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36 16  Abstract

39 17  There is interest in recovering phosphate (P(V)) from secondary sources, such as waste water streams
41 18  for potential use as fertilizers reducing the environmental impacts of P(V) discharges and providing
44 19  alternative phosphorus sources. The goal of this work was to provide an understanding of P(V) removal
46 20 Dby fly ash (FA) from coal power plants. Phosphate removal using Ca(ll) rich FA was evaluated in terms
21 of i) sorption equilibrium, ii) sorption kinetics under the expected pH values and P(V) concentrations in
51 22  wastewaters effluents, and iii) P(V) availability of the FAs in agricultural applications. At the pH values (6
53 23 0 9) expected for wastewater effluents, P(V) removal proceeds as a combination of CaO(s) dissolution
56 24  and brushite (CaHPQO4(s)) formation on the FA particles. This process avoids the formation of relatively

58 25 insoluble Ca—-phosphates, such as, hydroxyapatite (Hap) with limited fertilizing properties. High P-
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loadings were achieved (up to 50 mgP-POs/g FA (5% P(V) by weight)) at a pH of 8. The removal
kinetics data were well described as a diffusion-based process of phosphate ions (H2POs and HPO4%)
on FA particles, and the CaO(s) dissolution process was discarded as the rate controlling step. The P(V)
availability from loaded samples was determined via an agronomical assay with NaHCO3 solutions with
P(V) release ratios of 10 to 30 mgP-PQO4/g in FA, confirming the appropriateness of this material as a
potential fertilizer, even in calcareous soils.

Keywords: P(V), phosphate recovery; sorption; fly ash; brushite; slow release fertilizer

1. Introduction

Increasing energy demands worldwide have led to increased utilisation of coal and, thus, the production
of large quantities of fly ash (FA) as a waste product [1-3]. In 2011, coal-fired generation accounted for
30% of the world’s electricity supply, and its share is anticipated to reach 46% by 2030. Sustained
prices for oil and natural gas make coal-fired generation relatively economically attractive, particularly in
nations with rich coal resources, such as China, the USA and India [4,5]. Recycling coal fly ash (CFA)
can be a good alternative disposal method and could provide significant economic and environmental
benefits. The global average FA utilisation ratio is estimated to be nearly 25% [6,7]. Most FA is alkaline,
and its surface is negatively charged at high pH values; thus, it could be used to remove metal ions
from solutions by precipitation [8] or sorption [3,8,9]. Furthermore, it contains a certain amount of
unburnt carbon, which has a high adsorption capacity for organic compounds [5].

Phosphorous (P) is an important element in industry and agriculture and is frequently present in
domestic, industrial, and farming wastewaters. In the last decades, phosphate has been considered an
environmental concern because of its role in the eutrophication of water bodies [10,11]. Currently, it is
becoming increasingly economically concerning because its natural deposits are diminishing because of
the continuous growth of the world population. Then, such wastewaters and sludge containing P (less

than 1% by weight) are considered secondary P sources that should be mined [12]. In the European
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Union, P has been included in the list of Critical Elements, and new technologies to recover P from
secondary sources are being promoted. Most of these technologies have focused on the recovery of P
from solid wastes (e.g., incineration ashes), whereas for its recovery from liquid wastes, most
technologies have focused on the recovery of struvite (MAP) from concentrated streams.

Few efforts have been devoted to P recovery from diluted streams, although various removal techniques
are available [13]. Chemical precipitation and coagulation processes are not cost effective and
polymeric ion exchangers are not applicable because of the presence of dissolved and particulate
organic matter. Thus, phosphate-removal/recovery solutions have focused on the use of low-cost
inorganic materials with high performance in terms of equilibrium and kinetics. CFA has attracted
substantial attention as a potential material for phosphate removal because it is easily available and
cost effective [14-16]. The presence of aluminium, iron, calcium and magnesium oxides imbues FA with
suitable properties for phosphate removal by complexation or precipitation of Ca/Mg-phosphates [3,17].
Cheung and Venkitachalam [18] associated the removal of phosphate by FA containing high- and low-
calcium contents with Ca-phosphate precipitation. Johansson and Gustafsson [19] proposed the
formation of amorphous calcium phosphate and/or octacalcium phosphate as the major P-removal
mechanism and suggested the direct formation of hydroxyapatite (Hap) as the predominant removal
mechanism. Although it is generally accepted that phosphate removal by FA involves adsorption and/or
precipitation mechanisms, the interaction between phosphate and Ca(ll) remains incompletely
described [12].

