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Abstract

Acidification was used to dissolve phosphorus frdigested and non-digested sludge from five wastwat
treatment plants in order to make phosphorus aibbedsr subsequent recovery. More phosphorus was
dissolved from digested sludge (up to 80%), withpeet to non-digested sludge (~25%) and the highest
recovery was observed at pH 2. The acid consumjfitiodigested sludge was higher than for non-diagbst
sludge due to the presence of the bicarbonate rbsffstem, thus COstripping increased the acid
consumption. In all the experiments, the sludge exgmsed to acid for 1h. For the five tested slugges,
60-100 mmol o-P was released per added m&Qy It was mainly iron and calcium compounds that
accounts for the phosphorus release at low pH.rélease of heavy metals was in general low (<30%0) f
all the wastewater treatment plant, as Zn, Cd anghidwed the most critical release after acidifaatof

non-digested sludge.

Keywords. Phosphorus, acidification, sludge, heavy metals
I ntroduction

The human population will grow to 9.3 billion by 8@ meaning that food production needs to increase

accordingly. A high production of agricultural prards can only be achieved by the use of fertilizfrs
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which nitrogen, phosphorus and potassium are ysudalficient in the soil. The P-fertilizers used agd
almost exclusively comes from mining of phosphaieks, which are estimated to be depleted by theoénd
this century (Cordell et al., 2009; Shu et al., &0@onsequently, it is necessary to recycle phagghto
ensure food security for future generations. Regowé phosphorus from wastewater is one method to
overcome the possible phosphorus scarcity. Wastewatntains large amounts of phosphorus and the
Danish Environmental Protection Agency has estith#tat it eventually can cover around 20% of thalto
phosphorus import in Denmark (Miljgministeriet (TB@nishEnvironmental Protection Agency), 2013).
Moreover, Denmark is nexporting agricultural progugnainly meat and dairy products), thus phosphu
also leaving the country—(Klinglmair et al., 2016).Denmark, the ratio of out- to inflows of phospbs is
0.66, which is higher compared to the EU (0.27)r{gdmair et al., 2015). In 2013, the Danish goveeni
had an ambition to increase the phosphorus regy@ilom sewage sludge from 50-55% to 80% (The Danish
Government, 2013). Therefore, new and improved ouxtior phosphorus recycling and recovery needs to
be developed. In this study, we explore the patéidiimprove phosphorus recovery by sludge acidiifon

of various sludge types from different wastewateatment plants in Denmark.Today, phosphorus in
wastewater is usually removed biologically or cheatly to meet discharge criteria whereby the phosyh
ends up in sewage sludge. Sewage sludge can bedirsetly as a fertilizer, but in several countriaes
Europe (Tarayre et al., 2016), land spreading wdge is banned as sludge may be contaminated by hea
metals, pathogens and toxic organic compounds @rgah et al., 2018). If sludge is incinerated,
phosphorus can to be recovered from the ash, musttl an expensive method and it has been oprest,
whether incineration and recovery of phosphorumfesh is a sustainable technology (Vaneeckhaidk, et
2017). An alternative method is to recover and ckrgissolved phosphorus through precipitation fthm
liquid phase after removal of the solid materiabr fnstance, phosphorus can be precipitated froen th
centrate or filtrate after dewatering of digestedige. Some wastewater treatment plants has impieae
fluidized bed reactors to recover phosphorus fraquid phase by adding magnesium and precipitating
struvite (MgNHPGQ,;- 7H,0O) (Cordell et al.,, 2011). However, Hermann et @iermann, 2009) and
Pinnekamp et al. (Pinnekamp et al., 2013) states dhly 30-50 % of all the phosphorus present m th

wastewater can be recovered by this technique démgeron the efficiency of the biological phosphorus
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removal process. A large fraction of phosphorusluglge exists as particulate phosphorus includietain
salts e.g. calcium phosphates and iron phosphates,phosphorus accumulated in microorganisms (as
polyphosphate and in the cell wall) (Venkiteshwaearal., 2018). Polyphosphate-accumulating orgasism
are embedded in the sludge flocs and removed witti Baction during dewatering (Larsen et al., 8D0A

part of the phosphorus stored in phosphate acctimularganism is released during digestion (Hulgt a
2018). Metals salts are also expected to end tipeirsolid phase (Meulepas et al., 2015). Thus, wiogte
phosphorus in the metal-salts and the microbiakngmexpected to end up in the sludge and noteidigiid

phase and the phosphorus content in the sludgessiot accessible for phosphate recovery.

