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Abstract

Phosphate, which contains the essential elemerspblooous (P), is a necessary fertilizer for agtizal but

the current phosphate deposits are running outaftetnative sources are needed. Sludge obtainea fro
wastewater treatment plants contains high condiorisa of phosphorus and represents an alternative,
sustainable source. In this study, sludge obtain@th a wastewater treatment plant with biologicatl a
chemical phosphorus removal was acidified (pH =,35 and 6) to release orthophosphate followed by
sequestration of the orthophosphate by a zinc alumilayered double hydroxide (Z&i-LDH). Sulfuric

acid (HSQy), nitric acid (HNQ), and hydrochloric acid (HCI) was tested, whiclowkd that only sulfate
anions compete with phosphate and results in redpbesphate recovery (25-35%). The orthophosphate
concentration in the liquid phase increased from%Qraw sludge) to 75 % of the total phosphorus
concentration at a pH of 3, which enhanced the piate uptake by the ZnAl-LDH from 1.7+0.2% to
60.31£0.6%. During acidification, the competing an@arbonate is degassed as,G&hich further improved

the phosphate uptake. PXRD showed the intercalafi@arbonate in the LDH in the raw sludge at p8,=
whereas orthophosphate was intercalated at lowerahtes.>’Al MAS NMR spectroscopy and powder X-
ray diffraction (PXRD) proved preservation of thBH at all pH values. Furthermore, about a thirdhef Al

is present as an amorphous aluminum phosphate (AIRDON exposure to phosphate at low pH (pH = 3 and
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5) based orf’Al MAS NMR spectroscopy. At a pH of 6 about a thiofl the P is present as brushite

(CaHPQ: 2H.0).

Keywords: Layered Double Hydroxides (LDH), phosphate recoyvshydge acidification, wastewater, solid

state NMR Spectroscopy, ion exchange

1.0 Introduction

Phosphorus in the form of phosphate is an essdntidizer in the agriculture and its supply ineagiate
guantities is vital (Cordell et al., 2009; Shu &t 2006). However, phosphate rock, a main souifte o
phosphate for fertilizers, is a critical resourEgifopean Commission, 2018). Hence, research imatiee
phosphate sources, such as recovery of phosplate irastewater, is demanded. The majority of the
phosphate at wastewater treatment plants is présetite sludge, mainly in the microbial mass or as
insoluble inorganic salts due to the biological am&mical removal of phosphate from the liquid ghas
respectively. Biological and/or chemical treatmprdacedures are necessary to meet the dischargeskti
by political regulations (de-Bashan and Bashan,4R0®hosphate recovery/recycling by controlled
precipitation of struvite and calcium phosphatecymiéation, which remove phosphate from the ligplthse
after sludge dewatering, do not exploit the fultgmial for phosphate recovery (Liu and Qu, 201dhdget

al., 2006; Vasenko and Qu, 2017). Thus, the sludgéains valuable phosphate, but the direct apgpicaf
sludge to fields is problematic as toxins sucheesvit metals, microplastic, and pathogens may beeptén
critical quantities. Therefore, application of gfedon farmland has been banned in several European
countries (Milieu Ltd., 2010; Tarayrea et al., 2P1cineration of sludge is an alternative, howethe
bioavailability of the phosphorus is low and impies from heavy metals is problematic for more thali

the ashes (Herzel et al., 2016). Furthermore, tethod for heavy metal removal is expensive and the

sustainability of phosphorus recovery from asheshe®n questioned (Vaneeckhaute et al., 2017).

Recent studies have shown that the amount of photspi the liquid sludge phase is increased by

acidification due to dissolution of the inorganitogphates in the sludge (Latif et al., 2015; Sual.e2012;
2
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Wu et al., 2009). Antakyali et al. reported 75 %sdiution of phosphate from digested sewage slbgge
sludge acidification (Antakyali et al., 2013). Moxer, acidification improves the dewaterability sdfidge
(Chen et al., 2001). Incineration after acidifioatis the best option, which simultaneously progdusergy
(Lundin et al., 2004) as many European countrie® leanned the use of sludge in agriculture (Tasagte
al., 2016). However, sludge acidification alscsdiges other metal salts and thereby releases huatals
bound in the sludge (Quist-Jensen et al., 2018; nfd&zand Huang, 1982). Thus, a selective phosphate

adsorbent for collecting of the released phospisateeded.

Layered double hydroxides (LDHs) are considerednmwimg adsorbents due to their high affinity for
orthophosphate (Cheng et al., 2009; Das et al§;208ng et al., 2014), which are already manufacton
an industrial scale. LDHs are anion exchange nasegomposed of positively charged layers of divale
and trivalent cations octahedrally coordinated dgessharing hydroxyl groups with anions (A) andewrat
intercalated between the layers in order to obsaimeutral charge (Figure 1). The general formufaafo
LDH is [M*L ,M*(OH),]*"(A"yn)-yH:0, where M represents cations. A variety of anioAs,can be
intercalated and be exchanged for other anionsqire@us solutions giving LDHs their unique anion

exchange properties (Evans and Slade, 2006).