Additionally, reduced progress has been done to obtain a solution for the exhausted ash, and recently,
the possibility of using this material to improve the soil quality of areas degraded or for forestry
applications has been proposed [5]. However, because of the low solubility and bio-availability of the
Ca-phosphate mineral that is typically precipitated (Cas(PO4)30H(s), logKs,=116.8) [20], efforts have
been made to prepare more soluble minerals, such as brushite (CaHPQO4.2H0, logKs,=6.59) [21]) with

properties suitable as slow-release fertilizers. These materials include Ca-silicates, such as wollasonite
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[22]; Ca-Al layered double hydroxide [23,24]; natural zeolites [25]; and FA [26]. However, the utilisation
of powdered inorganic adsorbents for selective P removal and its potential use as slow-release
fertilizers remain under development.

In this study, two different types of FA from two coal power stations with different CaO(s) contents (Los
Barrios (FA-LB (2.8% w)) and Teruel (FA-TE (4.8% w))) were evaluated as adsorbents for phosphate
recovery. The equilibrium and kinetic performances for phosphate sorption were studied and
characterised by varying the experimental conditions, such as the solution pH and initial phosphate
concentration. The phosphate-sorption mechanism was evaluated using a speciation method. Although
the phosphate-removal mechanism is complex, the results are presented in terms of equilibrium

isotherms and kinetic parameters.

2. Materials and methods

2.1 Batch equilibrium experiments of FA dissolution

FA samples (0.2 g) were mechanically mixed in polyethylene tubes with deionised water (10 mL) at
different initial pH values (6-9) and at room temperature (21£1 °C) until equilibrium was achieved. The
influence of the initial pH on FA dissolution was evaluated by varying the initial pH with 0.1-mol/L HCI or
NaOH solution. After phase separation with a 0.2-um syringe filter, the equilibrium pH was measured
using a pH glass electrode (Crison GLP22); the total Ca, Na, Mg, and K concentrations were measured
by ion chromatography (Thermo Scientific Dionex ICS-1100); and the total Si, Al, Fe, P, and Ti
concentrations were determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) or Atomic
Emission Spectrophotometry (ICP-AES) (X-Series I, Thermo Fisher SCIENTIFIC).

FA selection samples in this study (LB, TE) was based on having the highest Ca(ll) and Mg content and
the lowest toxic metallic and non-metallic traces. This selection was based on leaching studies for both
samples that were published previously [27].

2.2 Batch equilibrium experiments of phosphate removal
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Phosphate solutions were prepared by dissolving a weighed amount of NaHPO4.2H20 in deionized
water (Milli-Q-Academic-A10 apparatus). FA samples from Teruel (FA-TE) and Los Barrios (FA-LB) (0.2
g) were mechanically mixed in polyethylene tubes with an aqueous phosphate solution (10 mL) at
different initial concentrations (100-16000 mgP-PQO./L) at room temperature (21£1 °C) until equilibrium
was achieved. The influence of pH on the phosphate sorption was evaluated by varying the initial pH
with 0.1 mol/L HCI or NaOH solution. After phase separation, the equilibrium pH was measured and the
total phosphate concentration was measured by ion chromatography or by visible absorption
spectrophotometry (UVmini-1240) [28]. The P(V) equilibrium sorption capacity was determined using

Eq. 1.

Co—Ce
o = e (1)
where Co (mg/L) and Ce (mgP-PO4/L) represent the initial and equilibrium total P(V) concentrations,

respectively; v (L) is the aqueous solution volume; and ms (g) is the mass of the FA sample.

2.3 Batch kinetic experiments of phosphate removal

Batch kinetic experiments were performed by adding of 0.2 g of FA to solutions containing 100 and 500
mgP-PO4/L. The tubes were mechanically shaken at 21+1 °C, and samples were withdrawn
sequentially at specified times. All tests were performed in triplicate and the average values are
reported. The samples were centrifuged for 10 min and then filtered. The total phosphate concentration

and pH of the initial and remaining aqueous solutions were measured.

2.4 Speciation of phosphate-loaded FA samples

The speciation of the adsorbed P in both FA samples (FA-TE and FA-LB) was achieved using a
modified four-step sequential extraction methodology [29-31]. First, 30 mL aliquots of 1000 mg P-PQO4/L
at pH 7 were equilibrated with pre-weighed tubes containing 3 g of FA. After shaking for 24 h at room

temperature, the suspensions were centrifuged, and the FA powders were dried at 50-60°C. The
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adsorbed phosphate was sequentially extracted using 1 g samples and 50 mL of the extraction
solutions described in Table 1. The samples were mechanical shaken at 21 £1°C. After equilibrium was
achieved, the samples were centrifuged, and the phosphate content of the aqueous phase was
analysed.

Table 1. Chemical extraction scheme for phosphorus speciation of loaded FA samples.

Extraction solutions Speciation name P Speciation Step
40-mL 2 M KCl for 2h KCI-P Soluble and exchangeable P 1
40-mL 0.1 M NaOH for 17h NaOH-P Fe- and Al-bound P 2
40-mL 0.5 M HClI for 24h HCI-P Ca-bound P 3
40-ml 10 M HNO3/10M HCIOq4 (5/2) Res-P Residual P 4

2.5 Phosphate availability from loaded FA samples using bicarbonate solutions

Samples (0.5 g) of loaded FA samples (contents ranging from 11 to 108 mmol/L) were mixed with 20
mL of 0.5 M NaHCO3 (pH=8.3) in 50 mL plastic bottles. The bottles were mechanically shaken at 21
+1°C for 24 h at a constant agitation speed. After phase separation, with a 0.45 um syringe filter, the

equilibrium pH and total phosphate concentration were measured.

