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Abstract

Here, an alternative nutrient (N-P-K) recovery route from potassium-rich sludge anaerobic digestion
side-streams using powder reactive sorbents (PRSs) is presented. In the first step, the optimum PRS
system was determined in batch experiments with mixtures of: a) a sodium zeolite (NaP1) to facilitate

the NH4* and K* sorption; b) a Ca-zeolite (CaP1) to facilitate the removal of P by formation of Ca-
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phosphates (e.g., CaHPO4(s)), and c) caustic magnesia containing mixtures of MgO to facilitate the
formation of Mg/NH4/PO4 minerals (e.g., struvite and magnesium phosphates). Evaluation of the
continuous and simultaneous N-P-K removal with mixtures of PRSs was carried out using a hybrid
sorptionffiltration system with ultrafiltration (UF) hollow-fiore membranes. The dosing ratios of the
PRS mixtures were optimised on the basis of the equilibrium and kinetic sorption data, and a PRS
dose (<2-5 g PRS/L) was selected to ensure the hydraulic performance of the system. Under such
conditions, and with synthetic anaerobic side-stream removal capacities (qt) of 220£10 mg N-NHa/g,
3515 mg P-PO4/g, and 8+2 mg K/g, removal efficiencies of 32+3, 7845, and 26+3% for ammonium,
phosphate, and potassium, respectively, were obtained for the binary mixtures of NaP1/CaP1
zeolites. Contrary to the batch results, the use of tertiary mixtures of NaP1/CaP1/MgQO only improved
the K removal capacity and efficiency to 18+2 mg K/g and 55+4%, respectively, while the phosphate
removal capacity and efficiency remained unchanged (ca. 35+3 mg P-POs/g; 80+5%) and the
ammonium capacity and efficiency were reduced to 18512 mg N-NH4/g and 20+2%, respectively,
due to the competing Mg2* ion effect. Nutrient removal trials with real anaerobic side-streams using
binary mixtures of Na/Ca zeolites showed a reduction of both the hydraulic performance and the
nutrient removal ratios due to the presence of dissolved organic matter. However, constant removal
ratios of N, P, and K were recorded throughout the filtration experiments. The loaded PRSs exhibited
suitable nutrient release rates and bioavailability as co-substrates for soil quality improvement.
Chemical analyses detected the formation of Ca/P/O and Mg/N/P/O neo-minerals; however, the

mineralogical data revealed only the formation of struvite, even when no magnesium oxide was used.

Keywords: nutrient recovery; powder reactive sorbents; Na/Ca-zeolite; caustic magnesia; hybrid

sorption-membrane ultrafiltration; anaerobic side-stream
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1. Introduction

Environmental impact of the urban and industrial sectors is attracting increasing attention due to the
production of huge volumes of wastewater with high organic and mineral loads, mainly N, P, and K
(Ledda et al., 2013; Petersen et al., 2007). N and P recovery from wastewater has become critical
due to the detrimental effects of continuous waste discharges to the air, soil, and water bodies
environment (Kumar and Pal, 2013). Besides global environmental damage, the increasing demand
for N-P-K fertilisers and the complexity of their production are also of great concern. In addition,
during the last decades, the presence of anthropogenic reactive N in the environment has strongly
increased and transformed the biogeochemical nitrogen cycle, resulting in major environmental
effects. Similarly, the biogeochemical P cycle is in a very critical state, since phosphate rock was
recently listed as a critical raw material (European Commission, 2014). Existing studies on the
depletion of phosphate rock have shown contradictory results due to a lack of comprehensive
knowledge about the state of the current reserves and future exploitable P resources (Taddeo et al.,
2016; Van Kauwenbergh et al., 2013). However, current environmental regulations do not deal with,
and hence do not restrict, the use of potassium in agricultural applications. Nevertheless, the growing
concentration of K in soil has been identified as one of the causes of mineral deficiencies, immune
suppression, and reproductive losses in herbivores (Masse et al., 2007). Therefore, the recovery and
removal of nutrients from the main anthropogenic flows, i.e., animal manure, urban/industrial
wastewater, and agricultural run-offs, is crucial in order to maintain a sustainable environmental
balance and secure a renewable source of nutrients (Taddeo et al., 2016).