The current study focusses on phosphorus recovegugh acidification, separation and phosphorus
precipitation. Recent studies have shown that faédion of sludge increases the dissolved phosphor
concentration due to dissolution of the metal-phasg-complexes (Latif et al., 2015). Low pH anag&rob
digestion can be utilized, but it reduces the bsogeoduction (Latif et al., 2015). Alternativeljjudge can

be acidified after digestion, which has previousgen done by Antakyali et al. (Antakyali et al.12))
Shiba and Ntuli (Shiba and Ntuli, 2017) and SE@Ie{SEG - Stadtentwéasserung Goppingen et al.,)2014
who acidified digested sewage sludge and pret&gitstruvite on a large-scale plant (The StuttBastess).
The results showed a dissolution of phosphorus 9%, Avhich enhances the recovery of the subsequent
struvite precipitation process to around 98%. Thsty of the product has not been reported (Antéikyia
al., 2013). One of the potential negative conseceiai acidification, is the simultaneously dissmntof
iron, aluminium, and heavy metals (Wozniak and HLd®82). The purity of the phosphorus product igh
decrease and thereby lowering the value of thegstuoas product as a fertilizer. However, the regmients

of purity depends on if the phosphorus productsisdudirectly or as a raw material for producindgilfeers.

To avoid precipitation of iron phosphate, citridhbas been added to bind iron, which increasetists of
the process (SEG - Stadtentwasserung Goppingeln, €0a4). Alternatively, iron can be removed by io
exchange (Shiba and Ntuli, 2017). In the Gifhorocpss, sulfuric acid and bfis used for acidification to

dissolve phosphorus and remove interfering ion$ sciron by sulfidic precipitation (Amann et &Q18;
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Tarayre et al., 2016). Phosphorus is then pretgaltas a mixture of struvite and calcium phosphagH 9
(Tarayre et al., 2016). In the Seaborn Processogglr sulfide from the digester tank is used to ipiete
aluminium, iron and heavy metals (Mdller et al.02p In the Budenheim process, sludge is aeratéd wi
CO, at 10 bars pressure to lower pH and dissolve pgiwsg (Stdssel, 2013). Phosphorus precipitate as
calcium phosphate and most of the A©recycled during the process (Stéssel, 2013vl{h and Hultman,
2007) suggested a two-step process. In the fiegt sicetic acid is added to reduce pH to 4, whepeilyof

the phosphorus is dissolved and ends up in thedligtter solid-liquid separation; iron- and alunoimni
phosphate is not dissolved and ends up in the swdigrials. In the second step sodium hydroxidceded

to the solid material from the first step, wherghlyosphorus from iron- and aluminium phosphate is
dissolved. Iron and aluminium is precipitated asirand aluminium hydroxide and removed with thidso
material. Phosphorus is then precipitated as s&uwmd calcium phosphate (Levlin and Hultman, 2007)
Thus, if sludge cannot be used directly as a izetij three commercial alternatives exist: recovieoyn the
liquid phase, recovery from the sludge and recov¥egn the ash. These methods vary in the amount of

phosphorus that can be recovered and the neecofichls that have to be added (Amann et al., 2018).

In this study, we explore the potential to imprgeosphorus recovery by means of sludge acidifinatio
Sludge from five different wastewater treatmeninpan Denmark has been used - both digested (prima
and secondary sludge) and non-digested sludgen@daosludge) has been used. The aim is to maximize
the phosphorus release after acidification and ttolysthe rate of iron, aluminium and heavy metal

dissolution.

