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Summary

The IMPROVEDNtegrale Mbbiele PROceswater Voorziening voor een Economische petigct is an
initiative in which business and knowledge institutions work closely togefiter main objective te provide
sustainable water use in a more economic and efficient way using waxa@ier treatment methods,
sometimes different methods in successiéior more information, visit websitexvw.improvedwater.eu). It

is one of the projects funded within the Interreg V program Flandégtherlards, which is a program
developed by a partnership between Flanders and the Netherlands to invest in smart, sustainable and
inclusive growth.Improved is one of the flagship projects in the CAPTURIMAtive (ttps:/capture-
resources.be).

Fresh water is of major importance for the chemical industry, as it is used in alofiodemical processes.
However, the continuous supply becomes more uncertain nowadays, as ground and surface water are
overused and/ordepleting. The reuse of industrial process wapgovidesa sustainable solution to this
challenge In thisresearch the potential of new technologies for ultrapure water production from spent
condensates and waste streams is investigamainmissioned by theompany Yara Sluiskil B.V., in the
context of the IMPROVED projeCtsite pilot tests were executed from September 2017 until April 2018.

Problem Statement and goal

The treatment of twalifferent process condensate streams of the Yara company, otfeaforldQ largest
producess of nitrogen fertilizers and industrial chemicals, were investigated. The main contaminants in the
streams are ammoniufNH:") and nitrate(NQy), together with primary alcohols and a small amount of lower
organic acids.

Thefirst streamof interest(C1) contains mainly ammonia and nitrate. Currently this stream is fed back to
the beginning of theEvides industriewatefwastewaterand industrial watertreatment company in The
Netherlands) water treatment plant (which congisf lon Exchange columns (IEXfter neutralization with

nitric acid HNQ). This current situation is due to thexcessiveconductivityand/or pHof the condensate
stream, which makes it unsuitable for local treatment with the Condensate Polisher B (esent at
Yara. After the IEX treatment, the water is reused as demineralized water.

The seconda CQcondensate stream (G2ontains about 500 ppm T Total Organic Carboajd is loaded

with a highconcentrationof ammonia together with primarglcohols and methyl diethanolamine (MDEA).
Due to the high TOC content, it is not economically feasible to treat this stream with IEX, because the
regeneration frequency of the anion resins would be too high. In c@essure that no MDEA is present in
the demineralized war, it is discharged via the wastewater. Therefore, other technologies than IEX are
investigated for the possible ngse of this condensate stream.

Desalination of the streams as investigated by means of three differdethniques: edctrodialysis (ED),
reverse osmosis (RO) amiembrane strippingr distillation MS/MD, depending on the configuratiargD

is anupcomingtechnique,in whichan electrochemical potential difference is used to achieve separation
through ion exchange membmas (IEM). RO is a state of the art technique using a hydraulic pressure
difference toovercome the osmotic pressure between two solutions @ndduce a clean permeate. The
most recent techniques are MS and MD, where a difference in pH (MS) or in temgefiiiD) is applied to
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achieve transport through a hydrophobic membrane (either transport of the contaminants or of the pure
water, depending otthe operational mode).

The main goal for Yara is on the one hand to reuse the treated process condensakes ityotes (e.g. boiler

feed water), in order to reduce the use of demineralized wated to decrease the water footprinOn the

other hand,the goal is tanvestigae (especially for the C1 stream) whether the ammonium nitrate that is
separated from thecondensate can be concentrated and recovered from the process condensate to be
reused after treatment, resulting in a much lower environmental impact and cost of discharge. This way, both
the polished and the concentrated stream can beused to achieva closed loogn the end.

Outcome

Theultimate selection of the most efficient technology depends highlywrat is important for the company

and what is the actual aim. So it can change according to the objective, for example in the YARA case for the
Clstream, MD is suggested if the most important aim is the quality of the treated stream, as no additional
post treatment step is required to meet the specifications foildrdfeed water. Compared to Eihd RO, the

product quality of the MD permeate wasdlbest, as no ammonia or nitrate went through the membrane.
However, this technique is very energy intensive and the flow rate of the product stream is very small. When
water efficiency and economic aspects are taken into account, RO is the best altetoatie currently used

IEX train.

