining in the effluent is below the emission
limit. We did not find studies on potassium removal in the liter-
ature. These preliminary results suggest this zeolite as a promis-
ing adsorbent in effluent treatment. The adsorption mechanism
occurs as explained in item “Phosphate and potassium adsorp-
tion in zeolite”, where phosphate ions bind to Ca, Al, and Fe ions
present in zeolite, while that for potassium, cation exchange with
Na ions (extra-structural cations) occurs.

It is also worth mentioning the decrease in the concentra-
tion of Na (100%) and the release of Ca (8 mg LY and Cl

Table 7 Summary of the results

of the intraparticle kinetic model Sample Film diffusion-dominated regime Pore diffusion-dominated regime
application
Kd, f R’ Kd, p R’
(mg-P/g zeolite-h*) (mg-P/g zeolite-h*)
ZXH 14.48 1.0000 0.676 0.9952
ZXF 9.80 0.9229 1.347 0.9601
ZPH.1 2.88 0.9266 0.550 0.9194
ZXH. Ca 34.02 0.9825 5.018 0.9325
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Table 8 Chemical composition

of loaded and desorbed zeolites in Oxide ZXH ZXF ZPH. 1 ZXH. Ca ZXH ZXF ZPH. 1 ZXH. Ca

24-h tests with carbonate buffer Content (% oxide)

and sodium bicarbonate solution

Loaded Desorbed

SiO, 35.37 39.41 46.22 37.94 34.37 44.75 49.60 32.11
ALOs 27.89 27.20 31.74 29.45 26.00 30.04 32.93 29.25
Fe,03 0.11 2.25 2.95 0.223 0.11 2.90 331 0.08
K,0 11.62 10.35 9.23 10.97 6.48 5.98 2.68 8.05
CaO 0.48 1.41 1.95 11.90 0.39 1.55 1.72 12.63
TiO, 0.05 0.58 0.95 0,05 0.05 0.76 1.04 0.04
MgO 0.14 0.18 0.54 0,04 0.18 0.21 0.57 0.03
P,05 17.67 11.70 442 24.61 15.38 11.54 1.80 23.03
Na,O 6.65 6.57 1.47 1.27 21.48 16.00 8.62 3.48
MnO 0.02 0.35 0.52 0.00 0.01 0.46 0.63 0.00

(396 mg L") to the effluent. Zeolite ZXH. Ca was not washed
before being used as an adsorbent, which explains the high
levels of chloride in the treated effluent, coming from the
process of modification of the zeolite with CaCl,. However,
the presence of chloride does not compromise its quality of the
effluent, since there is no specific emission limit for this ion.

It should also be noted that preliminary tests (not shown)
made with unmodified zeolite (ZXH) indicated less significant
removals of K* (29%) and PO4>~ (77%). These results corrob-
orate the higher adsorption capacity of modified zeolite in
synthetic solutions.

Table 9  Characterization parameters of the studied effluent before and
after contact with modified zeolite ZXH.Ca

Parameter Effluent Emission
limit
Before  After Removal

contact (%)
pH 7.30 9.47 6.0-9.0*
Conductivity — ps/cm 381 391
Na* mg 54 <LD 100

!

NH,* 11.8 12 0 20
K* 444 1.3 98
Mg*? 0.6 0.6 0
Ca*™ 3.6 8 0
F 1.5 14 7 10*
ClI 126.7 396 0
SO 12.9 13.5 0
NO; 1.6 1.5 0.1
PO, 1114 6.1 95 12.3%%

Test conditions: 24 h, S/L 16, natural pH (6 + 6.20), 200 rpm, 23 °C
*Effluent discharge limit-CONAMA resolution no. 430/2011
**Effluent discharge limit—-CONSEMA resolution no. 355/2017

The desorption results carried out with the zeolite ZXH. Ca
after the effluent adsorption tests (item ‘“‘Desorption tests”),
indicates that the release of the nutrients of interest (phosphate
and potassium) was 7% for PO,  and 100% for K* of the
nutrient in 24 h of analysis. It is expected that the release of
nutrients occurs gradually as can be observed in the test per-
formed with ZXH zeolites for a longer period (120 h), indi-
cating that phosphate continues to be released. In other stud-
ies, using zeolites loaded with phosphate, the release reached
70% and 79% in 24 h of analysis (Guaya et al. 2015; Hermassi
et al. 2016) using similar desorption conditions. The desorp-
tion results obtained in the present study suggest a slow phos-
phate release, which is more attractive for commercial appli-
cations. The higher potassium desorption (100%) is associated
with the influence of the buffer solution (Na,CO3/NaHCOs3)
through the exchange mechanism between Na and K. In fact,
it was observed that sodium has been incorporated into the
zeolitic material at the same time while potassium has been
released. Other ions such as NH,", Ca*?, F~, and NO;~ were
not detected, which indicates that there was no release, and
SO,% showed low concentration on solution (1.27 mg/L)
suggesting a not significant release.

Conclusions

Zeolites of type X, Na-P1, and A used in this study showed
different performances in terms of the adsorption capacity of
PO, and K present in synthetic solutions and industrial efflu-
ents, with the best performance (190 mg P-PO,4/g and 346 mg
K/g of zeolite) attributed to zeolite type X (ZXH), produced
by the two-stage hydrothermal method (Integrated Process II).
The interaction mechanism between the adsorbent and the
adsorbate is due to a heterogeneous chemical interaction,
which occurs in different stages and is confirmed by the
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interparticular kinetic model. It was possible to observe that at
acidic or very basic pHs, there is a compromise in the adsorp-
tion of nutrients due to the degradation of the zeolites or the
weakening of the ion exchange, respectively. The zeolites’
modification with calcium chloride resulted in an increase in
the adsorption capacity of nutrients by up to four times when
compared to the values reported in the literature. In the tests
with the effluent, the removal capacity of the ions of interest
was above 95%, which indicates the promising use of modi-
fied zeolite in nutrient recovery. The release of nutrients from
modified zeolites X occurred slowly and gradually, which
drives the use of the material as fertilizer.
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