Phosphate adsorption by LDHs has been extensiestgd in e.g. aqueous solutions (Ashekuzzaman and
Jiang, 2014; Das et al., 2006; He et al., 2010;akuazet al., 2006; Yang et al., 2014), sewage sltitigpe
(Cheng et al., 2009), seawater (Chitrakar et 8052, and waste water (Drenkova-Tuhtan et al., R0b3
addition, the recyclability of the LDH by desorptiof phosphate by a basic NaOH solution and sulesgqu
regeneration by calcination has been performed MgFe and ZnAl LDHs for six to seven cycles

(Ashekuzzaman and Jiang, 2017; Cheng et al., 2009).

Alternatively, the phosphate incorporated in theH.Ban be directly used a as a fertilizer (Bernagtal.,
2018; Everaert et al., 2016) or recovered by desorgChitrakar et al., 2005; He et al., 2010; Zia al.,
2016) followed by precipitation of as a calcium ppbate and regeneration of the LDH (Kuzawa et al.,

2006). The phosphate adsorption by ZnAl LDHs walgaunchanged after five cycles (He et al., 2010).
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Different implementations methods for LDHs basedbents at wastewater treatment plants have been
investigated. Direct addition of the solid LDHs yides a large surface area and is simple, butdifi€ult
to separate the LDH later (Goh et al., 2008). Tdans be circumvented by coating the LDH on magnetic
materials and thereby perform magnetic separafien phosphate capture (Drenkova-Tuhtan et al.3p04

by anchoring the LDH on a filter material or in maanes (Jia et al., 2018; Zhang et al., 2016).

Two of the major challenges for the design of thestrefficient LDH sorbent are to understand how the
LDHs capture P and the effect of competing anidif® most commonly studied LDH are MgAl, MgFe,

CaAl, CaFe, and ZnAl LDH due to their limited toxjc and easy preparation. It is known that the
hydrocalumites (CaAl and CaFe LDH), which haveighsly different crystal structure (Taylor, 1973)e

destroyed upon phosphate exposure and calcium patespare formed (Radha et al., 2005; Xu et alLQR0

Phosphate capture by the hydrotalcite LDHs inclgdvigFe, ZnAl, and MgAl may proceed by both
precipitation of phosphates (dissolution of the DDBernardo et al., 2016; Du et al., 2009; Radhalet
2005) as well as intercalation, surface complexadiod the pH dependence (Bernardo et al., 201&tR&u,

2009; He et al., 2010; Radha et al., 2005; Yaraj.e2014).

Given the high affinity of LDH for especially phdsgte and carbonate (Goh et al., 2008) both the pH
dependent orthophosphate and the carbonate eui{lbgs. 1 to 6) are expected to affect the phdspha
adsorption under variable pH conditions. At low girbonate is degassed as,@@d will not compete with
phosphate (Eqgs 1-3). Above this pH carbonate isgmtemainly as HCOand competition is likely. Thus, an
increase in the phosphate adsorption by the LD#xected at low pH. The protonation of phosphatéchv

increases with pH, also affects the capacity.

CaHPO, 2H,0
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Figure 1: lllustration of layered double hydroxifeDH) used for phosphorus recovery.

CO, + H,0 HCO, eq:l
pK, = 6.4

H,CO, === H + HCO; eq.2
pK, = 10.4

HCO, <~——= H + CO/  ¢q.3

HPO, ==—— g + HPO; eq. 4

H,PO, =<———= H + HPO,~ ¢q.5

pK.= 12.7

2

HPO,”

H + PO,” eq. 6

Phosphate is mainly present as HBi® the pH range from 7.4 to 10.4, whereas phospimai@ly exist as
H,PQy in the region between 2.2 and 7.4. Therefore, Husphate adsorption is expected to be larger under
acidic conditions due to the lower charge of phasplanion. The objective of this study is to digsdhe
orthophosphate bound in the sludge and investigatethe pH, spanning from untreated sludge andgslud
acidified to a pH of 3, 5 and 6, respectively affephosphate adsorption by a ZnAl LDH. Furthermore,
competition from other anions, e.g., carbonatdéwastewater and the anion (nitrate, chloride,sari@te)
from the acid used for acidification, the stabildf/the LDH and the phosphate speciation afterwapis
also studied. This was addressed by performing rpten studies followed by collecting of the solid
product, which was characterized by powder X-raffratiton (PXRD), “Al and *P MAS NMR
spectroscopy. PXRD provide information about thestalline phases and possible phosphate intercalati
the LDH, wheread’Al and*'P MAS NMR give detailed insight into the stabilif the LDH and phosphate

speciation, respectively.