Materials and methods

Description of the wastewater treatment plants

Wastewater sludge samples were collected from Wastewater treatment plants (WWTPS) located in
different cities in Denmark i.e. Randers, Aaby, @&ka Kolding and Haderslev. The WWTPs located in

Randers and Skagen are characterized by digesbitigdimary and secondary sludge (Figure la), Aaby
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WWTP (Figure 1b) digest secondary sludge, wherealslilg WWTP (Figure 1c) digest only primary
sludge and Haderslev WWTP (Figure 1d) does notyapptigester. Four of the plants use biological
phosphorus removal combined with iron dosing, theeption being Kolding WWTP where iron is not

added in the primary tanks (Table 1).

. Primary o Secondary
Grid  sedimentation tank  Biological treatment sedimentation tank

Digester Dewatering process

@)

Secomdary
Girled Biclogical tresinent sedimerstation bk
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Figure 1: Flow sheet for the wastewater treatment plants, a) Randers and Skagen; b) Aaby; ¢) Kolding; d) Haderslev

Data for inlet flow and phosphorus concentratiothef raw wastewater is shown in Table 1. The amotint
phosphorus removed by the biological and chemicaigss varies between 80-95% for the differenttplan
These data are average values provide by the waigteweatment plants and the details of the sludge

analyzed in this study can be found in Table 2aziold 3.

Table 1: Characteristics of the wastewater treatment plants.

Inlet phosphorus| Outlet phosphorus
Inlet flow
Sludge type concentration concentration
[m¥d] @
[mg/L] * [mg/L] *
Randers WWTP Digested (Primary +
23,150 6.78 0.42
secondary)
Aaby Digested (Secondary 16,874 6.70 0.34
Digested (Primary +
Skagen 8,736 20 0.47
secondary)
Kolding WWTP Digested (Primary) 28,449 6.20 1.03
Non-digested (Primary
Haderslev WWTP 10,953 7.75 0.45
+ secondary)

@ Average values provided by the wastewater treatimplants
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Acidification of sludge

Sludge samples from each WWTP were collected aftgestion but prior to dewatering except for
Haderslev where excess sludge from the secondzatment process was collected. A series of expaténe
were performed where 100 ml of sludge was acidifig®.5 M HSQ, to pH 4, 5, 6, 7 and 2 M430, to pH

2 and 3. The 2M F80, solution was used at the lower pH in order to ceddilution of the sludge samples.
In addition, 100 ml of sludge was collected andiptteased to pH 11 by adding 2 M NaOH. All sludge
samples (with sulfuric acid, sodium hydroxide ortreatment) was centrifuged at 2880 G for 3 minaied
filtered through a 0.45 um filter. The concentratwf ortho-phosphate (o-P), total phosphorus, setatd
heavy metals were measured. One series of expdenieme for each type of sludge) were carried out i
order to test the rate of phosphorus dissolutioneloicing pH to 2.5, after which o-P was analyzier 40
min and up to 5 h. The concentration of o-P wasoatnsonstant during the whole time period; thusafibr
samples reported in this paper, the samples wieétréol stirring for 1 h after addition of sulfuricid or

sodium hydroxide.

The o-P concentration was measured in the filtrateereas the total phosphorus concentration was
measured before centrifugation and filtration. Bottho-phosphate and total-phosphorus was measisred
described in the Danish Standards (Danish Stande@f85a, 1985b). The o-P release was estimated

according to equation 1:

0PI ¢

0-P release [%] (eq. 1)

where [0-P] is the concentration of 0-P in thadie after sludge acidification and [t-P] is thexcentration

of total phosphorus in the sludge.

Concentration of metals and heavy metals was aadlizthe filtrate by inductively coupled plasmaiogl
emission spectrometry (ICP-OES) and compared tocthrecentration of metals in the sludge before
acidification. The ICP-OES was a Thermo Scientiftap 6300 operated in axial view mode. The

spectrometer was calibrated against matrix matohegiti element standards. The dry matter conterthef
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samples was estimated by leaving around 15 g ofsladge in a drying oven at 105 °C for 24 hours.
Afterwards, the dry matter was incinerated at 350dt 2 h to determine the organic/inorganic mafidre
weight loss was determined as the organic matthereas the inorganic part was determined as fr@m th

weight that remains incineration at 550 °C.
Sudge analysis

Potentiometric titrations were performed usingdlab™ 900 equipment from Radiometer Denmark, and a
S| Analytics Blue Line 17 pH glass electrode caltbd against standard buffer solution at pH 4 and 7
Diluted samples were prepared dissolving 1 mL stusigmples in 19 mL 0.1 M NaCJQAll experiments
were performed at 23 °C under a nitrogen atmosphegtepwise adding 100 mM,80, until pH reached