2.6 Physicochemical characterisation of FA samples

The major, minor, and trace element concentrations of the FA powders were determined. The samples
were acid-digested via a special two-step digestion method to analyse the trace elements in coal and
combustion wastes by ICP-MS and ICP-AES [32].

After the sorption and desorption experiments, the FA samples were washed with water to remove the
interstitial water and then oven-dried at 60°C for structural and textural analysis. The mineralogical
composition was analysed by a Bruker D8 A25 Advance X-Ray Diffractometer 6-0 with CuK,1 radiation,
Bragg-Brentano geometry, and a linear LynxEyeXE detector. The diffractograms were obtained from 4°

to 60° of 26 with a step size of 0.015° and a counting time of 0.1s as the sample was rotated. The solids
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in powder form were identified according to standard Joint Committee on Powder Diffraction Standards
(JCPDS) file and were matched with Powder Diffraction Files (PDFs) no. 009-0077 for brushite, 046-
1045 quartz, 015-0776 mullite, 033-0664 for hematite, and 039-1346 for maghemite. The morphology of
the samples was examined using field emission scanning electron microscopy with an energy dispersive
system (FE-SEM-EDS, JEOL 3400) after prior metallisation with gold.

The FA point of zero charge (PZC) was determined by acid-based potentiometric titrations using the
common intersection point method [33-35]. First, 0.1 g of FA was equilibrated with 25 mL of KNO3
solution at various ionic strengths (0.01, 0.05, 0.1, and 0.5 M) at 21+1°C. After equilibrium was
achieved, a given volume of 0.1 M KOH solution was added to the suspension to increase the pH value
over 10. The suspension was then titrated with 0.05 M HNOs to pH=3 using an automatic titrator
(Mettler Toledo). The net surface charge was correlated with the PZC by considering the adsorbed
amounts of H* and OH- ions along the titration assay: the titration curves obtained at different ionic
strengths intersect at pH=pHpzc. The surface charge was calculated according to Eq. 2 [36].

b= Cp—Co+[H']—[0OHT] (2)

where b (mol/g) is the net amount of hydroxide ions consumed; C, and C, (mol/L) are the base and acid
concentrations, respectively; and [H*] and [OH-] denote the proton and hydroxide concentrations,
respectively, calculated from the measured pH for a given mass (g) of FA and a given volume of

solution (L). All measurements were performed in triplicate, and the average values are reported.

2.7 Sorption models

Equilibrium models: Langmuir and Freundlich models were used to describe the sorption equilibrium
data at constant pH. The Langmuir isotherm assumes monolayer sorption and only occurs at a finite
number of definite localized sites. Furthermore, Langmuir isotherm refers to homogenous sorption,

where all sites possess equal affinity for the sorbate as is described by the Eq. (3). The Freundlich
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isotherm describes a heterogeneous and reversible sorption not restricted to the formation of a

monolayer. The Freundlich equation is given by Eq. (4) [37,38].

Ce 1, Ce (3)
de Kiqm dm

logq, = log Ky + %log C. (4)

where Ce (mg P-PO4/L) and qe (mg/g) are the equilibrium total P(V) concentrations in the aqueous and
FA phases, respectively; qm (mg P-PO4/g) is the maximum sorption capacity; K. (L/mg) is the Langmuir
sorption equilibrium constant; n is a constant indicating the isotherm curvature; and K ((mg/g)/(mg/L)'n)
is the Freundlich equilibrium constant. The adjustable parameters gm and K. or Kr and n were obtained
by fitting the experimental data (ge and Ce) to Egs. 3 and 4 using nonlinear least squares regression

(Excel version 2010).

Kinetic equilibrium models: The homogeneous particle diffusion (HPDM) and shell progressive
(SPM) models were used to describe the kinetic data [39]. Both models assume that the extraction
mechanism involves the diffusion of phosphate ions (H:PO4 and HPO42) from solution into the FA
phase through a number of possible pathways: diffusion across the liquid film surrounding the FA
particle, transfer across the solution/particle interface, diffusion into the bulk of the FA particle and
possible interactions with reactive groups on the FA surface.