In general, treatment technologies remove and/or recover pure nutrient by-products from wastewater
treatment plant (WWTP) streams with limited efficiency and/or partial recovery. These limitations
have prompted a new approach relying on the use of low-cost inorganic-based adsorbents (e.g.,

clays, fly ash, and zeolites) suitable as intermediary media to transport nutrients from wastewater to
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soils for direct use as fertilisers or soil conditioners (Bartzokas, 2001; Lalley et al., 2016; Onyango et
al., 2007; Schoumans et al., 2015).

Typically, the recovery of N and P from wastewater has been considered in independent processes
due to their chemical nature, and their simultaneous removal by sorption processes has rarely been
reported. The merit of using one single material for the simultaneous removal of both ammonium and
phosphate species is obvious; however, this has not yet been achieved. In general, most of the
solutions proposed for such a simultaneous removal are based on the use of two types of reagents
(e.g., a cation exchanger and an anion exchanger, or a cation exchanger and an inorganic reagent to
precipitate phosphate anionic species (Wu et al., 2006; Zhang et al., 2007)). Recently, Na*-zeolite
(NaP1), obtained as a waste by-product from coal fly ash, and its zeolitic Ca-modified form (CaP1)
were evaluated for the recovery of ammonium and phosphate as powdered activated zeolite
materials (Hermassi et al., 2016b). As a consequence, the technical challenge to implement
powdered reactive sorbents in WWTP streams requires solid/liquid separation techniques, including
hydrocyclones or hybrid sorptionffiltration processes. In this last case, the continuous progress in
pressure-driven membrane processes has facilitated the integration of powder activated carbon with
ultrafiltration (UF ) or nanofiltration (NF) membranes (Dong et al., 2014; Wang et al., 2016).

In a previous study, powder Ca-activated zeolite (CaP1) was used as a reactive sorbent for P
recovery in a hybrid sorption/filtration system using a hollow-fibre UF crossflow configuration.
Hydroxyapatite is a more thermodynamically stable phase; however, P was mainly removed as
brushite (CaHPO4), which has a higher release potential when applied to soils than hydroxyapatite.
The main hypothesis behind this phenomenon is the influence of the crystal structure in the inhibition
of phase transformations (Hermassi et al., 2016a). In the present work, the concept of reactive
sorbents has been extended for the simultaneous recovery of N-P-K from anaerobic side-streams

generated from the digestion of sewage sludge. For this purpose, binary and tertiary mixtures of
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PRSs were used. CaP1 and NaP1 zeolites (selective sorbents for N-P-K) were blended with a rich
magnesium oxide material (e.g., caustic magnesia) as a source of Mg(ll) ions to promote the
simultaneous removal of ammonium and phosphate species by precipitation of struvite. Then, batch
equilibrium and kinetic experiments were carried out to identify the optimum blends of PRSs for the
simultaneous removal of N-P-K from both simulated and real anaerobic side-streams from a WWTP.
Finally, three selected blends were evaluated in a hybrid sorption-membrane UF process. The loaded
sorbents were finally characterised chemically and mineralogically to identify the main extraction
mechanisms and the potential N-P-K bioavailability for application as soil improvers in degraded

areas.

2. Materials and methods

2.1. Materials and solutions

The Na*-zeolite NaP1 was synthesised from combustion fly ash and a 3 M NaOH solution at 125 °C,
as described elsewhere (Querol et al., 2007), and the Ca2*-zeolite CaP1 was prepared by a cation-
exchange process as also described elsewhere (Hermassi et al., 2016b). The maximum sorption
capacities of N and P for both zeolites were obtained in previous studies from the sorption isotherm
experiments as follows, 10944 mg NH4/g, 573 mg P-PO4/g for NaP1 and 123.1£9.mg NH./g,
203+15 mg P-PO4/g for CaP1 (You et al., 2017; Hermassi et al., 2016b).

A powder caustic magnesia sample (Magna L) from Magnesitas Navarras (Spain) with a w/w(%)
chemical composition of MgO (76), CaO (11), SiO (5), and fire loss (1.5) was also used.

Two different types of model anaerobic digestion side-stream water feeds were used in both batch
and continuous sorption/filtration experiments. Synthetic water solutions were prepared by dissolving
known amounts of NH4ClI, K2HPO4, KNO3, NaHCO3, KHCO3, MgCl,-6H20, and CaClz-2H20 salts in

tap water. The concentration of the main ions was fixed using the average annual composition of an
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anaerobic digestion side-stream from a WWTP in El Prat (Barcelona, Spain). Samples (250 L) from
the anaerobic side-stream of the sewage sludge digester were passed through a vacuum filter in
order to simplify the batch and sorption/filtration experiments.