pH3, then the experiment was stopped. The buffeadsy was calculated according to eq. 2.
dn
=— (eq.2
B doH (eq. 2)

where,f is the buffer capacitydn denotes the changes of moles acid added to tHgeslanddpH denotes
the equal changes in pH. It is assumed that the iaccompletely dissociated. The second dissociatio
constant for sulfuric acid is 1.2-10; thus at pH 3 less than 10% of the sulfuric dsigresent as HSO
The alkalinity is equal to the amount of strongdaquired to lower pH to 4.5 and can be calculdtgd
integrating the buffer capacity from pH 4.5 to thetial pH value. The alkalinity is often used asnaasure
of the bicarbonate/carbonate concentration, butoeermprecise analysis is possible by plotting th&eou

capacity as function of pH.

Particle size distributions were analyzed usingsei diffraction particle size analyzer (BeckmaC@&ulter

LS 13320) with universal liquid module. The Frauefien theory was used for data treatment, and taprwa
was used for background measurements. The expasnmare replicated twice. Sludge before and after
acidification has been analyzed by light microsc@peiss Axioskop) connected to a computer in otder

identify the floc structure. The sludge has beeerag on a glass plate and imaging through the stope.

Separation and precipitation of phosphorus
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Sludge samples from Randers and Kolding were @ethlifo pH 2. The solid material was removed by
centrifugation at 2800 G for 3 minutes and the sugtant was filtered through a 0.45 um filter. Rifasus
was precipitated from the liquid phase by adding RMIOH to pH 6, 7, 8, and 9, respectively. The

precipitate was removed by centrifugation, weigaed analyzed by ICP-OES.

Results and discussion

Raw sludge analysis

Sludge from five different WWTPs was collected amthlyzed (Table 2). At the WWTPs with a digester,
sludge is thickened before digestion; hence thestieggl sludge has a higher dry matter content than u
digested sludge (Haderslev WWTP). Kolding WWTP,ahhdnly digests primary sludge, was found to have
a slightly lower dry matter content than Randerapyh and Skagen WWTPs, where both primary and
secondary sludge is digested. The highest fracfarganic matter was observed in the un-digeshatys

from Haderslev as expected.

Table 2: Dry matter, organic and inorganic matter for the different dudge types

pH Dry matter Organic Inorganic
[a/ka] matter [g/kg] matter [g/kg]
Randers WWTP 7.35 39.3 22.0 (56% 17.3 (44%
Aaby WWTP 7.1 42.1 28.4 (68%) 14.7 (32%)
Skagen WWTP 8.24 41.2 26.2 (64% 15.0 (36%,
Kolding WWTP 7.31 31.4 19.1 (61%) 12.3 (39%)
Haderslev WWTP 6.60 15.4 11.1 (72% 4.23 (28%

The composition of sludge has been analyzed (Tablall concentrations were lower in the non-digekst
sludge as the dry matter content of the sludge las The concentration of iron varied between the
different plants depending on the wastewater treatrprocess and how much iron that was added t@weed

the amount of discharged phosphorus. The concemtraf iron in Aaby WWTP was relatively low as



192 phosphorus was removed biologically in the seconttaatment process. The concentration of iron alss
193 low in Kolding WWTP, as no iron is added during themary wastewater treatment (Table 1). The

194  concentrations of heavy metals was high at Kol#WAyTP. The reason for this is not known.