In general, no decisive difference was observed concetnirly the product qualityand water efficiency
between the RO and ED treatmelttshould be mentioned that the specifications for boiler feed water are
not met solely with the RCor EDtreatment. An etra treatment technology afterwardss therefore
necessary, mainly to decrease the concentration of nitrate and to induce a further decrease in conductivity.
In addition, the RO concentrate might be sent to thelbgical waste water treatment plant. This is not
possible with the IEX treatment, as the waste water (coming from the regeneration) shows very high pH
differences, due to the use of HCl and NaOH.

For the C@condensate stream the same conclusion can lz@lenconcerning the economic aspects without
focusing on the product quality. During RO treatment MDEA is completely retained by the membrane, while
the total of NH; and NH" is retained for 9294%, the primary alcohols end up in the permeate due to their
neutrality and small miecular size. When the most important factor is the reuse of the ammonia, MS in
combination with IEX gives the most promising results. During IEX, ammonia and MDEA can be separated
from the primary alcohols as they will be adsorbed on the cation exchaesja.rAfter regeneration,
ammonia can be separated from MDEA by MS treatment due to a difference in vapor pressure.

Whenever a certain technology is chosen to be implemented in the future, a medtepith economic
evaluation is necessary to compare theantechnology with the current one. In addition, the conclusions
stated in this report are based on pilstale experiments ran over a limited amount of time. In order to
investigate the performance of a new technology, a longer tfraene should be applietbr testing stable
operation of any specific technology.
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1. Introduction

The IMPROVHIhtegrale Mobiele PROceswater Voorziening voor een Economische ej&xt is

an initiative in which business and knowledge institutions work closely together in order to provide
sustainable water use in a more economic and efficient wglyg various water treatment methods,
sometimes different methods in succession. It is one of the projects funded within the Interreg V
program Flanderdetherlands, which is a program developed by a partnership between Flanders
and the Netherlands to irest in smart, sustainable and inclusive growth. The European Commission
provided a fund that strengthened and promoted innovation and sustainable development in the
border region for the building of a pleand-play mobile water treatment infrastructure.

The project investigates whether it is possible to use other types of water, such as groundwater,
surface water, brackish water or waste water instead of drinking water, to produce water of the
sufficient quality for industrial processes. By experimengdhablishing the desired final quality, one
could clearly identify which water sources are possible alternatives, and which purification
technology is required. With the knowledge gained during this research project, the water cycle could
be closed betteto reduce the freshwater demand of the industry

Fresh water is of major importance for the chemical industry, as it is used in adldictiemical
processes. However, the continuous supply becomes more uncertain nowadays, as ground and
surface water ag depleting. The reuse of industrial process watigvidesa sustainable solution to

this challenge In thisresearch the potential of new technologies for ultrapure water production
from spent condensates and waste streams is investigatechmissionedoy the company Yara
Sluiskil B.V., in the context of the IMPROVED prdpilctt tests are executed from September 2017
until April 2018.

1.1. ProblemStatement

In this work, the treatment of twalifferent process condensate streams of the Yara company, one
of the world largest producer of nitrogen fertilizers and industrial chemicals, were investigated. The
main contaminants in the streams are ammoni@NH;*) and nitrate(NQ), together with primary
alcohols and a small amount of lower organic acids.

The frst streamof interest(from now on referred to a£1), coming from the ammonium nitrate
production plantSR800contains mainly ammonia and nitrate. Currently this stream is fed back to
the beginning of theécvides industriewatgwastewaterand industrid water treatment company in

The Netherlands) water treatment plant (which consisif lon Exchange columns (IEAjter
neutralization withnitric acid HNQ). This current situation is due to thexcessiveconductivity
and/or pH of the condensate streanfmainly due to high amounts of nitrate), which makes it
unsuitable for local treatment with the Condensate Polisher Unit (CPU, where impurities are being
removed) present at Yara. After the IEX treatment, the water is reused as demineralized water.

