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Abstract

The fractionation of nitrogen (as ammonia/ammoniamg phosphorus (as phosphate ions)
present in the dairy manure digestate was invdstigasing a nanofiltration membrane
NF270. The filtration and separation efficienciesrgvcorrelated to pH across the range
3<pH<11. Filtration at pH 11 enabled higher perradhatx of 125-150 LMH at 20 bar,
however rejection of ammonia was high at 30-36 %h@msphate was 96.4-97.2 %. At pH 3
and pH 7, electrostatic charge effects led to higieemeation of ammonium and thus more

efficient separation of nitrogen.. The rejectiorpbbsphorus was relatively constant at any
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dependent on the charge of the membrane and ipa@agion. Solutions rich in nitrogen (as
ammonia/ammonium) were obtained with almost no phosis present (<1 ppm) whilst the
purification of the P@P was achieved by series of diafiltration (DF) rgpens which

further separated the nitrogen. The separatioutsiamnts benefited from an advantageous
membrane process with potential added value foida vange of industries. The analysis of
the process economics for a membrane based fdlasitates that the recovery of nutrients,
particularly NH-N, may be commercially feasible when compared anuhactured

anhydrous Nkl

Keywords

Nutrient recovery, membrane filtration, digestgecess economics

Abbreviations
P — phosphorus
N — nitrogen
MF — microfiltration
DMDL — dairy manure digestate leachate
NF — nanofiltration
DF — diafiltration
1. Introduction
Fertilizers, including nitrogen and phosphoiius,nutrients, have had a pivotal role in
sustaining the food supply to an increasing wodduation. However, the manufacture and

use of fertilisers is causing continuous environtalEproblems, such as the emission of
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phosphorus (as phosphate) also carries a signifozabon footprint. Indeed, 1.5-2.6 tonnes
of COyare produced per tonne of N (van Straaten 2008,d/dnd Cowie 2004)and up to 1.0
tonnes of CQper kg of BOs fertilizer (Oh-Ishi and Maeda 2002). The runofffeitilisers

into watercourses also has a direct impact on humeatth, as well as the depletion of
oxygen supplies in the water leading to “dead zbnes

In recent times, agro-industrial wastes are begenss a source of both energy and
resources. One particular example is that of mawaste being transformed into methane by
anaerobic digestion, whilst the nutrient-rich digés is used as a replacement to
conventional fertilisers(Cornejo and Wilkie 201Gdlooveret al. 2012, Klavoret al.
2013).Nonetheless, there is only so much that eaapplied to the soil without causing
nutrient excess and consequent damage to the amard. Also, nutrient run-offs owing to
rainfall and excess load may lead to the eutropioicaf water courses(Smith and Schindler
2009, Smithet al. 1999).Indeed, the nitrate —directive (91/676/EHtate) was created with
the purpose to protect ground water and lakes. rlaeg to the directive, the maximum
application of manure corresponds to 170 kg N/relyldowever, during a transient period
up to 210 kg N/ha/year can be allowed(Commissid@1)9Therefore, one of the greatest
engineering challenges of the®2entury is to develop strategies that help torchtie
impact of agriculture on the environment.

Previous work has demonstrated the possibilityeobyering nutrients in particle and
bacteria-free solutions from dairy manure dige¢@deardoet al. 2013). Strategies such as
diafiltration (DF, i.e. addition of equal amounfswater for effective dialysis of solutes) and
acidification of the digestate showed to criticafifluence the leaching of soluble nitrogen

(NH3-N), phosphorus (P£P) and metals. When the digestate was acidifigdHa®, a nearly
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separate streams of Ml and PQ-P are desirable and would potentially have a ntugher
range of applications and market value. Fertilizextile, chemical and biotechnology
industries are heavily reliant on MiN.Also, PQ-P is an essential element to all living cells
and has a crucial role in maintaining high cropdgéBeardsley 2011, Gateretlal. 2000,
Tonini et al. 2013). In our recent work we ha¥Bo suggested that separate streams of waste
derived NH-N and PQ@-P could allow optimal microalgae growing stratsgissociated to
biofuel production(Gerardet al. 2014).

Membrane technology for the recovery and fractimmadf nutrients from digestate is
preferential over alternative technologies suchprasipitation, absorption and thermal
treatments. Ease of scaling up, chemical-freeraépas, low operating and maintenance
costs, compact and modular design and highly seéeséparations are some of the
advantages over their counter p@ieryan 1998, Strathmann 2011). Nanofiltration (NF)
membranes have been widely reported to selectatllyw the passage or retention of solutes
based on both steric and electrostatic effectsei@&MNF membranes have been associated
with the retention of phosphorus, chloride, micitytants and ammonia. Promkal (2006)
compared three NF membranes (NF270, DS5 and N-3bwFroncluded that R and

NH4 could be retained from synthetic urine at arousd®and 45 %, respectively, using a
NF270 (polyamide) membrane (Proetkal. 2006). Rejection of up to 98 % of P@as
reported using a tailored made multilayer polyetdgte NF membrane(Hong al.
2009).Phosphate anions;ff0,; and HPQ?, were also demonstrated to be retained by
NF200 at 85 % and at 96 %, respectively (Baitet. 2007). Other authors have reported

that polyethersulphone membranes rejected up tdyné&@% of NH-N in solution (Ali et al.
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phenomena are based on lab-grade synthetic s@dutibith do not mimic real separation
conditions.