HPDM model describes the sorption of the phosphate ions via diffusion in a quasi-homogeneous

medium according to Fick’s law equation with two rate-control scenarios:

- If the particle diffusion rate controls the P(V) sorption on spherical FA particles:

—In(1 — X2 (t)) = 2Bt where B = ©2¢, (5)

r2

- If liquid film diffusion controls the rate of P(V) sorption:

—In(1-X(®) = Ky t where K, = 22 (6)
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The X(t) values can be calculated using Eq. 7:

X =1 (7)

de

where X(t) is the phosphate fractional attainment of equilibrium at time t; gt and qe are the phosphate
loadings on the FA phase at time t and when equilibrium is attained (mg/g), respectively; C is the total
concentration of phosphate; C is the total concentration of phosphate in the FA; Kii is the rate constant
for film diffusion ; De is the effective diffusion coefficient of phosphate ions in the FA (m?/s); and r the
radius of the FA particle, which is assumed to be spherical (m).

SPM model describes the sorption process in terms of a concentration profile of the solution containing
phosphate ions advancing into a partially sorbed spherical FA particle (“Shell Progressive®) where the

relationships between phosphate sorption degree and time are given by Egs. 7-9:

- if sorption is controlled by the fluid film:

X(t) = 2laokr (8)

asCso

-if sorption is controlled by diffusion though the sorption layer:

[3-301 - x(0))s - 2x(0)] = Lo ¢ )

2
asCso

- if sorption is controlled by the chemical reaction:

[1- @ -x@)/3] = Bfae ¢ (10)

r

where as is the stoichiometric coefficient; Cao is the bulk phosphate concentration; Cso is the FA
phosphate concentration, Kr is the mass-transfer coefficient of phosphate species through the liquid film
(m/s) and Ksis a surface reaction constant (m/s).

All experimental data were treated graphically and compared to all fractional attainment of equilibrium

functions (F(X) = f (t)) defined previously for both HPDM (Egs. 5-6) and SPM (Egs. 8-10).
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2.8 Prediction of phosphate-precipitation processes

Phosphate-precipitation processes were studied using the HYDRA-MEDUSA [40] and Visual Minteq
codes [41]. When necessary, the measured P(V), Ca(ll) concentration and pH were compared to those
estimated using both codes. The supersaturation index (Sl) was calculated using Visual Minteq and Eq.

11, as indicated by Eq. 11:

IAP

SI = log (K_so) (11)

where IAP is the ion activity product and Kso is the solubility constant. Equilibrium solubility data for Ca-

phosphates from the HYDRA and PHREEQ C databases were critically reviewed.

3. Results and discussion

3.1. Characterisation of the Teruel and Los Barrios FAs

The chemical compositions of both FA samples ( consist mainly of AlO3 and SiO2, which
account for 73% and 83% of the FA-TE and FA-LB samples, respectively. FA-TE has a higher contents
of Fe203(18.9%) and CaO (4.2%) than FA-LB (with 7.4% and 2.3%, respectively). The X-ray diffraction
(XRD) patterns of FA-TE and FA-LB are shown in . Hematite and maghemite (Fe203), mullite
(Al2Si2043) and quartz (SiO2) were the main phases identified in both cases. SEM analysis identified
spherical particles containing encapsulated smaller particles ( ). Natusch and Taylor [42]
classified five different types of particles according to the size or porous texture: i) spherical filled
particles—Plerospheres in the particle size range below 10 pm; ii) large irregular silicate masses,
exhibiting spherical pitting; iii) hollow spherical particles—Cenospheres containing small particles
encapsulated inside them; iv) elongated blades and hollow spherical particles with interior voids and v)
agglomerates of small spherical particles forming large non-spherical particles. For both samples only

two types of morphologies, thin walled cenopheres and plerospheres were identified as it is shown in

10
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Table 2. Average chemical composition of FA-TE and FA-LB fly ash samples.

SiOz A|203 F6203 Ca0 MgO Nazo Kzo PzOs 803

FA-TE (% wt) 451 28.1 18.9 4.2 1.2 0.2 1.5 0.2 0.8

FA- LB (% wt) 61.2 21.1 74 2.3 2.3 1.2 24 1.6 0.7
f —— 1/ Fly ash Los Barrios (FA-LB)

——— 2/ Fly ash Teruel (FA-TE)
4 Mullite (AISI,0,,)
*  Quartz (SiO,)
e Hematite (Fe,0,)

* Maghemite-C (Fe,O,)

”\ ”} |

A )‘ A 9 1
L pernins A ® rex% A

el i e T KX e s

| W

Thin-walled plerospheres

20.0kV SEI SEM

Figure 1. a) XRD patterns of both types of fly ash samples FA-TE; FA-LB and b) SEM analyses for FA-

TE and FA-LB

FA samples selection for this study (FA-TE, and FA-LB) was based on the Ca(ll) and Mg content and

the toxic metallic and non-metallic traces content. This selection was supported on the leaching studies

11
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for both samples that were published previously and summarised in the Table 571 (Supplementary
material) [27]. As can be seen, the content of heavy metals (Pb, Cd, Hg) and non-metals (As) are lower
(ng/g). Measured concentrations using standard leaching test in acidic conditions, show also
concentration levels of those elements not statistically different to those present in domestic
wastewaters. Indeed, in the expected pH values of treated waste waters (7 to 8.5), most of the potential
leached metals/non-metals show their lower solubility values, although potential presence of complexing
organic molecules could increase solubility.