The ZnAl LDH was chosen over MgFe and MgAl LDHs fois study, as it has a high affinity for phosghat
(He et al., 2010). MgFe LDHs are difficult to chaterize by NMR due to the paramagnetic iron. FgAM

LDH precise quantification of the LDH content idfidiult due to overlap of thé’Al resonances from the
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MgAIl LDH and amorphous Al impurities (Pushparajgét 2015). Moreover, hydrothermal treatment of the
synthesis mixture was performed to reduce the amofialuminum hydroxide (Pushparaj et al., 2015),

which is well known to bind phosphate (Emmeriklet2007; Li et al., 2013; Lookman et al., 1997).

2.0 Materials and methods

2.1 Sludge characteristics

Sludge was obtained from Aalborg West wastewagsattnent plant (330.000 PE), Aalborg, Denmark. This
plant uses mainly biological treatment, but withtgmial addition of iron chloride as chemical traant
after the aeration tanks. The sludge used in thidyavas obtained from the thermophilic digestgrefating

at 55 °C), where excess sludge from the secondeayntent and primary sludge is added. The pH of the
sludge was adjusted by addition of 2M3@,, 2M HCI, or 7M HNQ respectively to the desired pH (3, 4, 5
and 6). The orthophosphate (0-P) and total-phospfta€®) were measured for each pH value according t
the procedure given in Danish Standards (Danishdatal, 1985a, 1985b). All analyses were performed i
triplicates. The samples were centrifuged at 5806 10 minutes and filtered through a 15 pum filiefore
0-P analysis and LDH addition. The dry matter cont# the sludge was estimated by leaving around 15
of raw sludge in a drying oven at 105 °C for 24rsoifterwards, the dry matter was incinerated5ft C

for 2 h to determine the organic/inorganic matfdre pH and conductivity were measured using a kftettl
Toledo Seven Multi with a pH electrode BlueLine (81 Analytics) and an Inlab 731 conductivity electe
(Mettler Toledo). The ammonium concentration wasasoaeed by using the Berthelot method where

salicylate was used as a substitute for phenoli@be®tandard, 1975; Searle, 1984).

The concentration of cations in the raw sludge massured on a inductively coupled plasma spectermet
(ICP). First, the cations were extracted from stutlg concentrated HN@nd then the samples were filtered
through a 0.45-um filter. The concentrations of €a, Cr, Cu, Fe, Mg, Pb, and Zn were then quaditifie
using ICP (iCap 6300 DUO; Thermo Scientific, WaithaVlA, USA). The samples were measured in radial
view. 1 ppm Yttrium was used as the internal stashdAll ICP measurements were made in duplicates.

6



141  Arsenic was measured by a test kit (Hach).;N&hd cations have only been measured once, thee the
142 values represent the sludge at the sampling tinpeil(2017). A detailed composition of the sludgen dse
143 found in Table 1. Notice that the metals in Tablerd dissolved metals or metals bound to partihesller

144  than 0.45 pm.

145 Table 1: Chemical composition of sludge from thébéia West treatment plant.
Composition
pH 8.14 + 0.57 -
t-P 1580.4+21.4 mg/L
o-P 347.7+65.4 mg/L
NH, 1520.8 mg/L
Al 0.986 mg/L
Ca 10.9 mg/L
Cr 0.391 mg/L
Cu 0.122 mg/L
Fe 7.28 mg/L
Mg 2.73 mg/L
Pb 0.0114 mg/L
Zn 0.469 mg/L
As <0.2 mg/L
Dry matter 35.1+0.7 a/kg
Organic matter 21605 a/kg
Inorganic matter 13.9 + 0.6 a/kg

146

147

148 2.2 LDH synthesis

149 A Zn,Al-LDH (ideally Zng eeAl 0.3 OH),](NO3)o.332H,0) was utilized for phosphate recovery. The LDH was
150 synthesized by co-precipitation at constant pH f8llbwed by hydrothermal treatment, which gives the

7
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highest purity LDH (Pushparaj et al.,, 2015). A ol with 0.67 M Zn(NQ),-6H,0O and 0.33 M
AI(NO3)s- 9H,0 (Zn:Al ratio of 2:1, total metal concentratiorM) and a 1 M NaOH solutions were prepared
in decarbonated MiliQ water. The decarbonated watas produced by boiling the water and bubbling
nitrogen (N) through for at least 30 min. A,Nvas also bubbled through the reaction mixture al twe
minimize carbonate contamination. The reaction unixtvas transferred to a hydrothermal bomb anceplac
in the oven at 120 °C for 24h. The precipitateddselas washed three times with decarbonated Mila@ew
and collected by centrifugation before it was dia¢@0 °C overnight. The sample was characterizeCB-
EOS, powder X-ray diffraction, and solid st&f&l MAS NMR spectroscopy. ICP-EOS showed a Zn:Al
ratio of 2.16. No non-LDH reflection was observedtiie PXRD diffractograms, but analysis of fal
MAS NMR spectrum (Figure S1) showed that 15+4 %thaf Al in an amorphous aluminum hydroxide
phase (AOH) (Jensen et al., 2016; Pushparaj eR@l5). Hence, the Zn:Al ratio of the LDH phase is

estimated to 2.54 based GAl MAS NMR.