The objective of this work was to investigate trectionation of N3N and PQ-P derived
from dairy manure digestate using a NF270 membidpen leaching nutrients by MF, the
influence of pH on the effective rejection of bdtkis-N and PQ-P was discussed. Filtration
of up to 42 % of the feed volume allowed evaluatimg dynamics of such process in relation
to the variation of the concentration of nutrieimt$he permeate stream. Diafiltration
strategies were investigated to enhance the sepagatd purification of nutrients. Finally,

capital expenditure and operational costs of a nmangfiltration plant were determined.

2. Materialsand methods

2.1.Preparation of the dairy manure digestate kactibMDL)

Dairy manure digestates were obtained from Fre-gnéairy farm (Wrexham, Wales, UK).
Initial conditioning treatment consisted of adjustthto pH 3 with concentrated HCI (Fisher
Scientific, UK) and sedimentation for at least Lihd'he supernatant was then collected and
screened through a 5@on mesh. Nutrient rich leachates were produced by@ation

through a bench-top cross-flow filtration unit. T¢er@ssflow membrane filtration unit
consisted of an AGT Quix Stand benchtop systens $ystem featured a 1 L graduated
polysulfone reservoir, peristaltic pump and a polgkone hollow fiber cartridge with 0.2

um pore size and 0.042°surface area, all from AGT (now part of GE Headite). The

DMDL was analysed for nitrogen (as BN), phosphorus (as R&®), metals and

conductivity. pH 3 was chosen because of the regbvery of phosphorus and metals, with

no influence on the recovery of nitrogen(Geragetal. 2013).
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Paar GmbH -Austria) for pH range of 3-10. The disien of the streaming channel were 74
mm % 10 mm x 0.3 mm (Oo & Ong, 2010). An electrelgblution was pumped through the
cell and the pressure drop was measured by tweymegprobes located up- and downstream
of the cell. The potential difference resultingniréhe accumulation of charge at one end, i.e.
streaming potential, was detected by two Ag/Ag@cebdes which provide information on
the electrostatic charge at the shear plane36MNuBing potential can be determined
experimentally by plotting the voltage differenaee] against various pressure drag?j. A
linear relation was obtained and the gradient gstiag potential coefficient) was used to
calculate the zeta potential using Helmholtz—Smuduweski equation (Ariza et al. 2001,

Chapman Wilbert et al. 1999, Huisman et al. 1998)

_auv n
- ap €r&g

§ (Equation 1)

Wheref is the zeta potential in mV, dU/dp is the slope stfeaming potential versus
pressure(streaming coefficient) in mV/Rahe electrolyte viscosity in Pas,the relative
liquid permittivity(dielectric constant, dimensi@sk),s, the vacuum permittivity(8.854x 10
122 3t mt or s m.QY), and K the specific conductivity of the bulk electrolygelution
(Ohm). Wher¥ is zero the membrane is said to isoelectric alsoma as isoelectric point
(IEP).

The membrane was characterised using KCl salt isokitat different concentrations
(0.001M, 0.01M and 0.025M KCI) and three dilutedusons of the DMDL. The dilution

factors are 100(10ml of wastewater in 1000ml wat&d}20ml of wastewater in 1000ml) and
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in this study are summarised in Table 1.

2.3.Fractionation of nutrients — NF and DF

The high-pressure stirred cell was sourced from Blamology (Membranology Ltd,
Swansea, UK) with a total volume capacity of 400, miaximum operational pressure
allowance of 100 bar and a membrane area of 32nf 7The system was pressurized with
nitrogen gas and controlled via valves and digitasure gauges. The permeate line was
connected to a collecting vessel placed on a diggtae and the automated weight was
recorded via the RS232 (serial) port. A diagrarthefNF setup is given in Figure 1.The
filtration was operated at 20 bar and 300 rpm (4/2) using a new and clean membrane for
every DMDL sample. Before introducing the DMDL sdegach membrane was flushed
and pressurized using deionised water at 20 bar.