The acid-base characterisation revealed a pHpzc values of 4.9+0.5 for FA-TE and 5.1£0.5 for FA-LB
(Fig. 2) The electrophoretic mobility (pHzpc value of approximately 4.9-5.1) is close to the theoretically
predicted value and is reported in supporting material Table 52 (Supplementary material) [43] based on

the percentages of silica and alumina in the FA.

12
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Figure 2. Fly ash potentiometric titration curve at 0.01, 0.05, 0.1, and 0.5 M KNOs3 for FA samples: a)

FA-TE and b) FA-LB.

The deviation between the theoretical and experimental data is ascribed to the presence of other oxides
in the FA samples (e.g., MgO and CaO). The determined pHpzc values are in good agreement with
those reported for a-Al(OH)3(s) (pHrzc 5.0) and Fe(OH)s (pHpzc from 5 to 7) [44]. Indeed, Chen et al.
and Zhang et al. [45-47] reported that, iron and aluminium surface groups at pH values below the pHpcz

have anion sorption capacities.

13
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FA dissolution experiments at initial pH values between 6 to 9 revealed Ca(ll) concentration in solution

of 2 to 3.5 mmol CalL, while the values of K, Mg and Na were an order of magnitude lower, ranging from

0.01 mmol/L to 0.4 mmol/L, as shown in Fig. 3.

The substantial concentration of Ca(ll) in solution can be explained by the dissolution of CaO(s)

particles present on the FA as described by Eq. 12:

CaO(s) + H,0 < Ca(OH),(s) & Ca?* +20H™

2
25 d
o 20
—l
= -3.5
g 4 & § &
O 45
S 5 Q
55 Q
N ©
65 OCa-released FA-TE A Na-released FA-TE
7 OMg-released Fa-TE ~ OK-released FA-TE
8.5 9 9.5 10 10.5 1 1.5
pH Equilibrium
-2
2.5
) 0) 0) 0
- -3
235 é % % %
(@)
o> 4
S Q
45 Q
-5 OCa-released FA-LB A Na-released FA-LB
55 OMg-released FA-LB  OK-released FA-LB
9.7 9.9 10.1 10.3 10.5 10.7
PH equiibrium

(12)

Figure 3. Molar Ca, Mg, Na and K concentration (in logarithm form) as a function of the equilibrium pH

for the fly ash dissolution experiments (0.2 mass of FA and 10 mL volume of demineralized water) for

both type of FA samples a) FA-TE and b) FA-LB.

14
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The measured Ca(ll) values decreases as pH increases as can be expected based on the CaO(s)
dissolution reaction and the values are slightly higher for FA-TE, which has a higher Ca content (4.2%
Ca0). Although mineral phases containing Ca were detected in both FAs, Ca is expected to be present
as calcium oxide minerals (e.g., portlandite) [48]. The measured concentrations of other major
components of FA, such as Al, Fe, Si, and Ti, were below 0.01 mmol/L. These values are in accordance
with the solubility data of the main mineral phases identified by XRD in both FA samples: quartz (SiO2),

mullite (AlgSi2O12) and hematite (Fe203) (Fig. 1a).

3.2 Phosphate sorption capacities of FA-TE and FA-LB: Effects of pH and P(V) concentration

P(V) sorption isotherms for both FA samples revealed a dependence on the pH (Fig. 4), and the
equilibrium data were well described by the Langmuir isotherm (Table 3). The maximum P(V) sorption
capacities were 38.84£3.4 and 19.1£1.7mgP-POs /g for FA-TE and FA-LB, respectively, when the pH
values exceeded 7. At pH 8, the maximum uptakes were 59.5+4.3 and 54.1+3.7 mgP-PQ4/g for FA-TE
and FA-LB, respectively. The P(V)-sorption capacities measured here are in the same order of
magnitude with those reported by Chen et al. [47] as phosphate immobilization capacity in FA samples

with CaO contents from 2 to 5% using an initial phosphate concentration of 1000 mgP-PO4/L.

15
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Figure 4. Phosphate sorption isotherms at different pH and predicted by the Langmuir model for a) FA-

TE and b) FA-LB (dots: experimental data; line: the predicted values).

