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Abstract

BACKGROUND: In this study a sodium zeolite synthesized from coal fly ash (NaP1-NA) was
modified to calcium and magnesium forms (Ze-Ca, Ze-Mg) as sorbent materials for simultaneous
recovery of ammonium and phosphate from simulated treated wastewaters effluents.

RESULTS: Increasing the temperature during the modification step to magnesium form improved
the zeolite conversion. The maximum sorption capacities obtained were 123.1£9.1 mg NH4/g and
119.5£7.5 mg PO4/g in ammonium/phosphate binary system for Ze-Ca, while 55.2+2.4/ 60.5

+14.1 and 32.314.4/ 23.9+3.4 were obtained for Ze-Mg1 and Ze-Mg2, respectively. The sorption
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process is faster for Ze-Mg zeolites and the sorption mechanism that controls the overall process,
for both zeolites, is the diffusion into the particle according to the HPDM and SPM models.

CONCLUSIONS: Salt modification improved the performance of zeolites towards phosphate
sorption. The sorption mechanism involves both: ammonium exchange to the Mg and Ca ions,
and precipitation of Ca and Mg phosphates or mixed ammonium-magnesium phosphate minerals

such as brushite (CaHPO4.H20) and struvite (MgNH4POQa).

Keywords: Zeolites; ion exchange; precipitation; waste-water

1. Introduction

Nitrogen and phosphorus, mainly in the form of ammonium and phosphate, are the two most
prominent macronutrients in aquatic systems. They can act as limiting nutrients but the
overloading of dissolved nutrients in aquatic systems can result in eutrophication, reporting a
severe reduction in aquatic life diversity and quality. It is worth to point out that many estuarine
and freshwater systems tend toward phosphorus limitation while marine systems tend towards
nitrogen limitation .

Human manipulation of nitrogen and phosphorus cycle is intense as large amounts of these
elements are needed for fertilizer production in order to supply growing population food demand
2, Alteration of these natural cycles leads to problems with air and water quality as well as
ecosystem integrity 3-6. Thus, in the last years, several studies have been focused on the removal
but also in the recovery of these nutrients in order to close the anthropogenic cycle of nitrogen
and phosphorus. In order to achieve this goal, several studies have been carried out for
recovering these nutrients from wastewater treatment plants (WWTPA) effluents, mainly by

adsorption and precipitation process.
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Zeolites are a promising option to be used as low-cost sorbent material for wastewater treatment
7. Moreover, they have been widely studied for nutrients removal and recovery from wastewater
as they report high internal porosity which allows water retention, a uniform particle size
distribution and high cation-exchange capacity for nutrients retaining, specially ammonium ions
8.9,

Ammonium sorption onto zeolites is carried out mainly by ion exchange and the sorption capacity
increases with the increase of the Siliceous Aluminum Ratio (SAR) 0. Phosphate sorption onto
zeolites occurs rarely and mainly by the complexation with AIOH and FeOH present in zeolite
structure. Therefore, to improve phosphate sorption performance as well as to provide higher
selectivity towards oxyanions sorption was studied the incorporation of divalent or trivalent
metallic ions such as Ca?*, Mg?*, Fe3* and La3* through ion exchange in a salt modification
pretreatment of zeolites. Most of cases that pretreatment was carried out at high temperature in
order to favor the ion exchange as zeolites present more affinity towards monovalent ions -6,

In addition, applications of zeolites in agriculture are being investigated, especially as a carrier for
slow release fertilizers 17 as they reported the availability for improving soil physico-chemical and
microbial capacity '® and enhancing nitrogen and phosphorus use efficiently 1*-2'. For this
purpose, simultaneous recovery of ammonium and phosphate by zeolites may represent many
advantages as loaded zeolites could be used as slow release fertilizer. Although there are many
studies for simultaneous removal of these nutrients by using polymeric sorbents and biochar 22.23
or biological treatment 2425, there is lack of research for simultaneous recovery of ammonium and
phosphate by using zeolites 11526, Sodium zeolites with intrinsic properties for ammonium
removal could be modified to the magnesium and calcium forms to promote the removal of
phosphate by formation of calcium- or magnesium-phosphates.