Table 1. Chemical composition (mg/L) and pH of model water feed used in both batch and
continuous sorption/filtration experiments (UFa, UFs, and UFc) were described in more details in

Table 2.

Na* | NHe [ K | Mg(ly | ca(ly | cF | so@ | Nos | HCOs | P(v) | *TOC

Synthetic water feed (UFa, UFg)

505 | 678 | 51| 99 | 500 | 2384 | 40 | 1 | 1322 | 56 | 52
pH = 7.840.2

Anaerobic digestion side-stream

(Batch and UFc) 475 | 665 | 63 92 408 1224 4 <lg* | 1301 48 | 299.5

pH = 7.840.2
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*I: limit of quantification, **TOC (Total organic carbon)

2.2 N-P-K sorption: experimental methodology

2.2.1 Batch sorption kinetic experiments

Experiments to study the influence of the sorbent nature and dose on the N-P-K recovery were
performed by adding known amounts of reactive sorbent mixtures (NaP1, CaP1, and MgO) to model
solutions (Table 1). A given volume (25 mL) of the feed solutions was shaken in polyethylene tubes
with different weighed amounts of dry CaP1, NaP1, and MgO samples using a continuous rotary
mixer at room temperature (21+1 °C). Samples were withdrawn sequentially at given times to follow
the sorption time-dependence of the N-P-K species. After phase separation with a 0.2-um syringe
filter, the equilibrium pH was measured using a pH electrode (Crison GLP22) and the total

phosphate, ammonium, and potassium concentrations were measured.




139  2.2.2 Hybrid sorption-membrane UF using PRS mixtures (NaP1, CaP1, and MgO)

140  The UF-PRS system consisted of a clear acrylic cylinder reactor with a volume of 60 L combined with
141 acrossflow UF module consisting of 100 hollow fibres with a molecular weight cut-off of >100000 Da.
142 The experimental set-up is illustrated in Figure 1. The operational conditions of each experiment are

143  listed in Table 2.
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146  Figure 1. Schematic of the hybrid membrane sorption/UF system, including a UF hollow-fibre module,
147  a feed wastewater stream (S), a stirred tank reactor (STR), a stream leaving the tank (T), and
148  concentrate (C) and permeate (P) streams from the membrane module with a flow-rate of Q
149  (m3/s).The dashed line represents the control area used for the N-P-K mass balance.

150  Table 2. Operational conditions for the hybrid sorption/UF tests

Experiment UFa UFs UFc
Feed water Synthetic water Anaerobic digestion side-
stream
Sorbents CaP1 and NaP1 CaP1, NaP1, and MgO CaP1 and NaP1
(32/48) (32/48/20) (32/48)
pH 8+0.2 8+0.2 8+0.2
Total amount of zeolite (g/L) 2 2.5 2
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Experiments were conducted as follows: 40 L of influent feed solutions and specific amounts of PRS
mixtures (UFa, UFg, and UFc) were added to the STR. N-P-K removal experiments were conducted as
described elsewhere by Hermassi et al., 2016 (Hermassi et al., 2016a).

2.2.3 Chemical speciation and bioavailability of N-P-K in loaded PRSs

Speciation of P-N-K on the loaded PRSs was performed according to a modified four-step sequential
extraction methodology (Ann et al., 2000; Hedleyet al., 1982; Moharami and Jalali, 2014). The sorbed
P-K-N species were sequentially extracted using 1-g samples and 40 mL of the extraction solution,
as summarised in Table S1 (Supplementary Information). The samples were mechanically shaken at
21x1 °C. Upon reaching the equilibrium (Ceq), the samples were centrifuged and the N-P-K content
of the liquid phase was analysed. At the end of each sorptionffiltration and subsequent extraction
tests, the suspensions were centrifuged and the PRS samples were dried at 50-60 °C.

The bioavailability of the loaded PRS samples was evaluated using the Olsen method (Olsen, 1954).
Samples (0.5 g) of loaded PRSs were mixed with 20 mL of 0.5 M NaHCOs; (pH = 8+0.2) in 50-mL
bottles and shaken at 211 °C for 24 h at a constant agitation speed (200 rpm). After phase
separation with a 0.45-um syringe filter, the equilibrium pH was measured using a pH electrode
(Crison GLP22) and the samples were analysed.