Table 3. Langmuir and Freundlich isotherm parameters for Teruel (FA-TE) and Los Barrios (FALB) fly

ash samples at different pH values

Adsorbent FA-TE FA-LB
pH7 pH 8 pH 9 pH7 pH 8 pH9
Models
dm (Mg/g) 38.843.4 | 59.5+4.3 | 56.2+3.8 | 23.7+2.3 | 54.1£ 3.7 | 19.1£1.7
Langmuir Ke (L/mg) 0.0005 | 0.0005 | 0.0003 | 0.0019 | 0.0006 | 0.0015
isotherm R2 0.98 0.99 0.99 0.99 0.97 0.99
16
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Kr (mg/g)/(mg/L)/n) 49 1.4 2.9 24 1.8 3.8
Freundlich n 5.3 2.6 3.3 4.1 3,0 6.5

isotherm R2 0.91 0.95 0.89 0.85 0.92 0.81

3.3 P(V)-sorption mechanism on FA
Given that HoPO4- and HPO42- are the predominant species of P(V) at pH values between 7 to 9, two

main sorption mechanisms can be postulated:

a) Surface complexation with =AIOH and =FeOH functional groups of Al and Fe oxides through

following reactions (Eqs.13-14):

Labile complexes with =MOH,*: =MOH,*+H2PO4/HPO4%<> =MOH2*H2PO4/HPO4* (13)
Inner-sphere complexes with =MOH: =MOH+H2PO4/HPO42-<»> =MH,PO4/HPO42+0OH (14)

where M represents Al or Fe.

b) Formation of Ca-phosphate minerals with Ca(ll) ions present on the FA samples as CaO(s):

HPO4/HPO42+Ca0(s) = Ca-phosphates (CaHPO4(s) or Cas(OH)(PO4)3 (s)) (15)

XRD analysis of FA samples after the sorption experiments revealed the presence of brushite
(CaHPO4(s)) at pH 7 and 8; the presence of Ca-phosphate minerals was not detected only at pH 9, as
can be seen in Fig. 5. This could be due the formation of undetectable nanocrystals or amorphous
structures because the removal rate at pH 9 is faster than those at pH 7 and 8, as indicates by the
kinetic analysis (see section 4). Generally, precipitation processes with fast kinetics produce less-
crystalline solids. In addition to hematite and/or maghemite, mullite and quartz were detected in all

samples.

17



pH 7 FA-TE pH7
— 1/ P(V)8.0g/L — 1/ P(V) 8.0 g/L
o — 2/ P(V)10.0 g/L A — 2/ P(V)10.0 g/L
2 3/P(V) 15.0 g/L 3/ P(V) 15.0 g/L
3 o Brushite o Brushite (CaPO,(OH).2H,0)
4 A Mullite A Mullite
*  Quartz * Quartz
5 * Maghemite-C (Fe,O,) %o 3
6 b T0X o L
~
WWMWMNNW‘VMWWW/
MM it e bt
1315 20 0 0 50 0 | 10 20 30 40 50 60
ig 2 Theta (Deg.) 2 Theta (Deg.)
6
1] pH 8 FA-TE pH 8 FA-LB
——1/P(V) 8.0 g/lL ——1/P(V) 8.0 g/L
I —— 2/P(V) 10.0 g/L ——2/P(V) 10.0 g/L
19 3/ P(V) 15.0 g/L A ——3/P(V) 15.0 gL
70 o Brushite O Brushite (CaPO,(OH).2H,0)
D A Mullite A Mullite (AL Si,0,,)
1 * % Quartz % Quartz (SI0,)
P2 ® Hematite o °© ® Hematite (Fe,0,)
’ *tednemie® WW AR I
% ’ *Aqf ‘ ) -
26"\ o v g R S
~ | ‘ f e MMMMMMWW 2.!
D o WWWWWWMWWMWMW "
P9 3 Aoty st sl
3’('3 2I0 3IO 4I0 5IO 60 1I0 2I0 3I0 4IO 5IO GIO
g; 2 Theta (Deg.) 2 Theta (Deg.)
3
34 317
35
g? 318  Figure 5. XRD analysis of fly ash samples after phosphate sorption at different pH values and for
38
39 319 different phosphate concentrations for FA-TE (a-b) and FA-LB (c,d) FA samples.
40
j; 320  The P-speciation analysis of loaded samples shown in Fig. S1 (Supplementary material) indicates that
43 , - . : . :
44 321  the loosely bound P fraction (KCI speciation fraction), associated with the labile complexes (Eq. 13)
45
46 322  accounted for 18% in FA-TE and 4% in FA-LB. The Ca-Mg-speciation (HCI-P speciation fraction)
47
jg 323  associated with Ca-phosphate forms (Eq. 15), accounted for 81% in FA-TE and 95% in FA-LB. The
50
51 324  NaOH-P fraction associated with P(V) bound to the hydrated metal oxides (Eq. 14) reported a residual
52
gi 325  contribution of less than 1%, while the residual P speciation represents less than 0.9%.
55
56 326  The formation of Ca-phosphates (e.g., brushite and Hap) is thermodynamically favoured under the
57
gg 327  studied conditions, as shown in Fig. S2 (Supplementary material); Hap is a more stable phase than
60
61
62
03 18
64

[0)]
(&)]