This study describes the performance of three modified synthetic zeolites, to calcium and

magnesium form, for simultaneous removal and recovery of ammonium and phosphate from
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synthetic solutions simulating wastewater treatment effluents. The effect of temperature on zeolite
modification process and consequently on sorption mechanism was studied by using two
modification methods for zeolites in magnesium form. Furthermore, equilibrium studies were
performed by isotherms test in ammonium single and ammonium/phosphate binary experiments.
Finally, the nutrients uptake rate-limiting step was evaluated by fitting kinetic experimental data to
the Homogeneous Particle Diffusion Model (HPDM), the Shell Progressive Model (SPD) and the

Intraparticle Diffusion Model.

2. Materials and methods

2.1. Preparation of Calcium and Magnesium modified zeolites

A sodium zeolite (Ze-Na) was synthesized from coal fly ash by using a 3 M NaOH solution at 125
°C and 8 h of reaction 2728, Then, this zeolite in sodium form was used to prepare Ca and Mg
forms (Ze-Ca, ZeMg). The conversion procedure was adapted from the method reported by Wu
etal. 15.

A pretreatment step was carried out as follows; 30 g of Ze-Na was placed in a flask and was
mixed with 250 mL of 1 M NaCl solution. The slurry was boiled with reflux for 4 h with continuous
stirring. The solid phase was separated by filtration and was mixed with 250 mL of 1 M CaClz or
MgCl2 solution and the slurry stirred continuously at two different temperatures: i) at 100 °C and ii)
at room temperature. As the sodium/magnesium exchange is not favored at room temperatures
the influence of the temperature on zeolite modification was studied using two types of zeolites,
Ze-Mg1 (at 100 °C) and Ze-Mg2 (at 25 °C). The solid phases (Ze-Ca, Ze-Mg1 and Ze-Mg2) were
separated by filtration and washed with deionized water for several times in order to wash out
residual salts and then were dried in an oven at 50 °C for 72 h and stored in airtight containers for

subsequent experiments.
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2.2. Sorption equilibrium experiments: single and binary systems

The prepared testing samples pretends to simulate the secondary effluent from WWTP, the main
characteristics of the effluent are: TSS [mg/L]: 44; NH4* [mg NHa/L]: 1.0; Total P [mg P/L]: 12;
PO4? [mg PO4/L]: 7.2; Alkalinity [ng CaCOs/L]: 400; Ca [mg/L]: 212; Mg [mg/L]: 68; K [mg/L]: 36;
SO42- [mg SO4/L]: 124; CI- [mg CI/L]: 326; pH: 7.4 The composition was slightly modified in order
to obtain a proper ammonium - phosphate ratio for struvite precipitation.

Equilibrium sorption experiments were carried out by using standard methodology described in
previous works 22, For ammonium single experiments, 25 mL of ammonium test solution (5-5000
mg L) were mixed mechanically with 0.1 g of zeolites until equilibrium was achieved (24 h). For
binary systems (ammonium/phosphate), the procedure was repeated with test solutions
containing ammonium in the concentration range of 2-4000 mg L' and phosphate in the
concentration range of 6-12000 mg L-'. After phase separation, total ammonium and phosphate
concentration were determined appropriately. Standard methods were used for phosphate and
ammonium  quantification. The phosphate concentration was analyzed by the
vanadomolybdophosphoric acid colorimetric method (4500-P C) and ammonium was determined
by ammonia-selective electrode method (4500-NH3 D). Thermo Scientific lonic Chromatograph
(Dionex 1CS-1100 and ICS-1000) was used for ions determination. Tests were performed by

duplicate at 21£1 °C and average data are reported

2.3. Sorption kinetic experiments: single and binary systems

For kinetic studies, 1 g of zeolite was added into a glass flask containing 250 mL of a 10 mg L' of
ammonium solution. The system was agitated appropriately in order to maintain the sorbent
suspended in the solution. For binary samples a solution containing 5 mg L' of ammonium and

15 mg L' of phosphate were used. Samples of 6 mL were withdrawn at given times and total

http://mc.manuscriptcentral.com/jctb-wiley
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ammonium and phosphate concentrations were determined. Tests were performed by duplicate

at21+1 °C and average data are reported.

2.4. Physico-chemical characterization of zeolites

Virgin Ze-Ca, Ze-Mg1 and Ze-Mg2 as well as loaded zeolites were washed with ultrapure water
and then were dried in the oven at 60 °C for 24 h for physicochemical characterization.