2.3 Analytical methodology

The P(V) concentration was determined using the vanadomolybdophosphoric acid colorimetric
method (4500-P C) in a Shimadzu UV mini-1240 UV-vis spectrophotometer. Other cations and
anions were determined using a Thermo Scientific lonic Chromatograph (Dionex ICS-1100 and ICS-
1000). The bicarbonate concentration was determined potentiometrically using a 0.1 M HCI solution.

The total organic carbon (TOC) content was estimated by measuring the total carbon (TC) and
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inorganic carbon (IC) using a TOC-5000 instrument (Shimazdu Corporation, Japan) and then
calculating the difference between them.

After completing the sorption/filtration experiments, the loaded PRS samples were examined by
FSEM-EDX, and the mineral phases were identified by XRD as described elsewhere (Querol et al.,
2007). Modelling of the N, P, and K precipitation processes was carried using the HYDRA-MEDUSA

(Puidomeénech, 2001) and Visual Minteq codes (Gray-Munro and Strong, 2013).

2.4 Evaluation of the sorption/filtration system performance: solute (N-P-K) mass balances
The performance of the hybrid membrane sorption/UF system was evaluated by estimating the

removal efficiency (R-M) (%)) with Eq. 1:

R—M(%)=(1—?"Mi—':((8)x100 (1)

where Cy represents the concentration of each N-P-K nutrient, and Cu-s(t) and Cu-p(t) represent the
N-P-K concentrations in the feed and in the permeate streams, respectively, at a given time t.
The mass M(p, N, and k) SOrbed on the powdered reactive sorbents (PRS(t), g(M)t (mg M/g PRS) was

calculated by Eq. 2:

_ mg(M) _ m(M)prs
M = g(PRS) ~ Vi*gprs 2)

where m(M)prs is the concentration of N-P-K nutrients in the PRS per volume of solution (mg M-
PRSIL)

The amount of sorbed M was calculated from the mass balance on the hybrid system schematically
described in Figure 1. At time zero, the STR was filled with 40 L of an M solution with the same
concentration as the feed stream (Co). The M mass balance in the system has been properly

described elsewhere by Hermassi et al., 2016 (Hermassi et al., 2016a).
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The hydraulic performance of the UF unit was characterised by the permeation flux and membrane
permeability taking into account the transmembrane pressure (TMP), as described by Hermassi el

al., 2016 (Hermassi et al., 2016a).

3. Results and discussion

3.1 Optimisation of PRS mixtures for N-P-K recovery using batch experiments

The kinetic data for the N-P-K removal by mixtures of CaP1, NaP1, and MgO are shown in Figure 2.
The addition of NaP1 to CaP1 increased the ammonium removal ratio from 30% for CaP1 up to 83%

for a mixture of both zeolites, as shown in Figure 2a.
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Figure 2. Evolution of a) ammonium, b) phosphate, and c¢) potassium sorption uptake versus time for
CaP1 and mixtures of CaP1-NaP1 and NaP1-MgO in batch experiments (samples of 25 mL, constant
temperature of 22+1 °C).

The ammonium and potassium cations were satisfactorily exchanged in the NaP1 and CaP1 zeolites,
considering the selectivity order defined by the cation exchange constants determined as the
following: K(Ca/Na) > K(NH4/Na) > K(K/Na) > K(Mg/Na). However, the removal of phosphate was
more efficient with the mixture of zeolites as, even at the lowest dose, sorption ratios above 64%
were achieved (Figure 2b). Using only CaP1, a removal of 66+3% was reported by Hermassi et al.
(Hermassi et al., 2016a, 2016b). CaP1 zeolite exhibits a high affinity for phosphate removal through
the formation of CaHPO4. Maximum recovery efficiencies for P and K (Figure 2c) were achieved
when caustic magnesia MgO was added to the mixture, which reached >95% after 4 h of contact
time. In fact, the pH and Mg:P molar ratio have been reported as the key factors determining the

recovery efficiencies of P and K (Xu et al., 2015).