©CO~NOOOTA~AWNPE

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

brushite, which is considered its precursor phase. However, as the reaction proceeds on the
microporous FA structure under the controlled Ca(ll) ion release provided by CaO(s) dissolution, which
avoids oversaturation, and brushite is formed and then stabilised, stopping the conversion to Hap. Thus,
the main P(V) sorption process can be postulated according to Egs. 16-17:

Ca(OH)z(s)+ HPO4? <> CaHPOQ4(s) +20H- log K=32.2 (25°C) (16)

Ca(OH)a(s)* HzPOs &5 CaHPOL(s) + Ho0 +OH- logK=222  (25°C) (17)

The removal of P(V) as brushite is accompanied by a release of 1 to 2 moles of OH- ions per mole of
P(V), which increases the pH, as observed in the sorption tests. For both FA samples, the sorption
capacity is maximised at pH 8 and decreases as the pH increases to 9 or decreases to 7. This sorption
behaviour is in agreement with the formation of brushite. The solubility of brushite estimated by HYDRA-
MEDUSA code (in logarithmic form) and the P(V) sorption capacity as a function of pH are plotted in
Fig. 6. The minimum solubility, which corresponds to the highest brushite stability, is found at pH 8,
where the maximum sorption capacities were also observed. Increasing or decreasing the pH increased

the brushite solubility and accordingly decreased the P(V)-sorption capacity.
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Figure 6. The experimental P(V) sorption capacity at different pH and the estimated curve of brushite

solubility for a) FA-TE and b) FA-LB.

4. Phosphate sorption kinetics

The results of the kinetic experiments involving P(V) solutions containing 100 and 500 mgP-PO4/L at an
initial pH value of 8 are shown in Fig. 7a-b, and the evolution of the total Ca(ll) concentration is
presented in Fig. 7c. The sorption profiles with time exhibit decreased phosphate and Ca(ll)
concentrations and increased pH values. For the kinetic test at 500 mg P-POu/L, the sorption rates of
both FA samples (Fig. 7a-7b) are quite similar as it is controlled by the excess phosphate relative to the
Ca(ll) provided by the FA. The sorption process can be divided into a first, faster step and a second,
slower one. Initially, phosphate rapidly reached the boundary layer to interact with dissolved Ca(ll) ions
from the CaO(s) grains [49,50], and then, it slowly diffused from the boundary layer film onto the FA

particle. At that time, P(V) removal was coupled with CaO(s) dissolution [51], which supplied the
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reactant needed to facilitate brushite formation [16,52]. The evolution of Ca(ll) for both FA samples in
the kinetic experiments with 100 and 500 mgP-PO4L (Fig. 7c) revealed that the total Ca(ll)
concentration follows a profile very similar to that of the total P(V) concentration (Fig. 7a). The total
Ca(ll) and P(V) concentrations and the measured pH were used to determine the saturation indexes for
brushite and Hap. The saturation index values (data not shown) indicated that the system was
oversaturated in Hap; however, as discussed previously, its precursor, brushite, was the only mineral

phase identified by XRD analysis in this study.
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Figure 7. Variation of ratio P(V)/P(V)o and pH as a function of time for an initial concentration @) 100
mg/L , b) 500 mg/L at initial pH= 8 and c) variation of Ca(ll) concentration as a function of contact time

for an initial P(V) concentration of 100 and 500 mg/L, at initial pH= 8 (sorbent dose: 0.2 g/10 mL).

The influence of the initial pH on the kinetics of both FA samples with 100 mgP/L phosphate solutions is

shown in Fig. 8. The P(V)/P(V)o ratio profiles with time for both FA samples (Fig. 8a, 8b) are strongly
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affected by pH, especially that of FA-LB. As the extraction reaction proceeds, the pH increases, as

described by Egs. 16-17 and shown in Fig. 8b-8d. Experiments at pH values of 7-8 exhibited greater

increases (ApH>0.5 units) than that at pH 9 because of their lower buffer capacities (ApH<0.5 units).
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Figure 8. Variation of P(V)/P(V)o ratio for @) FA-TE and ¢) FA-LB samples, and pH as a function of

contact time for an initial concentration of 100 mg P-POu/L (sorbent dose: 0.2 g/10 mL) for b) FA-TE and

d) FA-LB samples.