2.3 LDH adsorption

LDH adsorption studies were performed at ambienptrature at different pH values and LDH dosage. Th
dosage of the LDH below pH of 7.2 was 0.882 g LDRI/§ o-P. At pH above 7.2 the dosage was doubled
(1.78 g LDH/0.2 g 0-P) to account for changes mtqmation (HPO, vs HPQ?). The LDH was dosed to 10
ml of sludge samples according to measured o-Petaration (triplicates). The samples were mixedgsi
rotator mixer. After a given time, LDH was sepadafteom solution by centrifugation at 5000 G for 5
minutes. o0-P was analyzed in the solution befork after LDH adsorption (Triple analysis). The sasspl
were collected and dried at 60 °C overnight praPXRD and solid state NMR analyses. The adsorption

capacity Co) was estimated from eq. 7.

C, = COC_Q 100 (eq. 7)

’ 0
whereC, andC, are the o-P concentration in the liquid phasereedod after LDH adsorption, respectively.

8
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2.4 LDH characterization

The PXRD diffractograms were collected on a Rigakniflex 600 with a Cu Ka radiation, a tube voltage
and current at 40 kV and 15 mA, respectively. Thectra were collected with a step size of 0.02° and

speed of 10°/min in theBZange from 5 to 70°.

Quantitative solid staté’Al and *'P MAS NMR spectra were recorded on a JEOL 500 MHRN
spectrometer using a 3.2 mm double resonance jamdbe spinning speed of 13 kHz. The single ptilse
MAS NMR spectra were recorded with a relaxatioragedf 1 s and short 10° pulse to ensure quantativ
spectra. A relaxation delay of 150 s was used Herdingle pulsé'’P MAS NMR spectra. Th&'P MAS

NMR spectra were analyzed using MestreNova.

3.0 Results

The phosphate release during acidification andsphate adsorption by LDH using different acids are
discussed in the following section. Finally, LDHshheen characterized after phosphorus adsorption to

determine how phosphorus adsorbs to LDH and iL.iiid can sustain at a low pH.
3.1 Acidification of sludge

The sludge was acidified and the concentratiorPfand o-P were measured before and after cerstifuyg
respectively (Figure 2). The pH was increased #iigifter centrifugation due to removal of carbaaxide,
but the maximum increase was 0.5 (pH 6). The canagon of o-P increased from about 300 mg/L (raw
sludge) to about 1200 mg/L (at pH 3) due to sotutibinorganic phosphates, i.e., a fourfold inceecimsthe
0-P concentration. 1200 mg/L corresponds to 75%héototal amount of phosphorus in the sludge, as

reported earlier (Antakyali et al., 2013).
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Figure 2: 0-P and t-P concentration as a functidrthe sludge pH. Acidification was done by addiwér2M HSQ,

3.2 LDH uptake kinetics

The efficiency of o-P adsorption by of the ZnAl LDMas studied through the uptake kinetics. The LDH
used in this study has incorporated J\&3 the negative ion and therefore, the sludge whsagidified with

HNO; in the kinetic studies to avoid competition wither anions.

Around 90% of the o-P in the liquid phase is adedrin sludge acidified to pH 3 and only around 2n%
the raw sludge (pH 7.79). At the highest pH, theoagttion kinetics stabilizes after 20 minutes, velasrfor a
pH of 3 the amount of o-P adsorbed increased frérA#®.6 % at 20 minutes to 80.2+2.2 % after 4 hours
(Figure 3). The reason for the poor adsorptionighdr pH was most probably due to competition with
carbonate at near neutral pH, whereas less cadb@ptesent at low pH due to €@egassing (vide infra).
The CQ degassing is also observed from the buffer capa€ithe sludge (c.f., Figure S2 in supplementary
information including the experimental method tdamh the buffer capacity). The phosphate equilitoriu

was taken into account in the kinetics studiesleaeribed in section 2.3.

10
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Figure 3: Kinetics of phosphate adsorption at diferpH. [0-P],ii2=229.3+11.9 mg/L at pH 7.79 and [0-R}4=1157.1425.2

mg/L at pH 3.

The zinc concentrations in the aqueous phasesmeasured by ICP before and after adsorption prfabe i
LDH is partiallty dissolved, as illustrated in Tak2 for the kinetic studies using nitric acid. TlkBH is
maintained in the raw sludge since the Zn conceoftracorresponds to less than one percent. However,
about 8-10 % of the Zn is dissolved at a pH of T.further test the conservation of LDH at low pH,

analysis of the solid phase LDHSs are reported dtice 3.4.

Table 2: Zn concentration in solution after LDH dgs.