3.2 N, P, and K removal mechanisms

N-P-K removal processes are very fast, as demonstrated by the fact that the system reached
equilibrium within 10 min. This phenomenon is the result of the fast exchange of Na* with NH4* and
K*, as reported for both natural and synthetic zeolites (Guaya et al., 2015; Wu et al., 2006).
Phosphate and potassium sorption kinetics are comparable with ammonium exchange kinetics,
although more complex mechanisms are involved (e.g., complexation and precipitation of phosphates
with calcium and/or potassium ions, and with the =AIOH and =FeOH surface groups and Ca(ll) ions
on CaP1). In fact, Ca%*/NHs* exchange on CaP1 in mixed Feed water with PRS is the driving force for

the formation of calcium phosphate, followed by reaction of the free Ca2* ions with phosphate ions

12
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when saturation is reached (Watanabe et al., 2014). Under these conditions, in terms of the

concentration of N, P, and K, and as shown for the co-precipitation of magnesium potassium

phosphate (MPP: MgKPQO4-6H20) and magnesium ammonium phosphate (MAP: MgNH4PO4-6H-0),

the N-P-K exchange/sorption processes is described below.

a) NHs* and K* cations exchanged with the Na* and Ca*2 ions from NaP1 and CaP1 as per Eq. 3:
ZO Mn* + nNHg4* /K*<> nZO- NH4*/K*+ M+ where M* = Na* or Ca2* 3)

where =Z0- represents the anionic groups of the zeolite structure, M represents the exchangeable

ions in the zeolite, and n is the cation charge.

b) Phosphate removal by formation of Ca-phosphates with the Ca?* ions from the zeolite ion-

exchange groups, as described by Eq. 4:

(= Z0)2 Ca?*+ HoPO4+ 2Na* <> 2 = (ZO-Na*)+CaHPOy4 (s)+ H* (4)

¢) Ammonium, phosphate, and potassium removal with caustic magnesia (MgO) is expected through

the formation of MAP or MPP, as described by Egs. 5 and 6 (Ariyanto et al., 2013; Wilsenach et al.,

2007):
Mg2* + NHs* + HPO42 + 6H,0 — MgNH4PO4-6H,0 (s) + H* (5)
K*+ Mg?* + HPO42 — KMgPOs (s) + H* (6)

3.3 Evaluation of the hybrid sorption/UF system for simultaneous N-P-K removal using PRS
mixtures (NaP1/CaP1/MgO)

3.3.1 Performance of the hybrid sorption-membrane UF system using synthetic sludge anaerobic
digestion side-stream feeds and CaP1/NaP1 mixtures (UFa)

The N-P-K sorption capacity and removal efficiency using a mixture of NaP1 and CaP1 (UFa) at
constant pH (8.1£0.5) as a function of time are shown in Figure 3. The removal efficiency remained

constant during the filtration cycle, returning values of 7845, 32+3, and 26£3% with a maximum

13
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Figure 3. a) Phosphate, b) ammonium, and c) potassium recovery percentage (%) and sorption
capacity gtas a function of time for mixtures of NaP1 and CaP1 (UFa) using synthetic sewage sludge
anaerobic side-streams as feed solutions.

The N-P-K loading values (qi) during the filtration cycles (Figure 3) increased over time with a
maximum recovery for ammonium of 210+9 mg/g PRS and, by the end of the filtration test, the PRS
had not reached saturation yet. However, this value was higher compared to the maximum
ammonium sorption capacities reported by NaP1 and CaP1 in isotherm experiments, it can suggests
that the precipitation of struvite is one the main mechanism on ammonium removal and plays a
significant role in overall performance of hybrid sorption/filtration system.

The concentration ratios (C¢/Co) of ammonium, phosphate, and potassium in the reactor reached
values of 0.6£0.05, 0.2+0.04, and 0.8+0.04, respectively, as shown in Figure S1 (Supplementary
Information).

The concentration ratios (Ct/Co) of anions and cations in the STR effluent (T) and the feed stream (S)
during the experiments are presented in Figure S1. The CyCo ratio for calcium decreased to
0.83+0.05, indicating the precipitation of Ca-phosphates and upon exchange with the free sites of
CaP1 zeolite. Moreover, the sodium concentration decreased to 0.8+£0.05 to compensate the
exchanged positions on NaP1/CaP1 due to K* and NHs* extraction, as expected, due to the high
affinity of the zeolites for NH4* and K*. A 10% reduction of the magnesium concentration at the end of
the experiment was observed. Scanning Electron Micrscopy with Energy Dispersive X-Ray (SEM-
EDAX) analysis of the sorbent mixture at the end of the experiments revealed an increase of the Ca
and K content with the decreasing Na content. Rich Ca and P mineral phases were detected on the
zeolite structure; however, no Ca/Mg/K-phosphate phases were detected at ambient temperature by

XRD analysis of the powder mixture after the UFa experiments. Only the presence of calcium
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aluminium phosphate CasAl(PO4)7 was observed after thermal treatment at 1050 °C, as shown in

Figure S2 (Supplementary Information).