195
196 Table 3: Composition of the different sludge types.
total-P Ca Mg Al Fe Cd Cr Cu Ni Pb Zn
mg/gTS | mg/gTS | mg/gTS | mg/gTS | mg/gTS| mg/gTS | mg/gTS | mg/gTS | mg/gTS | mg/gTS | mg/gTS
Randers
33.1 39.0 5.78 8.2 45.9 0.00168 0.0298 0.187 0.044Q.0657 1.17
WWTP
Aaby
33.6 28.2 7.68 6.7 22.2 0.00112  0.01f2 0.217 0.0802.0542 0.627
WWTP
Skagen
32.1 14.8 4.19 3.2 72.6 0.00196 0.0110 0.0622 ®.0R10.0125 0.354
WWTP
Kolding
37.6 51.1 3.90 14.1 16.3 0.00483 0.0641 0.4p7 2.800.114 2.92
WWTP
Haderslev
235 254 5.61 5.9 304 0.000970 0.06R6 0.140 8.0400.0446 0.798
WWTP
197

198 The floc size has been measured (Table 4) and srexgeshown for all sludges (Figure 2). Activatiedige
199 (Haderslev) had the largest floc structures (~8Q.Irhe floc size of digested sludge was slightlyaken
200 than non-digested sludge and contained more finésreegular flocs. The smallest floc size was obse in
201 the digested primary sludge (Kolding). The flocusture was seemingly not fully broken down after
202 acidification for all the sludge types but morefffiflocs was obtained and more particles and featwas
203 observed between the flocs (Figure 3).

204
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Table 4: Sze of dudge

Mean [um] Median [um] | S.D. [um]
Randers WWTP 130 73 160
Aaby WWTP 110 64 160
Skagen WWTP 90 63 110
Kolding WWTP 110 37 172
Haderslev WWTP 110 80 126

@

©

(d)

Xe

Figure 2: Floc structurein raw sludge (100x magnification) at (a) Randers; (b) Aaby; (c) Skagen; (d) Kolding; (e) Haderslev WWTP
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Figure 3: Floc structure at pH 3 (100x magnification) at (a) Randers; (b) Aaby; (c) Skagen; (d) Kolding; () Haderdev WWTP

Sudge acidification

The sludge samples were acidified with sulfuridg&igure 4). The required amount of acid was ld@s

the undigested sludge (Haderslev). In the digesiigthe, more acid were consumed due tq €apping as

high amounts of carbonate were produced when thetrsiie were degraded to methane and carbonate
(Chipasa, 2003). The removal of €@ illustrated by a buffer capacity plot (Figurg ®hich corresponds

well with the HCOy/HCO; equilibrium that has a pKa value of 6.3.

12
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Figure 5: Buffer capacity for the different sludge types.

The released amount of dissolved ortho-phospha® {(ocreased with decreasing pH (Figure 6) asrobse

in previous studies due to dissolving of mainly rgemic phosphorus (He et al., 2016; Xu et al.,
2015)Digestion followed by acidification can releasore than 80% of phosphorus, which correspontts wi
previous studies (Antakyali et al., 2013). Aaby WW/Tas a higher amount of dissolved phosphorus at pH
7-8 (no acidification) compared to the other WWTIPse Aaby plant is designed for biological P renmova
and has a fluidized bed reactor implemented toijpitate and extract struvite from the digester et As
already discussed, an optimized biological P remakaing secondary treatment and P release during

digestion can facilitate recovery of struvite ohart P products, still the potential for phosphamsovery

13



246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262
263

264

265

can be significantly improved by lowering pH to 8op to sludge dewatering. Contrary to the digested
sludge, the non-digested sludge (Haderslev WWTBWsHow o-P release during acidification. Moreover,
the inorganic matter (Table 2) from Haderslev WW$Row, and thus the metal-phosphorus salt content
also limits the o-P release. A slight increaseissolved phosphorus is observed for sludge fromdRis

and Skagen when NaOH is added, but P release isdowpared with the phosphorus release obtained by
acidification. To conclude, acidification improve emoval - i.e. around 85% of the phosphorus was
dissolved for WWTP handling mixed primary and setoy sludge that has been digested. For WWTPs
using chemical P removal, acidification is the of@assible way to release and harvest phosphorus.
Moreover, (Chen et al., 2001) found that acidifmatmproves the dewaterability of activated sludge to
exocellular polymer (ECP) leaves the activated gduslurface, which makes it easier to pack the sluachgl
reduces the water content of the sludge. Therefwlification both increases phosphorus recovewy a
improve dewaterability. On the contrary, acidifioatlimits the later use on agricultural land, birtce land
application is not allowed in many European coestiand which is the reason for the acidificatioocpss
(Tarayre et al., 2016), incineration is a more ifdasmethod that at the same time produces enéngydin

et al., 2004).
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Figure 6: o-P concentration with respect to t-P concentration at different pH. Reaction time: 1h.