Raw sludge pH 3
Time [h] Zn [mg/L] Zn [mg/L]
after adsorption after adsorption

Zn released [%] Zn released [%]

1 8.23 0.291 230 8.13
6 10.3 0.371 245 8.82
24 6.96 0.249 303 10.8

3.3 Phosphate adsorption at different pH

Phosphate adsorption was evaluated at five diffggehvalues (pH = 3, 4, 5, 6, 7.79 (raw sludgeheve
the pH was adjusted by addition of HNfrior to addition of different amounts of LDH (kg 4). A small

increase in the pH of approx. 0.5+0.2 was alwayseoked immediately after addition of LDH due to its

11
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basic nature. Similarly, the adsorption increaséémthe pH was lower, but it is evident that thera gap
between pH 5 and pH 6, c.f., Figure 4. The phosphdsorption increases from 10.2+1.6 % to 44.9%3.3
at dosage of 4-6g LDH/g o-P due to the favorabié &ihthe carbonate equilibrium as G@ degassing
during acidification (vide supra). It was also ribteat higher LDH amount results in an improvedggiate
adsorption. However, the increase at high pH (f&40% to 16-24%) was limited compared to the lower

pH (from 40-50% to 72-80%). Therefore, additiomadre LDH was more favorable at low pH.
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Figure 4: Adsorption of o-P using HNQAdsorption time: 2h. [0-R}ia was 1229.1, 1086.6, 743.0, 360.1, 254.1 mg/L FbBp4,

5, 6 and 7.79, respectively

Three different acids (HCI, HNOCand HSO,) were used to acidify the digested sludge to pdEn8 3.
Subsequently, the phosphate adsorption was meaafiezcaddition of various amounts of LDH (Figude 5
Similar amount of o-P was adsorbed for sludge @edliwith HCl and HNQ indicating that Cland NQ
did not influence the adsorption significantly. Hoxer, a significant reduction of the phosphate gatgm
was seen for sulfate. For example, only 39.4+2.6f%e phosphate was adsorbed on the LDH at a @ of
when sulfuric acid was used as compared to 55.2%0f6r nitric and hydrochloric acid at 7.2 g LDHieP.
This indicates that sulfate ions compete with phagp to bind in LDH, as also observed in otherisgidn
phosphate adsorption (Das et al., 2006; Halajnial.et2013). The o-P concentration in the liquichgh
increased from about 20 % in the raw sludge to 7& @H 3 with respect to the t-P concentration. sTtie
total phosphorus recovery increases significanglyabidification. For example, acidification by HNO

results in total phosphorus recovery of 60.3+0.6% pH of 3, which was much higher than obtainedte
12
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raw sludge (1.7+0.2%). This illustrates that higR concentrations, which may be achieved by acation

or other techniques, may be required for an efiiciecovery by LDH.
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Figure 5: Adsorption of o-P at (a) pH 5 ([0-R}a was 825.8, 812.6 and 743.0 mg/L faiSiy, HCl and HNQ, respectively), and

(b) pH 3 ([o-P}nitias Was 1258.0, 1235.7 and 1229.0 mg/L fg88,, HCl and HNQ, respectively). Adsorption time: 2h.

3.4 Characterization of the solid phases after apison

The solid phase was collected after exposure of_-Did to the different sludge samples and subsedyent

characterization by a combination of PXRBAI and *P MAS NMR spectroscopy, which provided

information about both the crystalline and amorgheamples as well as the stability of the LDH & th

different pH values.
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264 3.4.1PXRD

265 For LDH, the basal (003) and (006) reflectionshe PXRD diffractograms (Figure 6) are related te th
266 interlayer distances and are consequently a signafuthe intercalated anion. The (003) reflectisnwvell as
267 the predominant reflections from non-LDH phases summarized in Table 2. A ZnAl-LDH phase is
268 observed for all samples, but there are significdr@nges in the intercalated anion and crystallioftthe
269 LDH. A substantial decrease in the crystallinity toe LDH after exposure to sludge is evident as a
270 broadening of the reflections and their decreastahsity. However, the characteristic (110) reftatfrom
271 the LDH is present in all the samples. It is redatea (a = 2d(110)) of the unit cell for the LDH and theyeb

272  the metal-metal distance in the layers. Thus, tbEl Istructure is preserved even at a pH of 3.

273  For the raw sludge sample (pH = 8.14) the posiitihe basal reflections corresponds to the intatice of

274 carbonate (Liu and Yang, 2016), which shift to lov2é values (larger interlayer spacing) at a pH of 6
275 matching those reported for LDH intercalated witR®f (Costantino et al., 1997). The (003) reflection at
276 this pH is very broad and span values for carbomatk hydrogen phosphates as well as overlaps with a
277  reflection from brushite (CaHREH,0) (Figure 6¢). Thus, LDH intercalated with HBCand CQ* may

278 coexist at a pH of 6. The basal reflections shufteven lower @ values at pH of 5 corresponds to the
279 intercalation of HPQ,, which also results in a third reflection @t=222.4°, as reported earlier (Costantino et
280 al., 1997) (Figure 6d). The increased phosphatekepdt the lower pH values is favored by a comimnatf

281 the phosphate protonation and degassing of carb@Bgs. 1-6).