Different aliquots of the DMDL were pH adjustedpd 3, pH 7 and pH 11 with 0.1 M

NaOH (Fisher Scientific, UK)or0.1 M HCI (Fisher 8ntific, UK). Individual 250 mL
aliquots of DMDL at each respective pH were introglliinto the high-pressure cell holding
the NF270 membrane. Permeate fractions were cetlentery 15 g (equivalent to 6 % of
initial feed volume) until 42 % of the feed volumas collected as permeate. Permeate flux
was continuously recorded for each pH value ofdigestate leachate. All permeate fractions
were analysed for nitrogen (as BN) and phosphorus (as R®), conductivity and pH.
Retentate fractions were also analysed for metals.

DF using deionised water was also investigatecht@ece the effective separation of
nutrients. Using a clean and pressurized membd&temL of DMDL at pH 7 was

introduced into the high pressure cell operatingQdt rpm and 20 bar. When half of the
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Subsequently, when further 65 mL of permeate wellected another 65 mL of deionised
water were introduce into the high pressure call @lowed to mix for 1 minute. These steps
were repeated until a total of four permeate sasn@hel one retentate sample was collected.
All permeate samples were kept separate and andlysaitrogen (as NkN) and

phosphorus (as R&P) only.

2.4.Chemical analysis

Nitrogen was analysed as BN (or NH,-N) using the phenate colourimetric method and
absorption was monitored using a spectrophotonfetdfCAM UV 300, Thermo Scientific,
UK)at 640 nm. Phosphorus was analysed asfPQOsing the vanadomolybdo-phosphoric acid
colourimetric method and absorption was monitorgdgia spectrophotometer (UNICAM

UV 300) at 470 nm, both analysis are according§andard Methods(APHA 1998). The
elements Ca, Fe, Mn, Mg, K, Zn, Cr, Si and Cu varalysed using an Atomic Absorption
Spectrometer (PinAAcle 900F, PerkinElmer, UK) aftdution with 1 % nitric acid. The
calibration curves were performed using TraceCERAS standard solutions (Sigma-

Aldrich, UK).

2.5.Rejection and selectivity of NF270

The degree of retention by the NF270 membraneasvkras rejection which relates the
retention of each individual species relative ® tbncentration present in the feed. The
experimental rejection (R) is given by Equation I2eveC,,,,, andCr,., are the solute
concentrations in the permeate and feed, respgctMembrane selectivity expresses the

relative preference to retain one solute over theraas a ratio of rejection between those two
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R= (1 - C”—’") x 100 (Equation 2)

Cfeed

Spy=1-— Robsn (Equation 3)(Hongt al.

Rob&P

2009)

2.6.Nutrient speciation

Owing to the nature of NF systems, the chemicakigfien of the targeted nutrients is
important for the understanding of the fractionatiof nitrogen from phosphorus. As a
simplification, the soluble forms of nitrogen ankogphorus were represented assMHand

POs-P, respectively. Nevertheless, the pH of the agsiemlution determines the speciation

of each solute. The equilibrium reaction for eaatrient is given as:

pKa 9.25
NH,

NH; (5 + H*

pKa2.12 pKa 7.21 pKa 12.64
H,PO, (o) + H' HPOS (g + 2H"

3-
H3PO, (o) POy (4q + 3H"

Throughout this work, the pH was set at pH 3, p&h@d pH 11. At pH 3, ionic species hH
and BPO, were considered to be the dominant forms of thg-Ntnd PQ-P respectively.
At pH 7 this was N and both HPO,/HPO,®> and at pH 11 Nkland HPG?, respectively.
Throughout this work, we assume that practicallynifogen is present as ammonia and
practicallyall phosphorus as phosphate.

3. Resultsand discussion

3.1. Electrokinetic properties of the NF270membrane
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et al. 2012). The electrokinetic properties of the membravere also verified using the
DMDL solutions and showed very similar trends (Fg@). The zeta potential curves for the
NF270membraneobtained in these experiments araakaistic of amphoteric surfaces with
both acidic and basic functional groups (Chiu aahas 2007, Chuet al. 2003, Yanget al.
2003).The decrease of the negative surface chdrgened with KC| salt from pH 10 (-35
mV) to pH 3 (-0 mV)is explained by the fact thatieas interact with the membrane’s
surface functional groups which counteract the tieg@harges(Szymczyd al. 1997, Yang

et al. 2003). There was a significant difference of thembrane surface charge when
exposed to KCI salt in comparison to the DMDL, wehére later resulted in “less negative”
surface charge throughout most of the pH rangeiedudhis is more likely to do with the
increased presence of cations and ionic chargehéen DMDL which form multivalent

chemical complexes with the membrane surface.