The second a CQ condensate streamffom now on referred to asC2), coming from the urea
producing plant, contains about 500 ppm TOC and is loaded with acbigtentrationof ammonia
together with primary alcohols and methyl diethanolamine (MDEA). Due tbitite TOC content, it
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is not economically feasible to treat this stream with IEX, becauseetfeneration frequency of the
anion resins would be too highCurrently this condensate cannot be t@sed, because acidic
decomposition products could be produté&om the alcohols in the steafwater cycle and to assure

that no MDEA is present in the demineralized water (as this can form organic acids under boiler
conditions), so it is discharged via the wastewater. Therefore, other technologies than IEX are
invedigated for the possible reise of this condensate stream.

1.2. Goal

Desalination of the streams ag investigated by means of three differéathniques: electrodialysis

(ED), reverse osmosis (RO), membrane stripgingdistillation MS/MD), depending on the
configuration ED is ampcomingtechnigue,in whichan electrochemical potential difference is used

to achieve separation through ion exchange membranes (IEM). RO is a state of the art technique
using a hydraulic pressure differencedeercome the osmotipressure between two solutions and
produce a clean permeate. The most recent techniques are MS and MD, where a difference in pH
(MS) or a difference in temperature (MD) is applied to achieve transport through a hydrophobic
membrane (either transport of # contaminants or of the pure water, dependingtbie operational

mode).

The main goal for Yara Sluiskil B.V. is on the one hand to reuse the treated process condensates in
other cycles (e.g. boiler feed water), in order to reduce the use of deminedalizger and to
decrease the water footprintOn the other handthe goal is toinvestigae (especially for the C1
stream) whether the ammonium nitrate that is separated from the condensate can be concentrated
and recovered from the process condensate tadeased after treatment, resulting in a much lower
environmental impact and cost of discharge. This way, both the polished and the concentrated
stream can be reised to achieve alosed loogn the end.

In general, the specifications for boiler feed wappduced byEvides Industriewatedre given in

Table 1 The produced water quality with the different water treatment technologies should be able
to meet these specification€oncerning Total Organic Carbon (TOC) the aimed value is more or less
100 ppb.

Table 1. Specifications fort he production of boiler feed water.

Operating pressure bar 40-100 total range
Conductivity at 25°C pS/cm <2 -
Cation conductivity at 25°C puS/cm - <0.2
pH at25°C (after addition of neutralise - 9-9.2 >9.2
Total hardness (calcium, magnesium)| ppm CaC® <0.05 0
Na+K ppm not specified <0.01
Fe ppm <0.02 <0.02
Cu ppm < 0.005 <0.003
SiQ ppm not specified <0.02
O ppm <0.02 <0.01
Qil ppm <05 <0.2
TOC ppm <0.5 <0.2
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2. Technologies of interest

2.1. Electrodialysis

Electrodialysigs a desalination technique in which separation of ions and wat@chsevedby

applying an external potentiaifferenceacross semipermeablmembranes. Here, Anion Exchange
Membranes (AEM) and Cation Exchange Membranes (CEM) are altered in the ED element in order
to establish desalination of the diluate stream and transport the ions to the concenthageneral

overview of the ED layout isqvided in theFigure 1 For nore details about the operation of the ED

module, consult therojectR 2 OdzY Sy &i WCdzy O RPY I f 5SAONRLIIAZY 9!

Switch board

Diluate buffer Further treatment

ED element

|

- —h — — —pf Bleed
Concentrate —b@— l

s =

Electrolyte

Figure 1. Schematic overview ofthe ED module .

A more in-depth view on the working mechanismof the EDmodule, with the respectivecell pair
configuration,is shownin Figure2. Theoperatingprinciple of ED:when a watery feed solution, for

examplecontainingammoniumnitrate, is sentthroughthe stackanda direct currentisapplied,the
positively chargedammoniumions will migrate towards the cathode and the negativelycharged
nitrate ions towards the anode. The nitrate ions can passthe positively charged AEM, but are
retainedby the positivelychargedCEM.Theoppositeis true for the ammoniumions. Thisresultsin

an increaseof ionsin the concentratestreamand simultaneouslya decreaseof ionsin the diluate
stream. TheED1000Amodulefrom PCCeltonsistedof 25 cell pairs.
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Theelectroderinsein Figure2 isthe electrolyte,whichwasa solutionof 1M NaNQ.