Samples morphology as well as their chemical composition were analyzed by using a JEOL 3400
Field Emission Scanning Electron Microscope coupled to an Energy Dispersive Spectroscopy
system (FSEM-EDS). Reported samples composition is the average of three analyses in different
point of the sample.

The mineralogical composition was also analyzed by using a Bruker D8 A25 Advance X-Ray
Diffractometter. The specific surface area of samples was determined by the nitrogen gas
sorption method with an automatic sorption analyzer (Micrometrics). Infrared absorption spectra
in the range from 4000 to 550 cm! were obtained using a Fourier Transform FTIR 4100 Jasco
spectrometer. Particle size distribution of the zeolites were analyzed by laser light scattering (LS)
with a Coulter diffract particle size analyzer (LS 13 320 laser diffraction particle size analyzer
instrument, Beckman Coulter). The size crystal distribution range (CSD) detected was from 0.04

to 2000 1 m. The particle size expressed as both volume and number distributions allows one to

detect the presence of aggregates and to assess the size of the majority of the particles,
respectively. Particles were analyzed as the used for the batch experiments without any further

thermal treatment or/and granulometric separation

2.5 Sorption equilibrium data treatment.

The ammonium and phosphate equilibrium sorption data were fitted to the Langmuir ( ),

Freundlich ( ) and Langmuir-Freundlich ( ) isotherm equations through non-linear
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regression by minimizing the Average Relative Error (

calculated Relative Errors between experimental and theoretical data (

_ KLque
1 1+K,C,
1
q ZKCen
(K eCe)"

1= (KppCe)™ +1

RE (%) _ |qexp ~ Qmodel X

Jexp

*  RE
ARE (%) = == %

100

) obtained as the average of

Eq.5

where, gm is the maximum loading of the sorbent (mg sorbate/g zeolite), Kv is the Langmuir

sorption constant (L/mg), K is the Freundlich sorption constant (mg/g)(mg/ L)'M, n is the

Freundlich exponent and Kyr is the Langmuir-Freundlich sorption constant (L/mg).

2.6 Sorption Kinetic data treatment.

The rate limiting step of the sorption process can be determined using the Homogeneous Particle

Diffusion Model (HPDM) and Shell Progressive Model (SPM), widely used for fitting ion exchange

kinetics data 3031, The description and assumptions of both models can be consulted elsewhere

32, The rate controlling mechanism can be described by particle diffusion or liquid film diffusion in

the case of HPDM (

control for SPM ( ).

—1In <1 - (%)2 (t)> = Zn:zDet
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where gt and ge are the sorbent capacity at time t and in equilibrium (mg-g'), De the effective
diffusion coefficient of sorbates in the zeolite (m?'s-), r the radius of the zeolite particle (m), D
diffusion coefficient in solution (m2:s), C total concentration of adsorbing species (mol-dm-3) and

C: total concentration of adsorbing species in the zeolite (mol-dm-3).

9e _ 3CA0KFt Eq.8
Je asrCSO
2/3 6D,C Eq. 9
3—3(1—3) —2X=—20¢ |
Qe agr CSO
/3 k.C Eq.10
1— (1 _ &) — s“A0 t q
Qe r

where Cao and Cgp are the concentration of adsorbing species A in bulk solution and at zeolite
particle unreacted core (mol-dm-3), Kr the mass transfer coefficient of species A through the liquid
film (m-s'), as the stoichiometric coefficient, r the radius of the zeolite particle (m), De the effective

diffusion coefficient of sorbates in the adsorbent (m2-s-) and ks the reaction constant (m2-s-).

3. Results and discussion

3.1. Characterization of Ca and Mg modified zeolites

The specific surface area of Ze-Na is significantly increased after salt modification from 6.3+0.8
to 17.0£1.1 m2/g, 31.7£1.3 m2/g and 16.4+1.1 m2/g for Ze-Ca, Ze-Mg1 and Ze-Mg2, respectively.
The improvement of specific surface can be related to the pretreatment with sodium chloride as
well as to the heating treatment 3. Moreover, SEM images showed a surface morphology with
homogeneous crystal size distribution for all zeolite samples indicating that salt modification
process does not represent significant morphological changes.