The required amount of acid for dissolving phospkois shown in Figure 7. The release of phosphorus

increases almost linearly with the added amousutitiric acid. The regression line (dashed lin@vehthat
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about 100 mmol o-P was released per added 80K i.e. about 10 mole diprotic acid per mole o-PeTh

larger amount of acid used is due to @ipping. It should be noticed that for Aaby WWT® mM o-P

was dissolved when no acid was added. Still theaexdlease of phosphorus was the same as for liee ot

sludge types e.g. 100 mmol o-P was released pedasdl HSO,. The lowest release of phosphorus as

function of sulfuric acid dosage was observed fkageén and Kolding. The phosphorus release was 25%

lower for Skagen and 40% lower for Kolding.
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Figure 7: Acid consumption with respect to o-P release

0.6

Most of the released phosphorus and carbonatenategifrom calcium, magnesium, aluminum and iron

carbonates and phosphates. The metals in theseooon dissolve following the same trend as the

phosphorus release at decreasing pH (Figure 8ddRatWWTP has a high total concentration of calcium

and iron in the raw sludge and Kolding has a highcentration of calcium. The magnesium release is

between 30% and 70% depending on the WWTP, butagmesium is found in lower concentrations in the

raw sludge (Table 3), it is not the main contrilsutm phosphorus release. Aluminum has in genetalva
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282 release and also a low concentration in raw sludgble 3), which is as expected as the WWTPs

283 investigated are not adding aluminum during thetevaater treatment.
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287 Figure 8: Metal concentration in the liquid phase with respect to the concentration in raw sludge.
288

289 In several papers, it is reported that phosphageipitate as vivianite BEPOy),- 8H,O as the main product
290 after addition of iron coagulant (Frossard etEH97; Wilfert et al., 2016) i.e. the stoichiometoy Fe:o-P is
291 equal to 1.5. Looking at data for all plants, excgkagen WWTP, more than 10 — 20 mM phosphorus is
292 released before any iron is dissolved, after wkiehratio between Fe and o-P release is closest@Figure
293 9a). Thus, the data indicates that vivianite maypte of the P-minerals dissolved during acidificatibut it

294 is not the only mineral. The data support the idebevlin and Hultman (Levlin and Hultman, 2007)hov
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297

298

299

300

301

302

report that part of the phosphorus can be dissolvigldout a high release of iron. Sludge also corgtai

Ca(POy)s0H (Yi and Lo, 2003) where the stoichiometry Ca:sRqual to 1.67. Plotting the release of Ca

as function of o-P indicates that the first minereleased may be calcium phosphate (Figure 9byesin

calcium release is higher with respect to ironhe beginning. The molar amount of released o-Paseem

than 9-10 times higher than the released amoumiagihesium and 15 times higher than the releasedramo

of aluminium e.g. only minor amount of phosphatbasnd as aluminium or magnesium salts.
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Figure 9: Soichiometry release for (a) Fe:o-P and (b) Ca:o-P

Release of heavy metals during acidification

Acidification of sludge was previously used as ahud to release heavy metals into the liquid phiase
order to easily extract them from sludge (Mingotkt 1995; Naoum et al., 2001; Stylianou et &00Q72).
Heavy metals are often found in different fractionssludge including soluble, exchangeable, adsbrbe
bound to organics and sulfides, bound to carboaateresidual components (Tessier et al., 1979; Vang
al., 2005). There are two ways to view the heaviahrelease from sludge:It can be considered negats
the released heavy metals can easily be incorgbinatie the phosphorus fertilizer product, or pesily, as it

is easier to remove the heavy metals from sludgenvthe heavy metals are released to the liquidephas
According to Naoum et al. (Naoum et al., 2001), teenaining heavy metals in the sludge after acid
treatment are stabilized in the sludge (Naoum .et28001). In this study, the release of heavy mseain
general low (<30%) for all the wastewater treatmglants (Figure 10), the exceptions being Zn and Cd

which show a higher release at some WWTPs.
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318 The main concern regarding heavy metal dissolitidghis study is related to the risk of incorpooatinto a
319 precipitated fertilizer product. Therefore, somelioninary precipitation experiments have been peném

320 by simply increasing pH as discussed in the follmgection.
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Figure 10: Release of heavy metalsinto the liquid phase at various pH-values, a) Cd, b) Cr, ¢) Cu, d) Ni, €) Pb and f) Zn.