3.2.Recovery of nutrients from dairy manure digestate

Previous work reported on the success of MF inrélcevery of nutrients from dairy manure
digestate (Gerardet al. 2013). Improved recovery of phosphorus and metafsrticle and
bacteria-free solutions was demonstrated at pH i8) mo influence on the recovery of
nitrogen. The same process to obtain nutrient Eacivas used in this study. Table 2 gives
the concentration of the solutes of interest preserthe DMDL at pH3 obtained in this
study. The concentration of nitrogen (as ¥ was noted to be very high (1572.8 mg/L) in
contrast to that of phosphorus (as;H9) (61.01 mg/L). Such recovery process is pararmoun

for the feasibility of nutrient fractionation usinganofiltration membranes. The MF process
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3.3. Permeate flux and influence of pH

The influence of the feed pH on the flux and thescpssing time was investigated and is
summarised in Figure 3. In each case the flux dedlover the experimental period as a
result of membrane fouling. Operating at pH 11va#ld between 2- to 3-fold increase in the
permeate flux (permeate flux varied from the initiax of 149.7 LMH to 125.4 LMH) when
compared to pH 3 (initial flux was 50.3 LMH andadéy declined to 22.2 LMH). After
processing 42 % of the feed volume at pH 11 themesl decline in flux was only 16 % of
the initial flux. Therefore, operation at pH 1lré&commended for optimal membrane flux
when filtering the DMDL.

Given the IEP of the NF270 is in the region of pHH& processing of the manure digestate at
pH 3 did not benefit from the (negative) chargeeftypically present on the surface of this
membrane. In this case, solutes were being tratespas neutral species and thus the mass
transfer of solutes through the membrane is saleb/to size exclusion. As a result the
membrane is more prone to fouling resulting on lopermeate flux. On the other hand, at
high pH, e.g. pH 7 and pH 11, the increased changdae membrane surface helps prevent
fouling leading to higher flux (Luo and Wan 2013;d¢6met al. 1995).

The permeation of ions is highlighted in Figuren4elation to conductivity of the permeate.
Conductivity of the permeate fractions obtaine@ttl1 is consistent with the higher

permeation of solutes through the membrane.

3.4. Fractionation of nutrients by NF270 — rejection aetbctivity
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conditions. Rejection was calculated using Eq. th wie concentration of the feed being
corrected by mass balances for each permeateoinamtilected.

At pH 3, the rejection of nitrogen was 30.3 %, hoere a sharp decline in rejection to only
1.0 % was observed for the last permeate samplected. A similar trend was observed at
pH 7 where initially the rejection of nitrogen w23.9 % and declined to 4.6 %. This data
indicates that the rejection of nitrogen at pH [éss than at pH 3 which can be explained by
the fact that at pH 3 the membrane is isoelecutalegatively charged at pH 7. Thus, at pH
7, the electrostatic attraction of iyHs taking place and causing increased transpdteof
species.

Contrary to this, at pH 11 the rejection of nitrngeas steady at around 30-33 % throughout
the course of the filtration experiment. This ipkaned by the fact that the nitrogen species
is now NH and is neutral, which is not impacted by the memels negative charge. Leb

al. (2013)also have reported that the retention ofraesolutes decreased with increasing pH
due to membrane swelling (i.e both membrane thiskaed the pore size increased)(Luo and
Wan 2013).

The 30-33% retention of nitrogen at pH 11 was gg#ng since diffusion coefficients for
NH; and NH," are very similar, 1.80x10m%s and 1.96x1® m%/s, respectively(Haynes
2011). This indicates that the size of both speaie®lution is similar (0.139 nm and 0.125
nm, respectively) and thus the phenomena obsesvexpiained by electrostatic interactions
with the membrane surface. The negatively chargechionane acts as a charge screen
allowing positively charged ions through in detrmhef neutral and negatively charged

species, therefore imposing the retention of nérofas NH) at pH 11. The preferential
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During the filtration experiment, a decline of tiegection of nitrogen was observed mostly at
pH 7 and pH 3. This phenomenon is explained byabethat NH' is initially being rejected
at around 24-30 % and thus an accumulation ofitinisakes place. As the concentration of
this species builds, the radii of the ionic chaclyeid contracts due to charge proximity
which increases the potential for transport throtihghmembrane(Oatleg al. 2012). This
inevitably leads to a reduction in the rejectiorito$ species. At pH 11, the rejection of
nitrogen is typical of neutral species since regecstayed constant throughout the filtration
experiment. The permeation of nitrogen at pH 3@id is possibly determined by charge
effects which force Ni close to the negatively charged membrane surfadgarmeation
occurs through larger pores.