The FSEM-EDS analyses reported O, Na, Mg, Al, Si, Ca and Fe as the main elements on the Ze-

Na composition (Table 1). In Ze-Ca, the calcium content increased from 1.6% to 9.4%, whereas

8
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magnesium content increased from 0.8% to 4.3% and 1.8% for Ze-Mg1 and Ze-Mg2,
respectively. In all cases, a significant decrease of sodium content was observed due to the ion
exchange process between sodium and calcium and magnesium ions.
Table 1

The FTIR spectra for Ze-Ca and Ze-Mg (Figure 1) reported peaks around 670 cm' and 970 cm-!
attributed to the symmetric and the asymmetric internal stretching vibration of Si-O and Al-O
bounds in the tetrahedral structure, respectively.3* The peak located in 1640 cm-! is associated
with deformation vibration of water molecules due to the incomplete dehydration of zeolites.' It is
worth to mention that loaded Ze-Mg1 zeolite revealed two new peaks in comparison to raw
zeolite. These bands are characteristic of NH4* (1434 ¢cm') and PO43- (997 cm-1)35.36, which is

similar to the bands showed by struvite according to RRUFF Spectrum Database for Struvite.

Figure 1
The X-Ray Diffraction patterns of Ze-Ca and both Ze-Mg zeolites identified mullite (AlsSi2013),

quartz (SiO2) and garronite (Caz.s(Als 6sSit0.34032)(H20)13.76) as predominant phases. Particle size
analysis of both the Ze-Na and its modified forms (Ze-Ca/Ze-Mg) reported similar particle size
distribution. This indicates that the ion exchange process did not affect zeolitic structure. Particle
size analysis in volume of particles revealed the presence of zeolite particles with an average
equivalent diameter 29+1 um for both Na and modified Ca/Mg samples. Analysis of samples

collected after the sorption experiments shown similar mean particle size (dso value 272 pm).

3.2. Ammonium and phosphate sorption capacity

The experimental and the predicted equilibrium data based on isotherm models are shown in
The sorption parameters obtained by non-linear regression as well as ARE are

summarized in

Figure 2

http://mc.manuscriptcentral.com/jctb-wiley
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Table 2

Ammonium and phosphate extraction dependence on pH in the typical expected pH range of
treated domestic wastewater effluents (e.g. 6 to 8.5) is very limited'!. Values of pH below 3
ammonium sorption capacity is affected by the competition with H* and values above 10, sorption
is diminished due to the conversion of NHs* onto NHs, that could not be extracted by the
ionogenic groups of the zeolite.
Ammonium sorption data were well described by the Langmuir-Freundlich isotherm in all cases
according to ARE values ( ). The results indicate that at low
concentration levels, sorption follows Freundlich isotherm while at high concentration levels
Langmuir isotherm equation fits better the experimental data. Thus, the sorption of ammonium
onto zeolite combines mono-layered homogeneous and multilayered heterogeneous sorption
mechanisms in both single and binary systems.
As can be seen in Figure 3, in the case of phosphate, sorption data were also well described by
the Langmuir-Freundlich isotherm in all cases but ARE analysis showed that the Langmuir
isotherm equation reported better fitting than Freundlich isotherm, which indicates that phosphate
sorption onto zeolite can be assimilated to mono-layered homogeneous sorption.

Figure 3
The simultaneous removal of ammonium and phosphate by zeolites can be postulated by two
different mechanisms: ion exchange and formation of calcium phosphate minerals in the case of
Ze-Ca (Eq. 11) and struvite precipitation in the case of Ze-Mg1 and Ze-Mg2. It is important to
point out that in the case of Ze-Mg1 the struvite precipitation is carried out both on zeolite surface
and aqueous solution (Eq. 12-14) whereas in the case of Ze-Mg2, struvite formation is performed
in the aqueous solution by the combination of released magnesium ions and ammonium and
phosphate ions present in the aqueous solution. As a simple approach the ammonium and

phosphate removal processes could be explained by the following reactions: :

10
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(-20)2Ca2* + HoPOyg + 2 NH4* + 2H20 o 2 (-ZONH4*) + CaHPO4.2H20(s) + H* Eq. 11
(-Z0)2Mg?* + 2 NHg* - 2 (-ZO-NH4*) + Mg?* Eq. 12
Mg?*(aq) + NH4*(aq) + POs3- (aq) + 6H20 — MgNH4PO4-6H20 (s) Eq. 13
(-Z20r)2Mg?* + 3NH4* + POg3 + 6H20 «»2(-ZO-)NH4* + MgNH4PO4:6H20(s) Eq. 14

where —ZO- represents the anionic group on the zeolite structure.