3.3.2 Performance of the hybrid sorption-membrane UF system using synthetic sludge anaerobic
digestion side-stream feeds and CaP1/NaP1/MgO mixtures (UFg)

The N-P-K sorption capacity and removal efficiency as a function of the filtration time are shown in
Figure 4. The pH was maintained constant at 8.2+0.3 and shorter filtration cycles were performed as
the hydraulic operation limits of the UF module (2.5 g PRS/L) were approached, which required more
back-washes. The removal efficiency for N-P-K remained constant during the experiment, while the
sorption capacity (qt) increased. The removal efficiency reached values of 20£2%, 85+5%, and
5514, while the maximum sorption capacities (qe) were 1858, 32+3, and 23+2 mg/g PRS for
ammonium, phosphate, and potassium, respectively.

The Cy/Cq ratios for ammonium and phosphate in the reactor reached values of 0.8£0.05 and
0.2+0.05, respectively (Figure S3, Supplementary Information). The use of a tertiary mixture of
sorbents did not afford any significant improvement of the system performance since the ammonium
removal was slightly lower, while the phosphate removal efficiency was similar to that obtained with
the binary mixture. The calcium concentration decreased considerably: according to Figure S3a, the
Ci/Co ratio for calcium reached values of 0.35+0.05 due to the higher adsorption of Ca(ll) by the
zeolites and the precipitation of calcium phosphate, as described in Eq. 4. Moreover, the effect of

calcium as a competitive cation was found to influence the adsorption of ammonium.
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Figure 4. a) Phosphate, b) ammonium, and c¢) potassium recovery percentage (%) and sorption

capacity gt as a function of time for mixtures of NaP1/CaP1/MgO (UFs) using synthetic sewage

sludge anaerobic side-streams as feed solutions.
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The sodium concentration remained constant during the cycles, and the same behaviour was
observed for the binary mixture (UFa), suggesting that the exchange between ammonium and sodium
was not affected upon addition of MgO. The potassium concentration in this case decreased more
than with the UFa mixture and the Cy/Co ratio reached values of 0.4+0.05, which could be the result of
removal through MPP precipitation, as described by Wilsenach et al., 2007, and Eq. 7 (Wilsenach et
al., 2007). SEM-EDAX analysis of the sorbent mixture at the end of the experiment revealed an
increase of the Ca, K, and Mg content and a reduction of the Na content. Rich Ca/P/O and Mg/P/N/O
mineral phases were detected on the zeolite structure; however, no Ca/Mg/K-phosphate phases were

detected.

3.3.3 Performance of the hybrid sorption-membrane UF system using sewage sludge anaerobic
digestion side-stream feeds and CaP1/NaP1 mixtures (UF)

The removal efficiency remained constant throughout the filtration cycle, returning values of 1543,
6515, and 6+2% for ammonium, phosphate, and potassium, respectively (Figure 5). Moreover, the
sorption capacity reached maximum values of 75+3, 52+3, and 51 mg/g PRS for each of those
species, respectively. The phosphate and ammonium loading values (qt) during the filtration cycle

(Figure 5) increased over time, although the PRSs were not saturated at the end of the experiment.
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321  Figure 5. a) Phosphate, b) ammonium, and c¢) potassium recovery percentage (%) and sorption
322 capacity qtas a function of time for mixtures of NaP1 and CaP1 (UF¢) using sewage sludge anaerobic

323  side-streams as feed solutions.
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The sorbed P and N ratios in the reactor were below 1 during the filtration cycles, 0.2+0.05 and 0.7+
0.05 for phosphate and ammonium, respectively (Figure S4, Supplementary Information).
Additionally, the C/Co ratios for potassium, calcium, magnesium, and sodium ranged between 0.8
and 0.9. As indicated by Eq. 4, the anionic groups of the zeolite structure must be neutralised upon
consumption of Ca (Il) during Ca-phosphate formation. Then, the cations in solution are exchanged
according to the selectivity factors for Na*/Ca2*/Mg2* (Roberto T. Pabalan, 2001).