The rejection of phosphorus was steady throughwufiltration process regardless of the pH.
At pH 3 the observed rejection of phosphorus vabetiveen 84.0-86.6 % and at pH 7 and
pH 11 the rejection was constant at around 97 gurEi5(b) illustrates that rejection of
phosphorus at pH 3 is always lower that than oleskat pH 7 and pH 11. To some extent,
this may be explained by the size of the ionic g®ein solution. At pH 3, POy, is the
dominant ionic species with a hydrodynamic radit/8.87 nm, smaller than that of HFO

with a radius of 0.32 nm and thus at pH 3 high&usion of PO, takes place leading to
lower rejection. Electrostatic effects on the meamler surface are also expected to define and
influence the underlying phenomena of such rejestiét pH 7 and pH 11, the natural
negative charge of the NF270 membrane is then presesing electrostatic repulsion of the
HPO,* (and possibly P§Y) leading to increased rejection. Moreover, at gighH values the
valence of the phosphorus species is increasedIrdm2- (and possibly 3-) which further

increases the electrostatic repulsion effect. Nwless, at pH 3 the observed rejection of
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phosphorus and influence of pH are similar to tepbrted by Hongt al.(2009) with
standard solutions.

The fractionation of phosphorus from nitrogen, gd\t has shown some interesting
phenomena. The NF270 membrane demonstrated efaefiection of phosphorus with a
minimum rejection of 84 %, however a maximum of%@8ejection was attainable at and
above pH 7. Simultaneous to the retention of phos) the permeation of nitrogen was
possible. At pH 11, nitrogen retention varied betw@7-34 % and was considered high for
an effective nutrient fractionation. When operataigpH 7 and pH 3 the permeation of
nitrogen was much higher as charge effects dictateder rejection. Up to 6 % of volume
filtered, the rejection of nitrogen at these pHueas was very similar at around 25 % and
declined significantly to around 2 %. Thus a mdfecative fractionation was taking place.
The results summarised in Table 3 highlight théedinces in permeate flux, nutrient
rejection and P/N selectivity under different pHhdiions throughout the experiment. For
the final permeate fraction collected, P/N selettiwas as high as 0.99 at pH 3 and 0.95 at
pH 7. Overall, the lowest P/N selectivity was oleérat pH 11 yet much higher permeate
flux was possible.

3.5. Fate of metals after filtration with NF270

By analysis of the retentate fractions, total retenwas calculated for Cu, Mn, Zn, Ca, Mg,
K, Cr and Fe in relation to that present in thalfeelution. Table 4 summarises the rejection
of metals (and nutrients) for the filtration of DNMinder different pH conditions.In most
cases there is a slight decrease in rejection st widhe metal cations with increasing pH.
As previously explained, this is motivated by themfrane charge variation and

electrostatic/repulsion between ions and membitdaeever, the rejection of Ca and K was
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ions at acidic pH (> 90% for €3 C#*, Mn**, Mg?*, Cdf* and PB") and a much lower
rejection at alkaline pH (Al-Rashdi al. 2013, Luo and Wan 2013, Ozakial. 2002, Szoke

et al. 2003). Nonetheless, for a complex mixture of ssguch asDMDL, the ionic species
in solution are likely to significantly affect botbtention and permeation of nutrients and
metals. As demonstrated by Al-Rasktal. 2013, multi-component mixtures of metals show
lower retention than that observed in single of-semponent mixtures (Al-Rashei al.

2013). Moreover, the rejection of heavy metals discreases with the increase in
concentration of the feed solution. This phenonmeag be explained by the Donnan effect in
which positive ions in solution are able to perregatough the membrane also forcing
counter ions through so that electro-neutralityuatbthe membrane is maintained (Luo and
Wan 2013). Indeed, the concentration of ions inféleel solution was high as illustrated by
the conductivity of 80 mS/cm(equivalent to aroun svt NaCl solution).

Metals such as Mn, Zn, Cr and Fe were highly rethiny the NF270 with rejections above
70 %. Lowest retentions were observed for Cu andwigh may have resulted from their
permeation as counter-acting ions. As a resuheféjection of metals, 25-86 % depending
on the metal and pH, the accumulation of metath@retentate fractions was inevitable.
Overall, rejection of phosphorus and nitrogen at/pé€ems to be the most effective means
of fractionating nutrients (Table 4). The N:P maiatio of the permeates obtained varied
between 900-2868 against that in the feed solutid¥, representing a maximum of 50-fold
increase of nitrogen in solution obtained as petedan the other hand, the N:P ratio on the
retentate obtained after filtration at pH 7 was @#/en that separate streams of nitrogen and
phosphorus are desirable, strategies such as DRls@ayelp with further permeation of

nitrogen while phosphorus is retained.
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means of NF using DF strategies as described trosez.3. The principle of the
fractionation of the nutrients using the NF270 meank follows the same underlying
phenomena as described in the sections above. theseries of filtration and DF steps,
each permeate was collected separately and andtyseitdrogen (as Nk) and phosphorus
(as PQ). Following a total of three DF steps, the retentibtained was also analysed for
nitrogen and phoshorus. The results are summandeidure 6 and illustrate that nitrogen
and phosphorus can be nearly totally separatedskeyi@s of diafiltrations using the NF270
membrane. This approach allowed the separatiod.@ % of nitrogen (as N¢INH,")