Characterization of loaded zeolites showed the formation of brushite (CaHPQO4.H20) for Ze-Ca
and moreover the postulated sorption mechanism was confirmed by XRD (Figure 4). In the case
of Ze-Mg1, despite that struvite (MgNHsPQ4) was no detected by XRD analysis in loaded Ze-Mg1
samples, SEM images reported crystal structures and analysis of zeolite composition leads to
formulate that phosphate sorption mechanism is performed via the formation of magnesium
ammonium phosphate salts and probably, small quantities of calcium containing phosphate
minerals. Characterization of loaded Ze-Mg2 sample showed no changes compared to the virgin
zeolite structure and formation of magnesium aluminum silicate but struvite was not observed in
SEM images.

Figure 4

It is noteworthy that ammonium sorption was better described by the isotherm equations than for
phosphate. This is due to the fact that phosphate uptake is carried out mainly by formation of Ca
and Mg phosphate precipitation instead of ion exchange and processes involving chemical
reactions were not described by these theoretical models (e.g., formation of magnesium and

calcium phosphates and the mixed magnesium and ammonium phosphate).

3.3 The influence of zeolite modification process on sorption mechanisms

11
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According to the removal patterns, the extraction of NH4* ions by both Ze-Ca and Ze-Mg was
carried out mainly by ion exchange with Ca2* and Mg?* ions, respectively. The sorption
mechanism was verified by mass balance (Eq. 15) taking into account the adsorbed and released
ions with a deviation around 15% (data not shown). Furthermore, as is shown in Figure 5 and
was also confirmed by FSEM-EDS analysis of loaded zeolites reported a significant reduction of
zeolite cations exchanged (Ca/Mg) as a consequence of their release to the aqueous solution. It
is worth to mention that in the case of Ze-Mg1 and Ze-Mg2 the ion exchange is carried out not
only with magnesium ions but also with remaining sodium ions not exchanged during zeolite
modification process.

A_D Eq. 15
A (%) = dT-wo

were A and D are the quantity of adsorbed and desorbed ions (mol), respectively, and a and d
are the absolute value of the ion charge of adsorbed and desorbed ions, respectively.

Figure 5
In the Figure 6 are shown the sorption capacity of Ze-Mg1 and Ze-Mg2 in both ammonium single
and ammonium/phosphate binary system.

Figure 6

Ze-Mg1 reported more than 100% higher ammonium sorption capacity than Ze-Mg2 in single
sorption experiments. A reduction of ammonium sorption capacity was observed only for Ze-Mg1
zeolites in the binary system, this trend is associated to the phosphate ions competence to form
ammonium-amino-phosphate salts. The high sodium content in Ze-Mg2 can explain this behavior,
whereas Ze-Mg1 is magnesium rich zeolite according to the values reported in Table 1. In
zeolites with high Silica Alumina Molar Rate (SAR), as in the case of zeolites used in this study, is
difficult to achieve complete ion exchange of divalent (in solution) by monovalent ions (in zeolite)
and this behavior is accentuated as smaller is the atomic radius of the divalent ion &.

12
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In the case of the binary system, ammonium and phosphate sorption capacity onto Ze-Mg2 was
lower approximately 40% and 60%, respectively compared to Ze-Mg1. This behavior is due to the
high quantity of sodium in the zeolite structure, not exchanged during the modification, as was
discussed in section 3.1.

In the case of the binary system, ammonium and phosphate sorption capacity onto Ze-Mg2 was
lower approximately 40% and 60%, respectively compared to Ze-Mg1. This behavior is due to the
high quantity of sodium in the zeolite structure, not exchanged during the modification, as was
discussed in section 3.1.

On one hand, it favors the competing ion effect between magnesium in the zeolite phase and
ammonium ions present in solution and on the other hand, it inhibits the precipitation of
phosphate minerals. Thus, the predominant sorption mechanism is ammonium ion exchange with
Na* cations instead of precipitation (struvite) as in the case of Ze-Mg1. Furthermore, in binary
system, Ze-Mg2 reported significantly lower sorption capacity for phosphate since ion exchange
is the main sorption mechanism instead the ammonium-phosphate-magnesium salts
precipitation.

The kinetic experiments were carried out only with Ze-Mg1 due to better sorption performance
reported compared to Ze-Mg2.