282 The PXRD diffractograms of the pH of 5 and 3 sammentain three similar reflections in the 5-30iga
283 (Figures 6d and 6e). The reflection with the low&stvalue (8.9° at pH of 5 and 9.1° at of pH 3) does
284  match the interlayer spacing of an LDH intercalaweth a common, small inorganic anion such as;NO
285 CO#, SQF, CI, or HPQ? (Costantino et al., 1997; Liu and Yang, 2016; Tahgl., 2008). However, it is
286 close to the reported value for the (003) reflectior ZnAl-LDH intercalated with formate (HCOO
287 (Costantino et al., 1997), pyrophosphateO) and triphosphate (P.,”) (Badreddine et al., 1999).
288 Nevertheless, the expected (006) reflection is ofigerved (Figure 6d and 6e). Hence, intercalation o

289 formate, pyrophosphate, or triphosphate does nemnsdéely. The possible lack of the (pQeflections
14
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294
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296

297

298

299

300

301
302

indicate that the layers must be disrupted. The o#leers partially match iron dihydrogen phosphate
(Fe(HPQy)3) (ICSD 162423) and vivianite (H&Oy)s- 8H,0) (ICSD 30645) in agreement with the high Fe
content in the sludge (7.28 mg/L), c.f., Table @t further analysis was not possible. The pH = iBEa
contains brushite (CaHRQH,0O) and two weak reflections of unknown origin ateserved for the raw
sample (Table 3 and Figure 6b). Thus, the incregadee phosphate uptake as compared to the rawleasnp
caused by a combination of HPOintercalation and the precipitation of brushitdg(ffe 6). A minor
reflection from brushite is visible in the diffragram for the samples with a pH of 5 and 3 as vieeit,no
resonance for brushite is observed in e MAS NMR spectra of these samples. Hence, if ptetee
concentration is most likely less than 5 % of tb&lt P. Precipitation of brushite and its solupilis
dependent on temperature, concentration and pHe(Feeet al., 2003; Lundager Madsen and Thorvaaihars

1984).

Table 3. The position of the interlayer reflectip(@3) and from the LDH with the predominant intdated anion in the crystalline

phases listed. Furthermore, the most intense rifies from other phases and their assignment, vdoasible, is given.

Sample (003) LDH Anion Other reflections Assignment

Precur sor 10.0° NG

Raw 11.6° cQ* 28.2° and 31.2° Unknown

pH 6 10.8° (broad)  HPE and CQ* 11.6°, 20.9°, 29.2°, CaHPQ:2H,0
20.4°, 31.3°

pH 5 7.7° HPO, 9.1° Unknown
13.4° and 22.4° Unknown

pH 3 8.9° Unknown
13.4° and 22.4° Unknown

15
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Figure 6. PXRD for a) The precursor: Zx-NO; LDH, b) ZnAI-NO;exposed to raw sludge. Reflections from the sangitiehare
seen in the sample. c) Z4-NO;exposed to sludge at pH 6, d),ZRNO; exposed to sludge at pH 5. d),AZkNO;exposed to sludge

at pH 3.
3.4.2%"Al MAS NMR spectroscopy

The*Al MAS NMR spectra (Figure 7) provided informatiabout the stability of the LDH structure and
other phases as well as information about amorpldu®ntaining phases. The resonance from gAEn
LDH is seen for all samples implying at least @dnireservation of the LDH structure. However, hdH
resonances are also present at a pH of 5 and ®anchinor extent at a pH of 6 indicating that sarh¢he
LDH is transformed to a new aluminum containing gghal hese two new, brodthl resonances located in
the region for tetrahedral and octahedral alumiatid(*’Al) = 44 ppm and -5 ppm, respectively (Figures 7d
and 7e). These values match those reported inestofliamorphous aluminum phosphates precipitatddrun
similar pH conditions (pH = 3-7.5). The resonanceated at 44 ppm was assigned to tetrahedrally
coordinated aluminum to phosphate whereas the amsenat -5 ppm was assigned to octahedrally

aluminum coordinated to phosphate or to four phaspland two hydroxyl/water ligands (Burrell et al.,
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332

333

334

335

336

337

2001; Lookman et al., 1997). Hence, it can be cated that part of the LDH converts, e.g., by dissoh-
reprecipitation, into amorphous aluminum phosphatieich constitute approx. 20-25% of the Al in the
sample at a pH of 3 (Figure 6). A full dissolutiohthe LDH does not occur due to the basicity oHD It
cannot be excluded that some of aluminum hydrosslevell is converted to aluminum phosphate upon

exposure to phosphate at low pH values (Lookmaah £1997).

a) d)

Precursor }

b)

Raw J \ pH 3

ES ES
c)

60 40 20 0O -20 -40

5..("Al) (ppm
ol 6 ("Al) (ppm)

60 40 20 0 -20 -40
8,.("Al) (ppm)

Figure 7.2’Al MAS NMR spectra for the a) precursoL,ZRNO,, ZnAl-NO; exposed to b) raw sludge, c) sludge at pH 6, djggu

at pH 5, and e) sludge at pH 3. * Indicates the gshous aluminum phosphate (see discussion in text).