present in the feed solution whereas only very kamabunts of phosphorus (as ionic forms
of PQy)were found in the permeate fractions. Simultangp98.9 % of phosphorus present
in the feed solution was retained during the sesiddtration and DF steps, in which only
2.6 % of nitrogen present in the DMDL remained with retentate fraction. Further
purification of the phosphorus fraction may beiattd by continuous DF. Such purification
step demonstrates the opportunity to obtain saistaf nitrogen with virtually no phosphorus
present in solution. On the other hand, the cootisuetention of phosphorus increased the
concentration of phosphorus in the retentate vaidual amounts of phosphorus still
present. The downside of this process was theasargly diluted permeate stream which
resulted from the DF (addition of deionised watethte retentate stream on a 1:1 dilution
basis). While the first permeate fraction contaitiés g NH-N/L, the average concentration
of the permeate stream across all four permeat@dres collected was 0.74 g N#/L and
0.07 mg PQ-P/L.

The recovery and fractionation of nutrients fromstessludge is a vital step in the

valorisation of wastewater and waste sludge. Itiqdar, dairy manure digestate contain
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manure digestate (Fenton and O hUallachain 20k &Ril. 2011). While the recovery of
nutrients will certainly represent a solution todsthe minimisation of nutrient loading and
environmental damage, the fractionation of thegaemnis in separate streams does
potentially increase their range of applicationd ararket value. Nevertheless, an economy
based on sustainable resources relies on the ilégsgnvironmental concerns and on
nutrient availability, costs and health and satetysiderations. Diary manure digestate are
usually very rich in nutrients, however these fluate typically complex and may potentially
contain pathogens (including viruses), prions aigth boncentration of toxic metals. The
methodology demonstrated here for the extracti@hfieactionation of nutrients benefits from
the attractive features of membrane technologyidkaand bacteria free leachate from
nutrient-rich dairy manure digestate was possidesedimentation and MF which preceded
the nutrient fractionation step. Although the sefian of any potential toxic metals from the
nutrient fractions is unlikely to be attainable m@mbrane separation, our previous work
with DMDL did not highlight an unusual concentratiof toxic metals, e.g., Pb, As, Co, Cd
(Gerardoet al. 2013). The rejection of metals observed using\dR270 (Table 4) is likely to
lead to a built up to metals in the retentate foscénd thus limiting the use of the
phosphorus rich fraction in the wider context ofmeoercial/industrial applications. In
addition, anions present in solution such as swdptthlorides and carbonate are likely to be
present and are expected to be found in the régefmgections as a result of their negative
charge (Hong et al. 2007, Wang et al. 2005). Dejpgnoh the proposed applications of such
nutrients, further refining may be required to addrthe likely low purity of the fractions

obtained from dairy manure digestate.
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by considering the process design and project atialu For that purpose, the process basis
here considered is a 200 anaerobic digester for the treatment of dairy mamaste. If a

20 days residence time is given for the treatméttt@manure waste, digestate flow would
be 10 n/day. Figure 7 illustrates the process designHerextraction and fractionation of
nutrients from the digestate based on membramatidh technology. The proposed process
design benefits from the acid treatment which iases the amount of phosphorus in the
soluble fraction (Gerardet al. 2013).

Owing to the amount of solids present in the dgesta solid-liquid separator was included
to prepare the digestate for the filtration stéydass balance to the solids is given as guidance
only since these may vary substantially dependmthe feed stream. The solid-liquid
separator was considered to be able to separatechBb % of the solids while 80 % of the
process flow would feed to the filtration units asahsist mainly of solids with a particle size
below 1um at a range of 1-3 % total solids. A MF unit featua low pH tolerant membrane,
such as a ceramic membrane with a pore size qfrf. Around 125 LMH of virtually
sterilised permeate, i.e. absence of bacteria aod, s adjusted in-line to pH 7 which
maximises the N/P separation using the NF systeahl€T4). From Table 3 and Figure 6, the
NF operates at a 45-65 LMH with a separation edficy of 50 % NH-N and nearly 100 %
POy-P retention. Further separation of NN is possible by DF, however these costs are
considered separately. From Figure 6, a total offi¢fe batch cycles are required for a
separation of 94.2 % NFN as permeate and 98.9 % P®as retentate fractions.