For FA-LB, most of the phosphate removal was achieved in the first 120 min: 40% at pH 7 to 80% at pH

9. In contrast, FA-TE exhibited a lower sorption rate, and longer contact times (more than 1000 minutes)

were therefore required to reach equilibrium values. These differences are connected with the
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382  compositions of the FA samples, including the SiO2. and Al,O3 contents and especially that of mullite,
383  which can be adjusted to improve their hydrophilic properties.
384
385 4.1 Sorption kinetic modelling results
386  The results of the kinetic modeling of phosphate sorption onto FA are shown in Fig. S3 (Supplementary
387  material). Kinetic data fitting results in Egs. 5-6 using the HPDM and Egs. 8-10 for the SPM, are
388  summarized in Table 4. The linear correlation coefficients indicate that film diffusion can be discarded as
389  the sorption-controlling step because data did not exhibit a linear dependence. Both models fit the data
390 satisfactorily for the entire time range of FA-phase diffusion.
391  Table 4. Linear regression of HPDM and SPM models for phosphate sorption for initial concentration of
392 100 mgP-PO4/L at different initial pH conditions onto FA samples
HPDM SPM
-In (1-X2) -In (1-X) X (3-3(1-X)23-2X) (1-(1-X) ")
pH | pHim | R2 De | R D | R Kr R? De R ks
FA-TE 7 |80y [099 3310 [094 11109 |[078 29101 |099 36101 [093 7.110-2
8 (8.3 |098 6.710% | 091 2210 |090 7610" | 098 7610 |0.93 1.310"
9 |92 |098 81101 | 096 23101 |0.89 5510 | 098 12101 | 095 23102
FA-LB 7 [(®2 [099 86107 [ 095 27107 [0.88 15107 [099 1.310" [097 23102
8 | (85 |097 5010 | 087 4810 | 074 5910 | 097 641015 | 089 21102
9 | (93 ]099 3710% |092 41107 | 085 7.310' | 097 51101 | 091  1.9102
393 * Values in brackets are the pH along the kinetic test with time t and specific point m.
394
395  The predicted curves obtained using both models for FA-LB and FA-TE at different initial pH values are
396  shownin Fig. S3 a - b (Supplementary material). FA-TE and FA-LB showed better agreement (between
397 the predicted and experimental data) at pH 7 and 8 than at pH 9. Taking into account the fact that the
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411

pH changes as a consequence of the sorption process along the kinetic experiments (Fig. 8 b and d),
the HoPO4/HPO4Z molar ratio (%) is 12/88 at pH 8.2 and 1/99 at pH 9.5; therefore, the effective

diffusion coefficient can be considered to accounts for a single species (HPO42).

5. Evaluation of phosphate availability from loaded FA samples

Olsen et al. [53] suggested bicarbonate extraction as a suitable method for predicting the plant
availability of phosphate in calcareous soils where the main role of NaHCO3 in phosphate extraction is
decreasing the Ca(ll) activity by forming CaCOs. The phosphate-availability data in solutions of 0.5 M
NaHCOs are plotted in Fig. 9 as a function of the extracted amount of phosphate by FA (mgP-PQOa/g
FA). For both FA samples, ratios from 8 to 30 mgP-PO4/g FA were obtained. Partial extraction of 20 to

70% was reported in a single-extraction trial for both FA samples.
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Figure 9. Phosphate extraction using mixture of NaHCO3 (0.2M) from loaded fly ash samples (a) FA-TE

and (b) FA-LB
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These results are in good agreement with the speciation results reported in Fig. S1 (Supplementary

material). In the presence of excess of bicarbonate, the labile phosphate fraction (P-KCI) will be

displaced by bicarbonate ions, and partial brushite dissolution will be achieved according to Eq. 18:
CaHPQ4(s) + HCOs «» CaCOs(s) + HoPOs log K=-1.3 (25°C) (18)

The sorbed P(V) on FA samples has been demonstrated to dissolve in solutions containing moderate to

high bicarbonate concentrations similar to those expected in basic soils characterised by a high content

of calcareous rocks (e.g., limestone) and where other Ca-phosphate minerals, such as Hap, are very

insoluble and then with limited plant availability.

6. Conclusions

The P(V)-removal results in the expected pH range (6 to 9) of wastewater effluents indicated that
sorption proceeds via a diffusion-controlled process involving phosphate ions within the FA particles
coupled with CaO(s) dissolution from the FA, which provides the Ca(ll) ions required for brushite
(CaHPO4(s)) formation. This process is important because it avoids the formation of relatively insoluble
Ca-phosphates, such as Hap, which have more limited fertilizing properties. P(V) availability from
loaded FAs was determined using NaHCOs solutions and revealed P(V)-release ratios of 10 to 30 gP-
PO4/g FA. In addition, phosphate removal is highly efficient as indicated by the rapid removal and high
P-loadings obtained (up to 50 mgP-PO4/g FA (5%P(V) by weight) at pH 8.

The use of phosphate-containing mineral-based sorbents as soil amendments may be advantageous
when other agronomic benefits are expected, such as the provision of other plant nutrients or the
enhancement of the soil moisture-holding capacity.

Future research should be performed to scale this process up from the laboratory scale to pilot- and full-
scale systems integrating sorption and ultrafiltration membrane filtration and to evaluate other types of
powdered Ca-rich inorganic sorbents for phosphate removal and direct use as fertilizer. The study on

the transfer of trace heavy metals ions and non-metal ions to the treated waters and the potential
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transfer from loaded FA to soils when applied as fertilizers will be needed to approve its potential uses

by environmental and agricultural regulation agencies.
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