2.2. Reverse osmosis

In Reverse OsmogRO) a pressure gradient leads tioe separationof solutes and watethrough a
semipermeable membrane. Saltsispended solids, viruses, and dissolved components are retained

in the concentrate, while water and some limited dissolved components move through the
membraneto the permeate. RO membranes are typically not cleaned by backwashing, but are maostly
cleanedin-place (CIP), or can be flushed with air (AIRO) to remove biofoulingedndepotential

clogging of the spacer by small particlésgeneral overview of the RO layostprovided in the

Figure3. For more details about the operation of the RO modufeycd dzf § G KS R2 OdzY Sy
5SaONALEAZY whQ

Switch board

RO element

Permeate
buffer

Feed buffer

Filtrate buffer Concentrate
recirculation

Air

Figure 3. Schematic overview of the RO module.
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Whenever a higher recovery is applied, the concentrate recirculation is increased in order to have a
sufficient longitudinal flar rate and a good mixing.

2.3. Membrane distillation and stripping

Membrane distillation is an example of thermatlsiven membrane processes. The hydrophobic
membrane only allows passage of volatile (water vapour, ammohia, 2 NJ K@ RNR LIK26 A O
(e.g. oganc solvents), while retainingll other components, amongst whidalts and trae organics.

The MD unit may be run in various modes, being:

1 Membrane stripping:removal of dissolved gass/volatile components in the feed by
providing an extradriving rce gradient other than a temperature gradient (e.g., often a pH
gradient);

1 Direct @ntactMD:the membrane acts as the only barrier between feed and receiving phase
and a temperature gadient is used as driving force

1 Air-GapMD:an additional air gapnd cooling wall are installed between the membrane and
the cooling phase, but tempature is also the driving force

Forthe casestudy at Yarg the MD module wasusedin the MS mode and in the DCMDmode. A
generaloverviewof the MD layoutis providedin the FHgure 4. Formore detailsaboutthe operation
of the MD module,consultthe document¥ C dzy” Oeacpyfdna 5 [].

= == =

Receiving/cooling

Switchboard
Waste phase

I

Chemicatleaning l

Concentrate

_>®_> — MD module
Feedbuffer Permeate

buffer

N

Figure 4. Lay-out of the MD module.

\ 4

Amorein-depth view on the workingmechanisnmof both MD and MSis shownin Figure5. Here,
the differencein temperatureor pHis of mostimportance respectively.

11



HIltCIrcy -

IMPR QVED » VIaanderen-NederIan‘c":l

Europees Fonds voor Regionale Ontwikkeling

Tfeed
p H feed

O

<J

Feed solution with volatiles
Hydrophobic membrane
Permeate solution
Transfer of volatiles with

vapor pressure gradient
through pores

Membrane distillation Membrane contacting/stripping
Tfeed > Tperm Tleed = Tperm; Pered > PHperm (NHS)
Water recovery Recovery of volatile solute

Figure 5. Schematic representation of membrane distillation and stripping, based on a difference in temperature or
pH.

3. Materials and Method

3.1. Electrodialysis

In Figure 1 the schemeof the EDset-up is shown. The EDstackis an ED1000A (PCCellGermany).The
membraneausedwere PCSK(CEMandPCAV(AEM).Thepowersourcewasa SM60-100(DeltaElektronika,
TheNetherlands) ThepH, flow, pressure conductivity,voltageand amperagewere continuouslymeasured
online.

Onthe SR80Gtream(C1) EDwastestedin both Feedand Bleed mode and Continuousnode.Forthe Feed
andBleedmode,the settingfor the desiredproductqualitywas10uS/cm In Gontinuousmode,the maximal
concentrateconductivitiesvariedfrom 800 uS/cmto 2500uS/cm.