Is important to point out that in most of reviewed publications, both natural and modified zeolites
were used for either ammonium or phosphate removal from wastewater effluents, but few studies
have focused on evaluating the simultaneous phosphate and ammonium recovery. A comparison
of ammonium and phosphate sorption capacities reported for zeolitic sorbents is listed in Table 3.
The values reported in literature indicate that some differences can be observed depending on
the type of zeolite (natural or synthetic) and also in the form of the zeolite. It is worth to mention
that data is reported usually according to the Langmuir sorption capacity for that reason the

values reported in Table 3 are those obtained by this isotherm for different types of zeolites

13
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(natural and synthetic). It can be observed a huge variability in sorption capacities from few mg/g
to 89 mg/g, which is the value, reported in this study for Ze-Ca. In the case of magnesium zeolite
the values are lower than calcium zeolite but are higher compared to those reported in literature.
Differences should be understood due to the different nature of the zeolites (natural and synthetic
or modified). The variation range with one order of magnitude from low values around 4 up to 90
mg/g is an indication of potential capacity of such materials. Then for practical concerns in full
scale applications it should be indicated that from the more conservative values expected (e.g., 4
to 20 mg/g) especially for natural zeolites the use of synthetic/and or modified of zeolites could
improve this capacity by a factor from 2 to 5.

Table 3

3.4 Ammonium and phosphate sorption kinetics

Kinetic data of ammonium and phosphate uptake by Ze-Ca and Ze-Mg1 are shown in Figure 7.
Both zeolites exhibited very fast kinetics as less than 20-30 minutes were necessary to reach the
equilibrium (fractional attainment of equilibrium >95%). However, ammonium showed faster
sorption rate than phosphate due to the ion exchange process is faster than the precipitation of
calcium and magnesium phosphate minerals.

It can be seen that in binary system, the uptake of both nutrients occurred at a fast rate during the
initial 15 minutes (fractional attainment of equilibrium >95%), followed by a slower process until
equilibrium is reached. This behavior was also observed in the use of zeolites for the uptake of
cephalexin 45, heavy metals 647, a cationic dye “8 or phenol 4°.

Ze-Mg1 reported slightly higher sorption kinetic rate than Ze-Ca. Up to 80% of ammonium uptake
was reached before the first minute while Ze-Ca reported 50% of removal at the same time. This
behavior is due to the high SAR of both Ze-Ca and Ze-Mg1, which provides high selectivity for

monovalent ions and, the selectivity increases by increasing the size of the divalent ion, thus

14
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zeolites showed higher affinity towards calcium ions which resulted in slower ammonium ion
exchange rate 8.

Figure 7
Kinetic experimental data were fitted to Eq. 6 — 10 and diffusion coefficients, the intraparticle
diffusion rate constants and the linear regression analyses are summarized in Table 4. HPDM
and SPM analysis showed that the particle diffusion was the rate-limiting step for both zeolites.
The sorption occurred mainly at the zeolite surface as dissolved nutrients may diffuse into zeolite
pores for interacting with the exchangeable cation.
The intraparticle diffusion model fitted well the experimental data and exhibit multi-linear plots
( ) indicating that the sorption process is performed in two steps.
Similar results were reported in studies performed with natural zeolites '* and synthetic zeolites in
the adsorption of several pollutants such as ammonium, orthophosphate or heavy metals 50-53,

Table 4

As can be observed in Table 4, ammonium sorption in single and binary systems reported similar
particle diffusion coefficients for Ze-Ca, whereas Ze-Mg1 for binary kinetic experiments exhibited
higher values due to the precipitation of ammonium phosphate minerals, which reduces the
ammonium concentration on zeolite surface and favors the diffusion of ammonium ions from
aqueous solution. This trend can be corroborated by observing the concentration evolution of
ammonium in kinetic experiments of Ze-Mg1 (Figure 7), the ammonium sorption kinetics is faster
in ammonium phosphate binary system.

Moreover, in binary systems, phosphate sorption reported lower diffusion coefficients than
ammonium uptake for all sorbents as phosphate is negatively charged species and showed more
difficulties for being diffused into zeolite pores. This behavior can be also observed in Figure 7 as

phosphate concentration exhibited slower evolution in comparison with ammonium. Similar

15
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results have been reported by Hermassi et al., when studying the extraction of phosphate by fly-
ash and synthetic zeolites in the calcium form 54-5,

The phosphate sorption process can be divided into two steps:

i) a first faster step consisted on Ca?*/Mg?* fast exchange with other ions present in solution (e.g.,
NH4*, Na*) Eq. 16.