Recovery of released phosphorus after acidification

The solid material was removed from acidified saagpH 2) by centrifugation after which phosphosas
precipitated from the liquid phase by adding Na®©Hbid 6, 7, 8 and 9. The phosphorus recovery inegeas
from 53.7% at pH 6 to 80.8% at pH 9 with respedh®o0-P concentration at pH 2. Besides phosphdras,
precipitate contains high amounts of calcium angh.irThis indicates that phosphorus was mainly
precipitated as iron phosphate and calcium phosph&igure 11). In the acidified sludge from Kolglin
WWTP more calcium was precipitated with respedRé&mders WWTP. Iron precipitation was decreasing as
pH was increased, and the same trend was obsawptidsphorus. On the other hand, calcium pretipita
increased with pH, which can be due to calciumagelfprecipitation. Calcium carbonate precipitati®n
unlikely, since C@Qwas removed during acidification. The removal @,@night also ensure, that there are
more cations in the solution that precipitate wjhosphorus, since the metal-carbonate compounds
originally present in the sludge is no longer aué Only very low amounts of Zn, Al and Mg werarfd in

the precipitate, and thus the purity was high. @&t in Figure 11 shows that precipitation folldvws same
trend as the dissolution of P, metals (Figure &) lamavy metals (Figure 10) and is also in accorelavith

the sludge composition before acidification (TaB)e where for instance Zn has a higher concentratio

compared to the other heavy metals.
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Figure 11: Precipitation at different pH (a) Randers; (b) Kolding.
Economic evaluation of sludge acidification

Acidification of sludge improves phosphorus recgyén particular from digested sludge. However apd
might not be cost competitive with respect to minisince the use of chemicals are rather high for
acidification (0.2-0.44 mole $$QJ/kg sludge). Moreover, the subsequent recoveryhosphorus by either
precipitation (increasing pH) or other methods disdts the economic feasibility. It is more likelpat
phosphorus recovery will be politically driven diat phosphorus is in high risk of depletion. Irstbiudy,
the cost of acidification is around 4€/kg P basedFoyure 7 and a price of,HO, (95%) of 0.13€/kg.
Equipment and operational costs have not been takemaccount. According to (Egle et al., 2016%awery
from sludge ash is 5-6 €/kg P, recovery from digestipernatant is 6-10 €/kg P and from acidifiedige it

is 9-16 €/kg P. However, the ash is used directly separation of heavy metals is not considereth tss
study. Moreover, recovery from supernatant normaliyy recovers around 30-50% of the phosphorus
(Pinnekamp et al., 2013), thus acidification canabgotential solution for a high phosphorus recpver

process.

Conclusion
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Digested and non-digested sludge from five wastewtedatment plants were acidified by addition 68,

to dissolve phosphorus. For the five tested slugges, 60-100 mmol o-P was released per added mol
H,SOy. The highest phosphorus release was observed wHewas lowered to pH 2 (The sludge was
exposed to acid for 1h for all the experiments)réacid was required for digested sludge as €fpping
increases the acid consumption. However, more towap can be released from digested sludge (up to
80%) compared to non-digested sludge (25%). Simetiasly release of heavy metals was low and not a
major concern. The most critical release of heaeyats were observed for Cd, Zn and Ni after adidifon

of non-digested sludge. High amounts of iron wdsased during acidification, which can be a po#dnti
problem if iron is unwanted in the phosphate prodBoeliminary precipitation experiments by pH ease

proved that iron is the main precipitant togethé&hywhosphorus.
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Digested and non-digested sludge were acidified to dissolve phosphorus.

The highest yield was obtained from digested sludge.

For all sludge types, 60-100 mmol ortho-phosphate was released per added mol H,SO,.
Release of heavy metals was low and not a major concern.

Phosphate precipitates with iron at increased pH.