Onthe CQ-condersate(C2) alsofeedandbleedmode and continuousmode were tested. Forthe feed and
bleedmode,the setpoint of the desiredproduct quality variedfrom 25 uS/cmto 800 uS/cmwith amaximal
concentrateconductivityof 5000 uS/cm.Additionally 7500and 9500were tested as maximalconcentrate
conductivitieslnthe continuousmode,the maximalconcentrae conductivitiesof 5000,7500 and9500were
tested.

12
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3.2. Reverse osmosis

In Figure 3 the schemeof the ROset-up is shown. The ROmembranewas a Dow Filmtec LCHR4040
(Lenntech,TheNetherlands)with anactivemembraneareaof 8.7 m2. Thepressurehousingwasa Codeline
40E100(Lenntedr, The Netherlands).The pH, flow, pressure,conductivity,free chlorine and temperature
were continuouslymeasuredonline.

On both the SR800stream and the CQ-condensate three recoverieswere tested (75-80-85%)with a
permeateflux of 201/m2.h eachfor 3 consecutivedays.An additionaltest wasperformedwith arecoveryof
85%anda permeateflux of 251/m2.h onthe C1 Dailysamplesvere takenon whichammonium,nitrate and
TOGwvere measured No chemicalsvere dosed.

3.3. Membrane distillation and membranstripping

In FHgure 4 the schemeof the MD set-up is shown. TheMD membranewasa polypropylenemembranein a

spiralwound module (Aquastill the Netherlands) Theactivemembraneareawas?7.2 m2. Furtherdetailson

the module are confidential The feed and permeate flow was 800 L/h. The feed was continuously
recirculatedanddrainedevery10 minutes(time dependson setting) with a flow of 1500L/h.Thepermeate
wascontinuouslyrecirculatedand excessvasdrainedby an overflow.

On the SR800stream membrane distillation at 55°C feed temperature was tested. The permeate
temperaturewaskept constantat 32.5+ 2.5 °C.Onthe CQ condensatemembranestrippingwastested at
40°Cand50°C.

3.4. Economic evaluation

Aneconomicanalysisvasperformedfor the differentwater technologiedor both water streams(SR80@nd
CQ-condensate)y Evidedndustiewater Thiswasdone in order to evaluatethe economicviability of the
treatment technologiesfor eachstreamandto discusghe trade-off betweenthe obtained product water
guality andthe investmentcosts.

4. Results and Discussion

4.1. SR00 stream (C1)

Thisstreamis a steamcondensateat the Yarasite, whichis normallytreated by Evidedndustriewaterat the
BiesboschHEXstreetin order to removethe accesammonianitrate. TheSR80G&treammainlycontainsNH;*
and NGs rangingfrom 10-15 mg/L and 3550 mg/L respectively,together with a small amount of iron
(1.8 mg/L). TheTOGzontenton averagewvas62mg/L.In general sulphate,chloride,acetateandformate are
presentin verysmallamounts(pg/Lrange).Basedn the resultsfrom a masterthesisconductedprior to the
pilot tests[5], a more detailed averagecompositionof the SR80Gstreamis givenin Appendix.The SR800
stream was treated with three different water desalinationtechnologies,namely EDRROand MD. The
resultsof the pilot-scaleexperimentswill be discussedn more detail in the following paragraphs.

13



IMPROVED A iterreg

VIaanderen-NederIan‘c":l

Europees Fonds voor Regionale Ontwikkeling

4.1.1. Electrodialysis

TheEDRechniquewasusedin both FeedandBleedandContinuousnode.Forthe SR80&treamno current
voltageplotsaremade,asthe currentwastoo low for accuratemeasuringDuringFeedandBleedmode,the
diluate out wasrecirculatedto the feedtankaslongasthe setspecificationgor the productqualitywere not
met. Wherever the desiredproduct quality wasreached,a constantamount of volume of the diluate out
wasbledandfreshClwasaddedto the feedtank.In thiswaythe feed water passedhroughthe EDmodule
multiple times in order to increasetreatment efficiency In comparisonthe Continuousmode is a once
through system wherethe diluate out is neverrecirculated.