For Ze-Ca/Mg: (-ZO)oM2* + 2 N* - 2 (-ZO'N*) + M2+ fastest step Eq. 16
ii) and a second (slower) step where the phosphate ions once reached the boundary layer
interact with dissolved Ca(ll) or Mg(ll) as described by Eq. 17-18,

For Ze-Ca: Caz* + HPO4Z «» CaHPO4(s) slowest sorption step Eq. 17
For Ze-Mg: Mg2* + HPO42 + NH4* <> MgNH4PQ4(s) + H* slowest sorption step  Eq. 18
Two-boundary reaction layers are formed in this two-step sorption process, i) the exchanged
Na*/NH4* layer and ii) the calcium phosphate and magnesium ammonium phosphate. The
combination of both steps is traduced in an integrated diffusion resistance, which results in higher
reaction times to reach equilibrium. Similar results have been reported by Guaya et al., using

natural zeolites impregnated with metal hydrated oxides on phosphate removal 57-%,

4. Conclusions

Activation of NaP1 zeolite to calcium and magnesium forms performed on sodium zeolitic
material synthesized from fly ash improved the zeolite phosphate sorption capacity in binary
systems while ammonium sorption capacity was reduced. The maximum sorption capacity
obtained for Ze-Ca was 123.1+£9.1 mg NHa4/g and 119.5+7.5 mg PO4/g in ammonium/phosphate
binary system.

The modification pre-treatment is temperature dependent as high SAR zeolites are more
selective to monovalent ions than divalent ions. Thus, increasing temperature during modification
step provides the energy required to exchange divalent ions by sodium ions in sodium zeolite.

This behavior was observed in the modification of zeolites to magnesium form, where high
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1

2

3 1 temperature zeolite modification (Ze-Mg1) sorbent reported more than double magnesium
4

5 2 content than sorbent modified at room temperature (Ze-Mg2).

6

; 3 Phosphate sorption mechanism onto Ze-Ca is mainly due to the formation of phosphate minerals
20 4 such as calcium phosphate hydrated (brushite), which was confirmed by XRD analysis and in the
11

12 5 case of Ze-Mg it is due to the potential formation of struvite both on zeolite surface and into
13

14 6  aqueous solution.

15

i? 7  The high affinity of Ca/Mg zeolites for ammonium and phosphate ions and the slow release of
ig 8 ammonium and phosphate ions especially as they are removed through the formation of Ca- and
20

21 9  Mg-phosphates minerals, postulate these materials as potential carriers of nutrients for soil
22

23 10 quality improvement. Thus, the loaded zeolites, which contain ammonium and phosphate as well
24

25 11 as calcium or magnesium, could be potentially used as slow-release inorganic fertilizer.
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Table 1. Chemical composition (wt %) of raw Ze-Na and salt modified zeolites Ze-Ca, Ze-Mg1

and Ze-Mg2.

Element |Ze-Na Ze-Ca Ze-Mg1 |Ze-Mg2
0 55.7 57.6 58.8 59.3
Na 9.1 0.3 22 5.7

Mg 0.8 0.8 4.3 1.9

Al 10.4 9.6 10.3 10.1

Si 19.4 19.0 17.8 18.8
Ca 1.6 9.4 1.0 1.6

Fe 2.9 3.3 55 2.6
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1 Table 2. Langmuir, Freundlich and Langmuir-Freundlich isotherm parameters for ammonium

2 removal onto Ze-Ca, Ze-Mg1 and Ze-Mg2.