SEM-EDAX analysis of the sorbent mixture at the end of the experiment revealed an increase of the
Ca and K content and a reduced Na content. Rich Ca and P mineral phases were detected on the
zeolite structure; however, no Ca/K-Mg-phosphate phases were detected at ambient temperature by
XRD analysis of the powdered mixture after the UF: experiment, although N/Mg/P struvite was
detected, as shown in Figure S5 (Supplementary Information). The average chemical composition of
the three loaded PRS mixtures, as well as for the two virgin zeolites (NaP1 and CaP1), are

summarised in Table 3.

Table 3. Average chemical composition (w/w) of the loaded zeolites mixtures and virgin PRS
mixtures

Average

NaP1 (%) 506 76 05 81 151 02 18 14 29
CaP1 (%) 513 10 06 81 146 02 13 74 24
UFA (%) 518 08 09 124 154 09 04 55 29
UFs (%) 408 07 25 163 153 14 06 67 34
UFc (%) 505 04 08 164 168 06 08 14 29
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The sorption processes were accordingly correlated to changes on the main species involved (N, P,
K, Na, Ca, Mg). The highest content of phosphate was found in UFg while the lowest content
corresponded to UFc. The highest potassium content was measured for the UFc sample. The
nitrogen content could not me determined precisely due to the weak signal obtained from such a light

element.

3.4. Hydraulic performance of the hybrid sorption/UF system

The evolution of the TMP as the sorption/filtration experiments progressed is shown in Figure 6. The
TMP values increased with time, from an initial value of approximately 0.3 to a threshold value of 0.8
bar, at which point the filtration cycle was considered finished and a cleaning protocol was applied
(BW). Longer filtration cycles were carried out for the experiments with binary mixtures (UFa with
synthetic feed and UFc) for comparison with the experiments with the tertiary mixture containing

MgO.
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Figure 6. Variation of the transmembrane pressure (TMP) and the permeability (Lp, Lm2h-1/bar) with
the time or the continuous sorption/UF system with a) UFa: a) binary PRS mixture; b) UFg: a tertiary
PRS mixture, and c) UFc: a binary PRS mixture.

The presence of caustic magnesia used in the form of very fine MgO particles obtained as a powder
by-product from the air calcination of magnesium carbonate, affording incompressible cake layers.
After the cleaning procedure (BW), the initial membrane permeability was recovered (170+10 and

138+8 Lm?2h-'/bar for UFa and UFs, respectively), although a reduction in the permeability recovery
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was observed in the experiments with the tertiary mixture and, in particular, the minimum value was
recorded for UFc (79+4 Lm2h-'bar'), which was associated with the presence of colloidal material and
a high concentration of initial total organic carbon (TOC = 299+10 mg/L). Yamini et al., 2009 (Satyawali
and Balakrishnan, 2009), associated the decreases in permeability and changes in filtration processes
with the particle size, since this affects the characteristics of the cake formed from the rejected solids. In
fact, as mentioned in the experimental section, no chemicals were used during the backwash and the
reduction in the permeability can be explained by the formation of a PRS cake on the membrane
surface. For sludge particle sizes smaller than or comparable to those of the added PRSs with or
without MgO, the final particle size could increase, as explained Park et al., 1999 (for the case of
powder activated carbon (PAC)) (Park et al., 1999). The particle size increase is typically attributed to
the adsorption of dissolved and colloidal organics and also free bacteria cells on the PRS particles.

(Satyawali and Balakrishnan, 2009).

3.5. Evaluation of nutrient speciation and bioavailability of loaded reactive sorbents

The phosphate and ammonium speciation results for the loaded PRS samples, represented as mg/g
PRS, are shown in Figure 7. The P speciation confirmed that the HCI-P fraction associated with the
presence of Ca-phosphate mineral species (Meis et al., 2012; Wang et al., 2012) or Mg-ammonium-
phosphate (struvite) was 120 mg P-PO4/L for the UFa and UFg samples and up to 370 mg P-PO4/L
for UFc. Additionally, the easily exchangeable speciation (KCI-P) associated with the formation of
labile complexes with Al and Fe metal oxides contributed with 41 to 53 mg P-PO4/L for UFg and UFa
and 118 mg P-PO4/L for the UFc sample. In the case of ammonium, the highest fraction of the three
samples was associated with a labile exchange fraction, confirming that the main mechanism in both
zeolites is ion-exchange. Only in the UFc sample, where struvite was identified by XRD analysis, the