350 : :
+ Diluate in
- Diluate out
300 . B
i1

250 - i
'E
S

@ 200 - B
B
=

B 150 - i
3
o
c
Q

© 1001 4

50 -

0
Dec 13 Dec 14 Dec 15 Dec 16 Dec 17 Dec 18 Dec 19 Dec 20
Time [days] 2017
Figure 6. Conductivity of diluate in and out during EDR in Feed and Bleed m ode. The maximum product quality was

setat 10 uS/cm.

Figure6 showsthat despitethe fact the incomingwater quality (diluate in) is not constant,the product
guality (diluate out) is almoststable(the suddenincreasein feed water conductivitynot takeninto account
this was due to another influent water (Biesboschsurfacewater)). Therefore,EDRIis able to producea
constantproduct quality, independentof the quality of the feed water. Duiing Feedand Bleedmode, the
averageconductivityof the diluate in and out was130 and 14 uS/cm,respectivey, resultingin a removal
efficiencyof 89%basedon conductivity. Thespecificremovalefficienciesfor NH* and NG;” variedbetween
72-88%and 76-91%,respectivelylon analyse®f diluate and concentrateare givenin Table2, with afocus
on ammoniumand nitrate. TheEDRechniquedid not removeanyorganicmatter.

14
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Table 2. Analyses of the diluate and concentrate during EDR in Feed and Bleed mode.

Diluatein Diluate out Concentratein Concentrateout

EC | NH' | NOy EC | NH' | NOy EC | NH* [ NO EC | NH' | NGOy
[uS/cm] | [ppb] | [ppb] | [uS/cm] | [ppb] | [ppb] | [uS/cm] | [ppb] | [ppb] | [uS/cm] | [ppb] | [ppPb]

100 10.1 | 39.8 9.3 1.2 4.3 304 253 | 123 239 31.2 | 153

148 6.2 39 10.3 1.2 3.5 278 129 | 82 408 21.2 | 133

79 4.7 | 30.9 18.1 13 7.3 1376 | 37.5 | 575 1488 | 41.4 | 612

105 7.0 | 36.6 12.3 1.2 5.0 296.7 | 25.2 | 260 | 284.1 | 31.3|299.3

Average| org | 423 | 40| 65 | +0.1| +1.6| 2643 | x100| 2223 773 | 282 | +221

Aproductquality set-point of 10 uS/cmwasset. Thisresultedin a diluate bleedof approximatelyl3 L about
every10min, resultingin a productionof 78 L/h of productwater or a water efficiencyof 85-89%.

The product quality during Continuousmode was worse comparedto the Feedand Bleedmode, as no
recirculationwas performed and this mode can be seenas a singlepasstreatment. However,the lower
productqualityis probablynot only causedby the differencein operationmode,but alsoby the fact that the
incomingwater qualitywasworse.Theaverageconductivityof the diluatein andout was234and51 uS/cm,
respectively Theconductivityof the diluatein wasabout 100uS/cmhighercomparedto the oneduringFeed
andBleedmode.Basedon the conductivitythe removalefficiencywas78%.

TheContinuousnodewasperformedwith different maximumconcentrae conductivityset points, namely
800,1100,1400,1700 2000and 2500uS/cm,in order to investigatethe highestpossiblewater efficiency
andthe effect on the productquality. FromFigure?, it is clearthat the variabilityin incomingwater quality
had little to no effectonthe productquality.In addition,the variationin maximumconcentrateconductivity
had no obviouseffect. Therefore,it is recommendedo operate EDRat the highestmaximumconcentrate
conductivityin order to increasethe water efficiency.

lon analysesof diluate and concentrateare givenin Table 3 for experimentswith different maximum

concentrateconductivity with afocuson ammoniumand nitrate. Again,the EDRechniquedid not remove
anyorganicmatter.
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Figure 7. Conductivity of diluate in and out during EDR in Continuous mod e at a constant current of 0.3 A

The specificremoval efficienciesfor NH," and NOs™ varied between 43-72%and 35-76%,respectivelyat a
constantcurrent of 0.3 A. In general,the removalefficienciesare lower comparedto the Feedand Bleed
mode andtend to havea highervariability. Themaximumconcentrateconductivityhad no cleareffect on
the removalefficiencies.