3.4.3*P MAS NMR spectroscopy.

3P MAS NMR spectra were recorded of all the sampteilentify and quantify the different phosphate
species present. The isotropic chemical shiff) (@nd intensity obtained from deconvolution of #pectra

in Figure 8 are summarized in Table 4. One signabiserved in all the spectra, accompanied by @hed
weak set of spinning side band (ssb) for the raw,5p and pH 3 samples and sharper ssbs for the pH 6
sample due to a narrow resonance. The three resemats,(*'P) = 4.7(5) ppmdiso*'P) = 0.7(3) ppm and
Siso(*'P) = -5(1) ppm are present in all the samples. PXRB*’Al MAS NMR show LDH and aluminum
hydroxide to be the only phases present in alktraples, and hence the three resonances musitiechef
from phosphate adsorbed to one of these matert&dslier studies of phosphate adsorption on theetyo

related MgAI-LDH showed resonances approximatelthimregion 0 to 10 ppm based on visual inspection

17



338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354
355

of the®'P MAS NMR spectra (Hou et al., 2003), whereas phatpadsorbed an aluminum hydroxides are in
the region 0 to -20 ppm (Emmerik et al., 2007; Lak, 2013, 2010; Lookman et al., 1997). Thus, fifst

two resonances are assigned to the LDH phase. tAo% of the sample is AOH so we tentatively assig
the -5.0(1) ppm resonance to phosphate adsorb#ietdOH phase, but some of the phosphate may be

associated with the LDH.

The resonance withs(**P) = -11.4 ppm is unambiguously present for the pH & &rsample, which are
known to contain aluminum phosphates fros MAS NMR and theds(**P), and match those reported for
amorphous aluminum phosphate (Lookman et al., 199W)s,*'P MAS NMR confirms the precipitation of
amorphous aluminum phosphate at the low pH valossibly due to a partial dissolution of the LDH.€Th
most intense resonance in the spectra for the samigh a pH of 6, which constitute 32+3 % of théato
intensity and has &s,(*'P) = 1.5(2), is assigned to brushite based onegagported'P NMR data (Aue et
al., 1984) and the PXRD (Figure 6). Brushite coutd be unambiguously identified in ti#® MAS NMR
spectra at a pH of 5 and 3 due to overlap withratbgnances, but it may be present in minor quesi(i< 5
%) as weak reflections from brushite are seen @@ RXRD (Figure 6d and 6e). A sharp, well defined
resonance withs(*'P) = 5.6(2) ppm and a relative concentration of Pa-gnost likely result of another O-P

mineral, which may be related to the unknown r¢itexs in the PXRD (Figure 6Db).

b) d)

pH 6 pH 3
' "\,

20 10 0 -10 20 -30 20 10 0 -10 20 -30
8,,("'P) (ppm) 8..("'P) (ppm)

Figure 8.3 MAS NMR spectra of the Zx-NO; LDH to a) raw sludge, b) sludge at pH 6, c) sluageH 5 and d) sludge at pH 3.
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356 Table 4. The different P species identified andntjtiad from deconvolutions of ti& MAS NMR spectra in Figure 10.

Sample Assignment §i(*'P)  1[%]

(ppm)

Raw Unknown 5.6%+2 7+3

LDH-P 5.0+4 41+5
LDH-P 0.6+3 305
AOH-P -4.9+3 2245
pH 6 LDH-P 4.2+5 3346

Brushite 1.5+2 32+3

LDH-P 0.5%5 18+5
AOH-P -4.5+5 17+6
pH 5 LDH-P 4.5%5 264
LDH-P 0.6£3 40+6
AOH-P -5.1+4 256
AIPO, -11.3+5  10#4
pH 3 LDH-P 5.2+4 20+4
LDH-P 1.0+3 396
AOH-P -4.9+5 255
AIPO, -11.5+5 15#4

357

358 Discussion

359 Practical implementation

360 Acidification is a known technology to improve ddesbility (Cai et al., 2018; Chen et al., 2001y an
361 simultaneously dissolve orthophosphate (Antakylkle 2013; Quist-Jensen et al., 2018), which len
362 tested on both pilot and large scale applicatiohstgkyali et al., 2013; Cai et al., 2018). The acid
363 consumption is higher for digested sludge compdaoedon-digest sludge due to the bicarbonate buffer