Project evaluations can be very extensive, howirdghe purpose of nutrient extraction and
fractionation, simple estimates on equipment aretaipnal requirements were carried

out(Table 5). Guideline prices for equipment webeamed from Axium Process Ltd
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40 L/day, with an estimated bulk cost of $ 10088 % HSO, from Guangzhou Baochu
Chemical Co., Ltd (China)and bulk 99% sodium hydttexXrom Chengdu Hengyi Chemical
Industry Co., Ltd (China) as in November 2014).Rnaosts related with power usage were
estimated considering the pumping requirement basdtbw and pressure (Fristam Pumpen
KG (GmbH & Co.), centrifugal pumps and multistagatifugal pumps): 2.5 kW for solid-
liquid separator, 1.5 kW for MF and 5 kW for NF.T$aid-liquid separator was estimated to
have a throughput of 2 giving a total of 5 hours/day operation and dydzower
consumption of 12.5 kWh. Using a $MF membrane, the throughput for a stabilised flfix o
125 LMH would be 1.125 fh, with a total operating time of 5.33 hours/dag a power
consumption of 8 kwWh/day in order to achieve Bparmeate. Finally, the NF unit fitted with
a 30 nfmembrane would have a throughput of 1.3%hfor a stabilised flux of 45 LMH.

This would lead to a 2.22 hours/day operating t&me a power consumption of 11.11
kWh/day. If DF strategies are employed, which inwerthe separation of NN from PQ-

P, energy consumption during the operation of NEla/increase to 44.44kwWh/day. A total
of 64.9 kWh/day, 9 rfiiday water and 40 L/day of chemicals are needstipport such
nutrient extraction plant. Thus, the daily openagibcost is $23.93/day or $2.4Cknith a

total output of 15 rhresulting from the NF separation when including $dfategies.

Table 6 highlights the operational costs from tiigal solid-liquid separator to fractionate
the nutrients by means of NF. These include powater and chemicals as estimated in
Table 5. Single processing by NF has an estimaistlaf $1.12/mand achieves
considerable separation ofMNat a cost of $0.70/kg NN obtained in the 3 frpermeate.
On the other hand, the retentate obtained stillatog relatively high amounts of NHN.

After the three DF steps, the remaining N\¥lis separated at a cost of $2.486m $5.23/kg
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permeate and 99 % of the PP as retentate (Figure 6), can be accounted aothef
processing 3 by NF plus the 12 frby NF-DF. Thus for a total amount of 8.89 kg NN
fractionated, the final cost is $3.62/kg.

The value of any fractions obtained via membraltiefion is dependent upon the
concentration of the nutrients in the aqueous pbatige manure digestate. Such
concentration is highly variable and is certaimttuence the feasibility of recovering
nutrients from manure digestate.Table7 demonstratesthe composition in terms of
nutrients of the manure digestate affects the dverat.

The estimations given above are taken as guidamgeparticularly since other costs such as
person-hours, taxes, maintenance, utilities, stoeagnd transportation have not been
accounted for. In addition, savings may be achievieen scaling upand optimisingsuch
processes. Nonetheless, the plan designed (Figamd Table5)to give 8 hour/day operation
using membrane filtration systems, NF permeateprm@uced at a cost of $1.1%and
$2.40/n for one NF step or three DF steps, respectively.

The design process considered here is very geaedatapable of processing any given
sludge. Some dairy manure farms already emplog-$igiuid separations of the digestate as
a means to reduce nutrient load onto the landddiitian, the level of phosphorus recovered
from the dairy manure sludge used in this work peasicularly low and thus the
acidification-neutralisation treatments are likedybe deemed redundant and not suitable as
an economically feasible source of phosphorusuti £ase scenario, the capital costs would
be reduced by 10 % with a processing cost of $Mor one NF step or $1.69/when

including DF steps.
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respectively.Average (anhydrous) ammonia retadgsireported by the US Department of
Agriculture on the 18 November 2014 was $725.83/ton (or $0.73/kg;Ni¢e Table 7 for
comparison). In contrast, cost estimates presdotetie manure digestate used in this work
demonstrate that the recovery of NN may compete in the open market particularly for
digestate streams containing above 1.5 g-NH.. Considering the environmental impact of
producing NH and the ever rising cost of energy, the recovadyracycling of NH from
wastewater sources may become a viable optioreindar future. Possible applications
include integration with other technologies sucheagrse osmosis for concentration of the
dilute streams and consequent purification of waterstripping of NH, hydroponics and

cultivation of microalgae.

5. Conclusions
The extraction and separation of nutrients fronmydiananure digestate was demonstrated to
be possible by means of membrane filtration. pH dexaonstrated to be instrumental in
maximizing the effective separation of nitrogemfrphosphorus. Higher permeate
throughput was possible at pH 11, nonetheless agparof nitrogen from phosphorus was at
all times higher at pH 7 with 97-98% rejection diogphorus and 5-23 % of ammonia.
Quantitative separation of nutrients was possiblagiDF, nonetheless processing costs were
substantially higher and led to dilute nitrogercfians. The process economics highlighted
that the sustainable recovery of nutrients fronmydaganure digestate is viable, however this
certainly depends on the concentration of the entsiand on the process design adopted.
The use of chemicals to adjust pH was found tods#iycand determinant in the process

economics.
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Surface material Polyamide
Support material Polysulphone
pH range (continuous operation 3-11
Maximum operating pressure 41 bar
Maximum pressure drop 1.0 bar
Maximum operating temperature 25
Stabilised salt rejection
CaCb 40-60 %
MgSO, 97 %

Clean water flux (Lopez-Mufiozt
al. 2009, Semiao and Schéafer

13-18 LMH.bar

2011)
Pore size (diameter) (Oatleyal.