Table 3. Analyses of the diluate and concentrate during EDR in ~ Continuous mode. Max. stands for the maximum

concentrate conductivity. No average values are given for the concentrate as these values are not representative due
to the different maximum concentrate conductivity set - points.
Diluate in Diluate out Concentratein Concentrateout
Max EC NH | NGs EC NH:* | NG5 EC NH* [ NG5 EC NH:* | NG5

[uS/em] | [ppm] | [ppm] | [uS/cm]| [ppm] | [ppm]| [uS/cm]| [ppm]| [ppm] | [uS/cm]| [ppm]| [ppm]

800 210 23.6 | 85.3 515 8.1 24.9 636 57.8 | 263 731 69.9 | 322

1100 182.9 4.6 11.7 28.6 4.2 10.1 989 63.9 | 340 1096 72.1 | 385

1400 191.2 | 11.6 | 56.8 25.6 3.7 155 1259 554 | 371 1379 61.8 | 407

1700 2493 | 134 | 704 40.5 6.1 18.5 1508 106 552 1697 113 600

2000 2322 | 19.2 | 975 56.2 109 | 634 1813 93 677 1910 108 243

2500 202.6 | 162 | 80.3 45.7 5.6 251 3820 141 | 1429 | 4050 159 | 1397

rveragd 218 | 133 | 661 | 393 | 621 | 283 ] ] ] ] ] ]
99 43048 | +5.0 | +22.5| +100 | +2.42| +19.6
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The water efficienciesfor the Continuousmode experimentsdependedon the maximum concentrate
conductivityandrangedfrom 89%to 95%,for a maximumconcentrateconductivityof 800and2500uS/cm,
respectively Thewater efficiencyishighercomparedto the Feedand Bleedmodeasin the Continuousnode
treated water is continuouslyproduced.Theimpacton the productqualty of the Continuousmode cannot
be determinedunambiguouslbecausethe incomingwater quality for both modeswasnot the same(the
averagediluate in conductivitywastwice ashigh during the Continuousmode, comparedto the Feedand
Bleedmode,respectvely 105and218uS/cm).However the productqualityismorethanthree timesworse
during Continuousmode basedon conductivityalone. The concentrationfor both ammoniaand nitrate is
morethan 5 timeshigher.

Forboth modes,the diluate out conductivty cannotmeetthe desiredvaluefor boiler feedwater. Adouble-
passEDRWill not be sufficient,asEDHs lessefficientat lower feed concentrations A polishingstep, suchas
amixedbedion exchangdreatment, would be necessaryo achievetheserequirements.

Note that the compositionof the EDRmembraneschangedduringthe operationat Yara,most probablythe
backbonestructurereactedwith the compositionof the incomingfeed water. However,it had no effect on
the performanceof the membranes.

4.1.2. Reveseosmosis

Treatmentof the Clstreamwith ROwasconductedat different recoverysetpoints. Anoverallperformance
graphis givenin Figure8. Thefollowing graphswill discusdifferent parametersin more detail.
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Figure 8. Overall performance of the RO treatment on the SR800 stream.

Figure9 showsthat the permeateconductivityis clearlycorrelatedwith the pHof the feed,whereasthere is
no clearcorrelationwith the conductivityof the feed. Thehighconductivityof the permeateismostprobably
causedoy H-ions,andin that waythe correlationwith the pHcanbe explained AlImost80%of the permeate
conductivity is explainedby the presenceof H*-ions. In Table 4, the ion analysesare given The specific
retention capaities for NH* and NGy varied between 97-99% and 66-92%, respectively.Duringthe RO
treatment, TOCwasalsopartiallyremoved(27-66%)
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Figure 9. Correlation between permeate conductivity and the pH of the feed versus time.
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Table 4. Analyses of feed, permeate and concentrate during RO treatment at different recovery ratios (R).