fraction with HCI represented an important contribution (350£50 mg N-NHa4/L). The mixtures of
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reactive sorbents, obtained as by-products of industrial waste (e.g., zeolites produced from fly ash or
caustic magnesia from magnesium carbonate furnaces) afforded both good sorption properties and
release ratios. Depending on the composition of the solution to be treated, the composition of the

sorbent mixture should be tuned to optimise the nutrient release ratios.
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Figure 7. Speciation of the PRSs for the UF experiments: a) phosphate and b) ammonium fractions.

The determination of nutrient availability based on the Olsen method (Olsen., 1954) uses bicarbonate
extraction as a suitable method for predicting the plant availability of phosphate species in calcareous
soils, where the main role of NaHCOs in phosphate extraction is decreasing the Caz* activity by
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forming CaCOs. The phosphate-availability data for 0.5 M solutions of NaHCO3 are plotted in Figure 8
as the extracted amount of phosphate per mass of loaded sorbent powder (mg P-PO./g). In the
presence of excess bicarbonate, the labile phosphate fraction (P-KCI) and partial brushite and

struvite dissolution occur according to Eq. 8 and 9:

CaHPO4(s) + HCOs = CaCOs(s) + H2PO4- logK=-13 (25°C) (8)

NHsMgPOx(s) + HCOs = MgCOs(s) + HPOs2+ NHst  log K=-31 (25 °C) 9)

The potassium-availability data is presented as the extracted amount of phosphate per mass of
loaded sorbent powder (mg P-POa4/g), which revealed similar ratios from 0.5 to 1.5 mg K/g for UFc.
Moreover, the maximum ratio for ammonium was found to range from 12 to 18.5 mg NH4*/g for UFa.s
and UFc. These results are in good agreement for the presence of PRS in ammonium and potassium
form (NaP1/CaP1/N-K) as well as minerals as struvite.

The phosphate, potassium, and ammonium species sorbed on the PRSs samples were thus
demonstrated to dissolve in solutions containing moderate-to-high bicarbonate concentrations, similar
to those expected in basic soils characterised by high calcareous rock content (e.g., limestone) and
where other Ca/Mg-phosphate minerals, such as hydroxyapatite and struvite (MAP and MPP), are

very insoluble and thus offer limited plant availability.
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4, Conclusions

Mixtures of reactive sorbents (Na/CaP1 zeolites and a magnesium oxide-rich waste) were shown to
be effective for the recovery of N-P-K from potassium-rich sewage sludge anaerobic digestion side-
streams. Binary and tertiary mixtures showed that the sodium zeolite (NaP1) provided efficient
removal of NH4* and K*, the Ca-zeolite (CaP1) facilitated the removal of phosphate by formation of
Ca-phosphates (CaHPO4(s)), and caustic magnesia containing MgO facilitated the formation of
Mg/NH4/PQO4 minerals (e.g., struvite and magnesium phosphates). The continuous and simultaneous
removal of ammonium, phosphate, and potassium ions with mixtures of powder reactive sorbents (2—
2.5 g PRS/L) using a hybrid sorptionffiltration system afforded removal capacities of 220+10 mg N-
NH4/g, 35+5 mg P-PQO4/g, and 8+2 mg K/g for binary mixtures of NaP1/CaP1. Contrary to the batch
results, the use of tertiary mixtures of NaP1/CaP1/MgO only improved the K removal capacity, while
the phosphate removal capacity was maintained and the NH4* capacity was reduced due to the
competence of Mg*2 ions in the ion-exchange sites. Nutrient removal trials with real anaerobic side-
streams using binary mixtures of Na/CaP1 showed a decrease in both the hydraulic performance and
the nutrient removal ratios due to the presence of dissolved organic matter. The sorption reaction
mechanisms were also confirmed by structural and textural analyses. Chemical analyses confirmed
the formation of Ca/P and Mg/N/P minerals; however, the presence of brushite and struvite was
detected by mineralogical characterisation. The constant removal ratios of N, P, and K were
measured in relation to the filtration time. The N-P-K-loaded sorbents showed good nutrient release

and bioavailability ratios as co-substrates for soil quality improvement.
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