©CoO~NOUTA,WNPE

Langmuir

Freundlich

Langmuir-Freundlich

ARE (%)

Ku

Qqm

ARE (%)

Kr

ARE (%)

QOm

Kir

Ze-Ca

Ammonium single

20

(2+£0.4) x108

93+19

17

1.44%0.2

1.85

14

135+19

(1.2£0.17)x 104

0.7

Ammonium

22

(3£ 0.7) x10°8

89+20

12

2.49+0.3

220

12349

74 %104

0.6

Binary

Phosphate

(3£ 0.2) x10°

1158

25

1.81+0.5

2.03

12047

(2+0.1) x10°

Ze-Mg1

Ammonium single

i

(1.3+ 0.4) x102

49415

15

5.04+0.8

3.00

10

8949

(1£0.1) x103

04

Ammonium

24

0.125+0.03

2516

6

4.64+0.3

3.72

5542

(2£0.1)x108

04

Binary

Phosphate

27

(3.8+1) x 10

55

0.32+0.18

2.83

24

60+14

(1.140.26) x 104

0.9

24 Ze-MgZ

Ammonium single

(8+0.6) x10°3

29

1.45+0.4

213

11

31£3

(2.2£0.2) x10

1.2

Ammonium

(3.7£ 0.3) x102

15

3.31+0.5

3.34

3242

(1.2£0.07) x102

0.7

Binary

Phosphate

27

(4+1.1) x10°8

20.5

0.91+0.2
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24+4

(8.9+1.7) x 10
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Table 3. Ammonium and phosphate sorption capacities obtained

with data reported in literature for different zeolitic sorbents.

in this study and comparison

Zeolite Zeolitic form | Recovered | Sorption capacity [mg/g] Reference

nutrient
Ze-Ca Ca% NH4* 89+20

PO43 11548
Ze-Mg1 Mg2 NH4* 2516

This study

PO#* 3549
Ze-Mg2 Mg?*, Na* NH4* 24%2

POs* 9+2
CMZFA -NHz POs* 4.1 3
Ch-zeolite Na*, K* NHg* 10.6 3
ActZ (NaCl) Na* NHs* 59 13
ActZ (NaOH) Na* NHa* 46
Chende-Ze Na* NH4* 9.4 %
LC-Z Ca? NHs* 28.7 40
HC-Z Ca? NHg* 6.1
Na-Y Na* NH4 22.6 4
13X K+ NHg* 8.6 2
NaA zeolite Na* NH4* 443 B
Acid treat. zeolite | Na* NH4 43.7 &
(Azerbaijan)
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phosphate uptake by Ze-Ca and Ze-Mg1

Table 4. Kinetic parameters obtained by HPDM, SPM and intraparticle diffusion model for ammonium and

©CoO~NOUTA,WNPE

HPDM

SPM

Fluid film

Particle diffusion

Fluid film

Particle diffusion

Chemical reaction

D

R2

De

R2

Kr

R2

De

R2

Ks

R2

13 Ze-Ca

NH4* Single

(7.04£0.35)x10°

0.95

(3.6£0.07)x10%

0.98

(8.6£15)x1010

0.82

(3.4£0.17)x104

0.95

(3.6£0.25)x10

0.93

16 NH«/PO

NH4*

(8.920.16)x109

0.98

(5.3£0.05)x10-1

0.99

(644 5)x10-10

0.27

(5.1£0.15)x10-14

0.97

(4.740.19)x10-10

0.96

18 4> binary

PO4

(3.6£0.36)x10°

0.90

(2.0£0.14)x10%

0.93

(8.5£1.7)x1010

0.80

(2.1£0.21)x104

0.90

(2.4£0.34)x1010

0.86

20 Ze-Mg1

22 NHa4* Single

(6.9+1.31)x109

0.81

(4.0£0.36)x10-1

0.91

(2.0£0.76)x10-10

0.62

(3.8£0.42)x10

0.89

(2.1£0.21)x10-10

0.90

24 NH4#*/PO

NH4*

(1.1£0.06)x10%

0.95

(7.3£0.07)x10-8

0.99

(2.6£0.47)x10-10

0.82

(6.7£0.13)x10-13

0.98

(2.9£0.29)x10-10

0.90

26 4% binary

PO

(4.8£0.29)x109
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(2.520.08)x10"
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(1.320.29)x109

0.78

(2.6£0.10)x10
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(2.9£0.29)x1010

0.90
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Figure 1. FTIR spectroscopy of raw and loaded zeolites Ze-Ca and Ze-Mg1.
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Figure 3. Experimental and theoretical equilibrium isotherm for phosphate removal in: a) Ze-Ca,
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Figure S1. Relative Error for ammonium adsorption on Ze-Ca and Ze-Mg1 according to

Langmuir, Freundlich and Langmuir-Freundlich isotherm model
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Figure S2. Intraparticle diffusion kinetics for ammonium and phosphate adsorption on a)

Ze-Ca and b) Ze-Mg1 in single and binary system
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