364 system (CQ stripping) and an increased dissolution/releaseplafsphorus during acidification of the
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digested sludge (Quist-Jensen et al., 2018). Mamdyganic salts are being dissolved during aaéifbn
(Latif et al., 2015; Sun et al., 2012; Wu et aDPQ). As a consequence, the phosphorus releasadiepa
whether phosphorus is removed biologically andfamnaically at the WWTP. In this study, acidificatioh
the sludge was performed using three differentsammdnvestigate how this affects phosphorus adisorjpy
LDH. Sulfate competes with phosphate leading teduced phosphate uptake, whereas chloride andenitra
did not influence this. Other anions such as atsetauld potentially also compete with o-P, howel&H

has a slightly higher affinity for phosphate thasemate (Violante et al., 2009). Competitive ingdaition
have been observed especially at low pH (Goh et2808; Violante et al., 2009; Wang et al., 2018).
Nevertheless, arsenate uptake by the LDH undercounditions is not likely given the extremely low

concentration of arsenic (0.2 mg/L - Table 1) amgared to that of o-P (approx. 347 mg/L).

Separation of the LDH from the liquid phase are praictical with the tested LDH patrticles. This Hights
the importance of developing magnetic separatioh@fl (Drenkova-Tuhtan et al., 2013) or embedding

LDH in filter materials or membranes (Jia et a18; Zhang et al., 2016).

Preservation of the LDH

LDHs are typically unstable below a pH of 4 (Hexkt 2006), but our data clearly show that LDH regent
at all pH value also at pH 3. At pH =5 and 3, AlR@e present (approx. 20-25 % of the Al), whichidates
a partial dissolution of the LDH at these pH valiresgreement with the increased {4rin the solution.
ICP result showed a 10.8 % release of Zn, hencaltseurce for the precipitated AIR@ a both the LDH,
the AOH and/or sludge. Most likely, the hydroxiagdeased by partial dissolution of the LDH increathes

pH preventing further dissolution of the LDH.

Phosphate speciation

The phosphate uptake (0-P) is pH dependent and efiicient at low pH, primarily due to the favorabl
shift in the carbonate equilibrium towards carbaxile below a pH of 6.4. In addition, the lowerache (-
1) of the o-P at low pH allow for a higher adsawptiPrecipitation of 32+3 % brushite (pH of 6) @15 %
AIPO, (pH of 5 and 3) is seen, which is ascribed to aoation of a high Ca concentration (10.9 mg/l)he t

sludge (Table 1) and the appropriate pH. The pitatipn of AIPQ, cannot account for the increased
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412

413

phosphate adsorption from 10.2+1.6 % (pH 6) to #3.3 % (pH 5). Precipitation of iron phosphates ha
been observed after MgFe LDH was exposed to phtsphiaa pH of 5 (Du et al., 2009), but often
precipitation of the appropriate magnesium or gihosphates are seen at a pH higher than 5 (Riermar
al., 2016; Radha et al., 2005; Seftel et al., 20i8% also found that 17-25 % of the adsorbedsphate is
adsorbed to the AOH phase, an impurity in the LDdtingle, which thereby is a large contributor to
phosphate uptake. The result indicates the preseht¢wo different binding sites, e.g., intercalatedd
surface adsorbed phosphate. However, further Studi® needed to assign these to different LDH aibels

will be reported elsewhere.

4.0 Conclusion

Up to 75% of the phosphorus was extracted fromadegesludge by adding nitric, hydrochloric or stitfu

acid. The solid material was removed and ZnAl-LDidled to adsorp the dissolved phosphate.

The ZnAl-LDH phosphate binding capacity was favomgdlow pH by degassing of GGand

protonation of phosphate to formmPO, .

» Sulfated reduced phosphate binding; hence acitiicaby sulfuric acid resulted in the lowest
phosphate removal.

» LDH was mainly preserved at pH 3, but small parttteé LDH was probably dissolved and

precipitated as a new aluminum phase

* Phosphate was both intercalated in LDH by ion-ergkaand adsorption.

Thus, ZnAI-LDH selectively removed phosphate fromiddied sludge, whereby phosphorus can be

recovered and the iron containing liquid recyclethe active sludge process to precipitate phosphat
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ACCEPTED MANUSCRIPT

Co, + HO0 H,CO, eq.1
pK.= 6.4

H,CO, H + HCO, eq.2
pK.= 104

HCO, H + CO>  eq.3
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ACCEPTED MANUSCRIPT

pK,= 22
H,PO, =——— H + HPO, eq.4

pK,= 7.2
H,PO, <——= H + HPO,” eq.5

. PK.= 127 N
HPO} =<——> H + PO, eq. 6




Up to 75 % Pisreleased from digested sludge by acidification

Phosphate primarily bindsto the ZnAl LDH at pH =3, 4, 5and 6

Sulfate reduces phosphate binding if sulfuric acid is used for acidification
Phosphate removal is most efficient at low pH due to less dissolved carbonate
Solid state NMR Spectroscopy and PXRD showed preservation of LDH at all pH
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