Feed Permeate Concentrate

EC TOC| NH" | NG EC TOC| NH* | NG5 EC TOC| NH* | NG5

R[%] pH
[uS/em] | [ppb] [ [ppm] | [ppm] | [uS/cm] | [ppb] | [ppm] | [Ppm] | [uS/cm] | [ppb] | [ppm] | [PPM]

3.98 214 645| 178 | 785 | 118.7 25 0.2 17 226.6 87 23 94.4

75 3.99 | 2292 | 61.7 | 18.6 | 82.8 128.2 | 25.7 ] 0.5 183 | 2471 72 215 ] 913

3.86 | 259.3 77 20 91.3 | 152.7 39 0.2 174 | 2755 | 983 | 214 | 174

4.5 432.2 | 111 | 493 | 191 87.7 38 1.7 15,6 | 5035 | 127 | 62.3 | 244

80 3.86 | 4164 | 71.3 | 40.6 | 173 203.3 | 453 | 04 295 | 473.7 | 833 | 322 | 141

4.01 | 4129 | 78.7 | 40,5 | 170 170.9 37 0.8 24.5 462 773 | 452 | 183

4.18 | 366.1 77 40 158 129.9 44 0.7 19.3 | 418.6 | 100 48 190

85
3.95| 3026 | 59.7 [ 255 | 115 165.8 | 43.3 | 0.3 241 | 3331 | 71.3 34 143

413 | 31990 751 | 299 | 1299 | 1409 | 382 | 0.8 20.7 | 373.3 | 83.6 37 159

Averagel .o 40| +00.61 | +12.6] +11.4| +48.6| +52.1 | +10.8| 0.9 | 6.3 | 005 |+16.2| +16.8| +04.1

Most of the time HNQ is addedto the SR80Gtreamto lower the pHin order to preventscaling(CaC®and
MgCQ) onthe ion exchangeesinsin the water treatment plant of Evidedndustriewater ThepHhasaclear
effect on the retention efficiencyof ammonium the lower the pH, the higherthe retention efficiencyand
the lower the concentrationin the permeate.Theoppositeistrue for the nitrate concentration Thelatter is
partially explainabledue to the fact that with the addition of HNQ a higher concentrationgradientexists
acrossthe membrane,leadingto lower rejection efficienciesfor HNQ at lower pH. The higher retention
capacityfor ammoniumat lower pH might alsobe correlatedwith the zetapotential of the ROmembrane,
but further researchis neededto make any definite statementabout this hypothesis Wheneveranother
treatment method could be usedinsteadof ion exchangea re-evaluationcanbe madeon the necessityof
HNQ addition. It might be possiblethat EDRROor MD needslesschemicaladdition, whichcanresultin a
decreaseor eliminationof the acidcost.
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Ascouldbe seenin Figure9, the lower the pHof the feed, the higherthe permeateconductivity. Thiscanbe
explainedby the findingsof the ion analysesWheneverthe pH of the feedislow, more HNQ is transported
through the membrane, causing an increasein permeate conductivity as HNQ givesrise to a higher
conductivitycomparedio NH\NGs. Thesameconclusiorcanbe drawnfrom Figure8, wherethe nominalsalt
passag€NSP¥howsa clearrelationwith the pHof the feed,the samepatternis establishedasbetweenthe
permeate conductivity and the feed pH. However,the NSPin the figures below is very high and is not
representativeof a goodworkingROprocedure.

Figure 10 . Relation between nominal salt passage and the temperature and the pH of the feed in absolute time units

The NSPvaluesin Figure 10 were calculatedfrom the permeate conductivity and should therefore be

correctedfor pH, or the presenceof H*-ions, as discussedabove. The corrected NSPvaluesare givenin
Figurell.

Figure 11 . The corrected NSPT values  for the RO treatment on the SR800 stream.
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