2012) 0.86 nm
MWCO (Da) (Pontiéet al. 2008) 120




clement

concentration (mg/L )

NH3-N 1572.8

PO4-P 61.01
Cu 44.5
Mn 27.5
Zn 58.0
Ca 744.0
S 118.0
Mg 172.0
K 450.0
Cr 53.4
Fe 29.0




oH Flux (LMH) NH3_N°/° AL LEiul S0P P/N selectivity
Initial Final Initial Final Initial Final Initial fnal

3.0 50.3 22.2 30.3 1.0 84.0 86.6 0.64 0.99

7.3 64.6 45.0 23.9 4.6 97.9 96.7 0.76 0.9b

11.0 149.7 125.4 33.6 30.1 97.2 96.4 0.6b 0.69




Reection (Yo)

lon
pH 3 pH7 | pH11
H.PO, 83.4 -
- 96.8
HPO, - 95.3
NH3 - - 25.9
NH4* 8.6 7.2 -
K* 63.3 61.0 50.2
ca’* 66.2 56.7 33.2
cu?® 47.3 46.7 46.3
Fe’* 75.9 70.6 69.0
Mg®* 26.8 26.3 24.6
Mn?* 77.0 74.7 73.2
Zn® 83.9 80.9 77.7
Cr3 74.3 72.3 71.0
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chemicals at a bulk cost of $100/ton. $0.142/kWHK (Wices from International Industrial

Energy Prices. www.gov.uk) $1.197mwater from Welsh Water rates for non-household.

Quantity | Costs (%)
Solid liquid separ ation
Conditioning tank* (15 ) 1 6,000
Separator** (2.5 kW, 10 fday or 2 nih) 1 5,000
Nutrient extraction from the digestate
MF, 9 nf, 1.5 bar** (1.5 kW, 8 nifday or 1 nh) 1 | 30,000
Nutrient fractionation
NF unit, 30 M, 20 bar** (5 kW, 6 n¥d or 0.8 ni/h) 1 | 60,000
Operation
Chemicals, L/day (acid and alkali***) 40 4
Energy, kWh/day 64.9 9.22
Water, ni/day (150 % of NF feed) 9 10.7




g & WALL)Y LU OL

three consecutive DF steps, n.d. — not determfit&alst per m is given as .
Input volume

**Accounts for 3 ni from retentate of the previous NF step and a wftaln? of water.

Input . Nutrients extracted
volume ‘?ouht:::: oTI;?aet::n Energy Z Daily I Cost* (kg)
(m’) S (kWh) | cost($) | ($/m’)
(m’) (h) NH,-N PO,-P
Separator 10 8 5.00 12.50 3.77 0.38 n.d. n.d.
MF 8 6 5.33 8.00 491 0.52 9.44 3.66
Ret. 3 4.68 3.65
NF 6 2.22 11.11 8.49 1.12
Perm. 3 4,76 0.02
Ret. 3 0.55 3.61
NF-DF3 12%* 6.67 33.33 23.93 2.40
Perm. 9 4,13 0.06
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step using NF. NF-3DF — three DF steps subseqaenitial NF step.

Sludge composition NF NF-3DF
NH3-N (@/m®) | PO4-P (g/m®) | $/kg NH3-N | $/kg NH3-N | $/kg PO,-P
250 70 4.43 32.91 17.42
400 150 2.77 20.57 8.13
750 300 1.48 10.97 4.07
1000 400 1.11 8.23 3.05
1250 500 0.89 6.58 2.44
1500 600 0.74 5.49 2.03
2000 750 0.55 4.11 1.63
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Figure 1. Experimental setup for the fractionation of DMDL by nanofiltration
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Figure 2. Zeta potential of the NF270 membrane in solutions of KCI salt and DMDL under
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Figure 6. Further fractionation of nutrients from DMDL by consecutive filtration and DF

steps using NF270 for high separation of NH3-N and PO4-P. Feed solutions was 130 mL of

DMDL at pH 7.
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Figure 7. Process flow diagram for the extraction and fractionation of nutrients from dairy

manure digestate using membrane filtration technology.
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Membrane flux was highest at pH 11 but nutrient separation was more effective at pH 7.
P was mostly retained however the permeation of N was highly dependent on the pH.
94.2 % of N was obtained as a series of permeates by DF strategies.

Nutrient recovery may be economically feasible under certain conditions.



